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Preface to the Second Edition

The first 300 copies of Fundamentals of Power Semiconductor Devices printed in
2008 were immediately sold after its publication, and the book was declared a “best
seller” on Amazon. Over 2000 hard copies of the book have been sold since then – a
remarkable number for a book on a very specialized topic in the semiconductor field.
According to the publisher, Springer Science þ Business Media, more than 46,000
chapter downloads of this book have occurred since its publication, placing it among
the top 25% of downloaded e-books. In addition, Springer ScienceþBusinessMedia
authorized an edition translated intoChinese in 2013which has sold over 2000 copies.

I am gratified that my book has been adopted around the world as a textbook at all
the universities that teach this subject matter in the electrical engineering curriculum.
This provides validation that the didactic treatment of the physics of power semi-
conductor devices in this book is easy to comprehend and that the extensive
analytical models provided in the book are amenable to classroom instruction. I
have personally used this tome as my textbook for teaching a graduate course during
the last 10 years at the North Carolina State University with very satisfactory
response from the students.

Preparing any book of over 1000 pages is fraught with the peril of typographical
errors and occasional inconsistencies in the nomenclature. In addition, it became
apparent to me that I had not included some topics worthy of discussion in the book.
Consequently, I was pleased to get a very positive response from the editorial
director, Chuck Glaser, at Springer-Science to develop a “second edition” of the
book. Due to advances in printing technology, he encouraged me to use colored
illustrations for the new edition to enhance the clarity of the knowledge being
imparted. In response, I have redrawn most of the figures in color for this book
which should make the material easier to assimilate by the reader.

The second edition contains new information and models in all the chapters. For
those who are already familiar with the first edition, it may be useful to specifically
enumerate the changes made in each chapter.

In Chap. 1, “Introduction,” additional references have been provided for readers
to obtain information on the charge-coupled devices not treated in this book.
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In Chap. 2 on “Material Properties,” temperature dependence of the impact
ionization coefficients in semiconductors has been added.

In Chap. 3 on “Breakdown Voltage,” the analytical model has been improved to
match experimental results for silicon devices by using Baliga’s power law for the
impact ionization coefficient in place of Fulop’s law. Temperature dependence of the
breakdown voltage of silicon devices has been added. New edge terminations that
have been developed for obtaining close to ideal breakdown voltage in silicon
carbide power devices have been described. A model for estimation of the space
occupied by the edge termination has been created.

In Chap. 4 on “Schottky Rectifiers,” a new section has been added to analyze the
reverse recovery current flow during turn-off. An analytical model has been pro-
vided for computation of the dependence of the reverse recovery current transient on
the rate of change in the anode voltage.

In Chap. 5 on “P-i-N Rectifiers,” the model for reverse recovery current has been
improved. New sections have been added to discuss the safe operating area and
create a model for the maximum allowable rate of change of device current during
reverse recovery turn-off.

In Chap. 6 on “Power MOSFETs,” novel device structures and additional ana-
lytical models have been added. The ideal specific on-resistance for silicon devices
has been revised by using Baliga’s power law for the impact ionization coefficient in
silicon. The recently developed silicon carbide JBSFET structure, in which the
Schottky reverse conducting diode is integrated with the MOSFET cells, has been
included as an important device for applications in inverters for solar power and
motor control. A novel silicon carbide bidirectional field-effect transistor (BiDFET)
is also discussed here because it provides an ideal switch for creating matrix
converters. An analytical model for turn-off of power MOSFETs with unclamped
inductive load has been provided because this capability is now expected for these
devices in applications.

In Chap. 7 on “Bipolar Junction Transistors,” a more accurate model for the
voltage rise during turn-off has been included.

In Chap. 8 on “Thyristors,” the turn-off model for the GTO has been improved.
In Chap. 9 on “Insulated Gate Bipolar Transistors,” the model for leakage current

has been improved. An analytical model for turn-off in soft-switching circuits has
been added because this type of operation allows reducing turn-off losses so that the
device can be used at higher frequencies.

In the concluding Chap. 10, “Synopsis,” an extensive discussion of the social
impact of power devices has been added. These devices are now required in every
sector of our economy to improve the quality of life for people around the world
while providing the economic benefits of reduced energy consumption by enhancing
the efficiency. This reduction in energy consumption has been found to eliminate the
emission of over 100 trillion pounds of carbon dioxide mitigating its impact on
global warming.

During the preparation of the first edition of Fundamentals of Power Semicon-
ductor Devices for publication in 2008, I found that it is not possible to include many
of the advanced concepts that had emerged to achieve dramatic improvements in the
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performance of silicon power devices because the book was already over 1000 pages
in length. In order to create a comprehensive treatment of these advances, I prepared
a series of books published by Springer-Science over the next several years.

Advanced Power Rectifier Concepts was published in 2009 to provide a rigorous
treatment of the JBS and MPS rectifiers which combine the physics of P-N junctions
and Schottky contacts. The book also describes the revolutionary concept of
two-dimensional charge coupling to dramatically reduce the resistance of the drift
region in power rectifiers. New analytical models for these devices were provided for
the first time supported by the results of numerical simulations. This book was
important because these devices became commercially available for power supply
applications.

Advanced Power MOSFET Concepts was published in 2010 to introduce readers
to the benefits of the two-dimensional charge-coupling concept for power
MOSFETs. The analysis of the conventional devices was included in this book to
provide a baseline for evaluation of the improved technology. Both static and
dynamic performance was analytically modeled with validation from numerical
simulations. The benefits of using silicon carbide material for power MOSFET
devices were also provided in this book. The relative performance of all the devices
was compared over a breakdown voltage range from 10 to 1000 V.

Advanced High Voltage Power Device Concepts was published in 2011 to create
a didactic resource for devices with breakdown voltages above 1000 V. This treatise
included silicon thyristors (and GTOs) and IGBTs as commercially available bench-
mark devices. The silicon MOS-gated thyristors (MCTs, BRTs, and ESTs) were
included in the book as advanced concepts with improved performance that have not
be capitalized by the industry. A significant portion of the book was devoted to
emerging silicon carbide power MOSFETs that have already been commercialized
for motor control and solar inverter applications and silicon carbide IGBTs that show
promise for utility applications in the future.

Readers of this book are encouraged to peruse the above books to gain a
comprehensive knowledge of all the power semiconductor devices that are having
an impact on our lives.

In conclusion, it has been my privilege to devote my entire career over a time span
of over four decades on power semiconductor devices. I was fortunate to proposed
two groundbreaking innovations in the 1979–1980 time frame. My first idea was to
merge MOS and bipolar physics to create the insulated gate bipolar transistor (IGBT)
and rapidly commercialize it at GE between 1981 and 1983. This innovation
revolutionized power electronics transforming it from analog to digital control of
power. My second idea, based on deriving a relationship (Baliga’s figure of merit)
between the resistance of the drift region of power devices and the basic semi-
conductor material properties for the first time, demonstrated that a 1000-fold
enhancement could be achieved by replacing silicon with silicon carbide. The
commercialization of this approach took more than 30 years to improve the material
quality and bring down its cost. It is immensely gratifying to me that we are now at
the cusp of making this technology commercially viable, creating another revolu-
tionary advancement in power electronic systems.
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Many other ideas of mine, such as the JBS rectifier, the TMBS rectifier, the
superlinear MOSFET, the SSCFET, the JBSFET, and the GD-MOSFET, have also
been commercialized for various applications. I want to take this opportunity to
appreciate the contribution of thousands of engineers who have been responsible for
using my ideas for generating so many products over the years.

Raleigh, NC, USA B. Jayant Baliga
December 2007
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Preface to the First Edition

Today the semiconductor business exceeds $ 200 billion with about 10 percent of the
revenue derived from power semiconductor devices and smart power integrated
circuits. Power semiconductor devices are recognized as a key component of all
power electronic systems. It is estimated that at least 50 percent of the electricity
used in the world is controlled by power devices. With the wide spread use of
electronics in the consumer, industrial, medical, and transportation sectors, power
devices have a major impact on the economy because they determine the cost and
efficiency of systems. After the initial replacement of vacuum tubes by solid state
devices in the 1950s, semiconductor power devices have taken a dominant role with
silicon serving as the base material. These developments have been referred to as the
Second Electronic Revolution.

Bipolar power devices, such as bipolar transistors and thyristors, were first
developed in the 1950s. Due to the many advantages of semiconductor devices
when compared with vacuum tubes, there was a constant demand for increasing the
power ratings of these devices. Their power ratings and switching frequency
increased with advancements in the understanding of the operating physics, the
availability of larger diameter, high resistivity silicon wafers, and the introduction
of more advanced lithography capability. During the next 20 years, the technology
for the bipolar devices reached a high degree of maturity. By the 1970s, bipolar
power transistors with current handling capability of hundreds of amperes and
voltage blocking capability of over 500 volts became available. More remarkably,
technology was developed capable of manufacturing an individual power thyristor
from an entire 4-inch diameter silicon wafer with voltage rating over 5000 volts.

My involvement with power semiconductor devices began in 1974 when I was
hired by the General Electric Company at their corporate research and development
center to start a new group to work on this technology. At that time, I had just
completed my Ph.D. degree at Rensselaer Polytechnic Institute by performing
research on a novel method for the growth of epitaxial layers of compound semi-
conductors [1–4]. Although I wanted to continue to explore this approach after
joining the semiconductor industry, I was unable to secure a position at any of the
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major research laboratories due to a lack of interest in this unproven growth
technology. Ironically, the OMCVD epitaxial growth process that I pioneered with
Professor Ghandhi has now become the most commonly used method for the growth
of high quality compound semiconductor layers for applications such as lasers,
LEDs and microwave transistors.

My first assignment at GE was to develop improved processes for the fabrication
of high voltage thyristors used in their power distribution business. Since the
thyristors were used for high voltage DC transmission and electric locomotive
drives, the emphasis was on increasing the voltage rating and current handling
capability. The ability to use neutron transmutation doping to produce high resistiv-
ity n-type silicon with improved uniformity across large diameter wafers became of
interest at this time. I was fortunate in making some of the critical contributions to
annealing the damage caused to the silicon lattice during neutron irradiation making
this process commercially viable [5]. This enabled increasing the blocking voltage of
thyristors to over 5000 volts while being able to handle over 2000 amperes of current
in a single device.

Meanwhile, bipolar power transistors were being developed with the goal of
increasing the switching frequency in medium power systems. Unfortunately, the
current gain of bipolar transistors was found to be low when it was designed for high
voltage operation at high current density. The popular solution to this problem, using
the Darlington configuration, had the disadvantage of increasing the on-state voltage
drop resulting in an increase in the power dissipation. In addition to the large control
currents required for bipolar transistors, they suffered from poor safe-operating-area
due to second breakdown failure modes. These issues produced a cumbersome
design, with snubber networks, that raised the cost and degraded the efficiency of
the power control system.

In the 1970s, the power MOSFET product was first introduced by International
Rectifier Corporation. Although initially hailed as a replacement for all bipolar
power devices due to its high input impedance and fast switching speed, the
power MOSFET has successfully cornered the market for low voltage (<100 V)
and high switching speed (>100 kHz) applications but failed to make serious inroads
in the high voltage arena. This is because the on-state resistance of power MOSFETs
increases very rapidly with increase in the breakdown voltage. The resulting high
conduction losses, even when using larger more expensive die, degrade the overall
system efficiency.

In recognition of these issues, I proposed two new thrusts in 1979 for the power
device field. The first was based upon the merging of MOS and bipolar device
physics to create a new category of power devices [6]. My most successful innova-
tion among MOS-Bipolar devices has been the Insulated Gate Bipolar Transistor
(IGBT). Soon after commercial introduction in the early 1980s, the IGBT was
adopted for all medium power electronic applications. Today, it is manufactured
by more than a dozen companies around the world for consumer, industrial, medical,
and other applications that benefit society. The triumph of the IGBT is associated
with its huge power gain, high input impedance, wide safe operating area, and a

xii Preface to the First Edition



switching speed that can be tailored for applications depending upon their operating
frequency.

The second approach that I suggested in 1979 for enhancing the performance of
power devices was to replace silicon with wide band gap semiconductors. The basis
for this approach was an equation that I derived relating the on-resistance of the drift
region in unipolar power devices to the basic properties of the semiconductor
material. This equation has since been referred to as Baliga’s Figure of Merit
(BFOM). In addition to the expected reduction in the on-state resistance with higher
carrier mobility, the equation predicts a reduction in on-resistance as the inverse of
the cube of the breakdown electric field strength of the semiconductor material.

The first attempt to develop wide band gap semiconductor based power devices
was undertaken at the General Electric Corporate Research and Development Cen-
ter, Schenectady, NY, under my direction. The goal was to leverage a 13-fold
reduction in specific on-resistance for the drift region predicted by the BFOM for
Gallium Arsenide. A team of 10 scientists was assembled to tackle the difficult
problems of the growth of high resistivity epitaxial layers, the fabrication of low
resistivity ohmic contacts, low leakage Schottky contacts, and the passivation of the
GaAs surface. This led to an enhanced understanding of the breakdown strength
[7] for GaAs and the successful fabrication of high performance Schottky rectifiers
[8] and MESFETs [9]. Experimental verification of the basic thesis of the analysis
represented by BFOM was therefore demonstrated during this period. Commercial
GaAs based Schottky rectifier products were subsequently introduced in the market
by several companies.

In the later half of the 1980s, the technology for the growth of silicon carbide was
developed at North Carolina State University (NCSU) with the culmination of
commercial availability of wafers from CREE Research Corporation. Although
data on the impact ionization coefficients of SiC was not available, early reports
on the breakdown voltage of diodes enabled estimation of the breakdown electric
field strength. Using these numbers in the BFOM predicted an impressive 100-200
fold reduction in the specific on-resistance of the drift region for SiC based unipolar
devices. In 1988, I joined NCSU and subsequently founded the Power Semiconduc-
tor Research Center (PSRC) - an industrial consortium – with the objective of
exploring ideas to enhance power device performance. Within the first year of the
inception of the program, SiC Schottky barrier rectifiers with breakdown voltage of
400 volts were successfully fabricated with on-state voltage drop of about 1 volt and
no reverse recovery transients [10]. By improving the edge termination of these
diodes, the breakdown voltage was found to increase to 1000 volts. With the
availability of epitaxial SiC material with lower doping concentrations, SiC Schottky
rectifiers with breakdown voltages over 2.5 kV have been fabricated at PSRC [11].
These results have motivated many other groups around the world to develop SiC
based power rectifiers. In this regard, it has been my privilege to assist in the
establishment of national programs to fund research on silicon carbide technology
in the United States, Japan, and Switzerland-Sweden. Meanwhile, accurate measure-
ments of the impact ionization coefficients for 6H-SiC and 4H-SiC in defect free
regions were performed at PSRC using an electron beam excitation method [12].
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Using these coefficients, a BFOM of over 1000 is predicted for SiC providing even
greater motivation to develop power devices from this material.

Although the fabrication of high performance, high voltage Schottky rectifiers
has been relatively straight-forward, the development of a suitable silicon carbide
MOSFET structure has been problematic. The existing silicon power D-MOSFET
and U-MOSFET structures do not directly translate to suitable structures in silicon
carbide. The interface between SiC and silicon dioxide, as a gate dielectric, needed
extensive investigation due to the large density of traps that prevent the formation of
high conductivity inversion layers. Even after overcoming this hurdle, the much
higher electric field in the silicon dioxide when compared with silicon devices,
resulting from the much larger electric field in the underlying SiC, leads to reliability
problems. Fortunately, a structural innovation called the ACCUFET, to overcome
both of these problems, was proposed and demonstrated at PSRC [13]. In this
structure, a buried P+ region is used to shield the gate region from the high electric
field within the SiC drift region. This concept is applicable to devices that utilize
either accumulation channels or inversion channels. Devices with low specific
on-resistance have been demonstrated at PSRC using both 6H-SiC and 4H-SiC
with epitaxial material capable of supporting over 5000 volts [14]. This device
structure has been subsequently emulated by several groups around the world.

The availability of power semiconductor devices with high input impedance has
encouraged the development of integrated control circuits. In general, the integration
of the control circuit is preferred over the discrete counterpart due to reduced
manufacturing costs at high volumes and improved reliability from a reduction of
the interconnects. Since the complexity of including additional circuitry to an IC is
relatively small, the incorporation of protective features such as over-temperature,
over-current, and over-voltage has become cost effective. In addition, the chips can
contain encode/decode CMOS circuitry to interface with a central microprocessor or
computer in the system for control and diagnostic purposes. This technology is
commonly referred to as Smart Power Technology [15].

The advent of smart power technology portends a Second Electronic Revolution.
In contrast with integrated circuits for information processing, this technology
enables efficient control of power and energy. These technologies can therefore be
regarded as complementary, similar to the brain and muscles in the human body.
Smart power technology is having an enormous impact on society. The widespread
use of power semiconductor devices in consumer, industrial, transportation, and
medical applications brings greater mobility and comfort to billions of people around
the world. Our ability to improve the efficiency for the control of electric power
results in the conservation of fossil fuels, which in turn provides reduction of
environmental pollution.

Due to these developments, it is anticipated that there will be an increasing need
for technologists trained in the discipline of designing and manufacturing power
semiconductor devices. This textbook provides the knowledge in a tutorial format
suitable for self-study or in a graduate/senior level university course. In comparison
with my previous textbooks [16, 17] (which have gone out of print), this book
provides a more detailed description of the operating physics of power devices.
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Analytical expressions have been rigorously derived using the fundamental semi-
conductor Poisson’s, continuity, and conduction equations. The electrical character-
istics of all the power devices discussed in this book can be computed using these
analytical solutions as shown by typical examples provided in each section. Due to
increasing interest in the utilization of wide band-gap semiconductors for power
devices, the book includes the analysis of silicon carbide structures. In order to
corroborate the validity of the analytical formulations, I have included the results of
two-dimensional numerical simulations using MEDICI [18] in each section of the
book. The simulation results are also used to further elucidate the physics and point
out two-dimensional effects whenever relevant.

In the first chapter, a broad introduction to potential applications for power
devices is provided. The electrical characteristics for ideal power rectifiers and
transistors are then defined and compared with those for typical devices. The second
chapter provides the transport properties of silicon and silicon carbide that have
relevance to the analysis and performance of power device structures. The third
chapter discusses breakdown voltage, which is the most unique distinguishing
characteristic for power devices, together with edge termination structures. This
analysis is pertinent to all the device structures discussed in subsequent chapters of
the book.

The fourth chapter provides a detailed analysis of the Schottky rectifier structure.
On-state current flow via thermionic emission is described followed by the impact of
image force barrier lowering on the reverse leakage current. These phenomena
influence the selection of the barrier height to optimize the power losses as described
in the chapter. The influence of the tunneling current component is also included in
this chapter due to its importance for silicon carbide Schottky rectifiers.

The fifth chapter describes the physics of operation of high voltage P-i-N
rectifiers. The theory for both low-level and high-level injection conditions during
on-state current flow is developed in detail. The impact of this on the reverse
recovery phenomenon during turn-off is then analyzed. The influence of end region
recombination, carrier-carrier scattering, and auger recombination are included in the
analysis.

In chapter six, an extensive discussion of the operating principles and design
considerations is provided for the power Metal-Oxide-Semiconductor Field Effect
Transistor (MOSFET) structure. The influence of the parasitic bipolar transistor on
the blocking voltage is described together with methods for its suppression. The
basic physics of creating channels in the MOSFET structure is then developed. The
concepts of threshold voltage, transconductance, and specific on-resistance are
described. The various components of the on-state resistance are analyzed and
optimization procedures are provided. Both the commercially available DMOS
and UMOS structures are analyzed here. The modification of the physics required
to produce a super-linear transfer characteristic is included due to its relevance for
RF and audio applications. A detailed analysis of the device capacitances is then
provided for use in the analysis of the switching behavior. Analysis of the gate
charge is included here because of its common use in comparing device designs. The
switching characteristics of the power MOSFET are then related to its capacitance,
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including the impact of the Miller effect. This is followed by discussion of the safe-
operating-area, the integral body diode, high temperature characteristics, and com-
plementary (p-channel) devices. A brief description of the process flow for the
D-MOSFET and U-MOSFET structures is given in the chapter for completeness.
The last portion of the chapter focuses on silicon carbide technology with the options
of the Baliga-Pair configuration, the shielded planar structure, and the shielded
trench-gate structure described in detail.

The seventh chapter is devoted to bipolar power transistors. The basic theory for
current transport and gain in an N-P-N transistor is first developed followed by a
discussion of issues relevant to power transistors. The various breakdown modes of
the bipolar transistors are then explained. The physics governing the current gain of
the bipolar transistor is extensively analyzed including high-level injection effects,
the current-induced base, and emitter current crowding. The output characteristics
for the bipolar transistor are then described with analysis of the saturation region, the
quasi-saturation mode, and the output resistance. This is followed by analysis of the
switching characteristics. The influence of stored charge on the switching behavior
of the bipolar transistor is described in detail during both the turn-on and turn-off
transients. Issues dealing with second breakdown are then considered followed by
ways to improve the current gain by using the Darlington configuration.

The physics of operation of the power thyristor is considered in chapter eight. The
impact of the four layer structure on the forward and reverse blocking capability is
first analyzed including the use of cathode shorts. The on-state characteristics for the
thyristor are then shown to approach those for a P-i-N rectifier. The gate triggering
and holding currents are related to the cathode short design. Under switching
characteristics, the turn-on physics is discussed with description of the involute
design, the amplifying gate, and light-activated gate structures. The commutated
switching behavior is also analyzed together with a discussion of voltage transients.
The basic principles of the Gate Turn-Off (GTO) thyristor are then described with
analytical models for the storage, voltage-rise and current-fall times. The chapter
concludes with the description of triacs, which are commonly used for AC power
control.

The insulated gate bipolar transistor (IGBT) is discussed in depth in chapter nine.
The benefits of controlling bipolar current transport in a wide base P-N-P transistor
using an MOS channel are explained. The design of both reverse blocking (Sym-
metric) and unidirectional blocking (Asymmetric) structures are considered here.
The on-state characteristics of the IGBT are then extensively analyzed including the
impact of high-level injection in the wide-base region and the finite injection
efficiency of the collector junction. The discussion includes not only the basic
symmetric IGBT structure but also the asymmetric structure and the transparent
emitter structure. The utilization of lifetime control is compared with changes to the
N-buffer-layer and P+ collector doping concentrations. After developing the current
saturation model for the IGBT structure, the output characteristics for the three types
of IGBT structure are derived. The impact of the stored charge on the switching
behavior of the device is then analyzed for the case of no-load, resistive-load, and
inductive-load conditions for each of the three types of structures. The optimization
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of the power losses in the IGBT structure is then performed allowing comparison of
the three types of structures. The next section of the chapter describes the comple-
mentary (p-channel) IGBT structure. This is followed by an extensive discussion of
methods for suppression of the parasitic thyristor in the IGBT due to its importance
for designing stable devices. The next section on the safe-operating-area includes
analysis of the FBSOA, RBSOA, and SCSOA. The trench-gate IGBT structure is
then demonstrated to produce lower on-state voltage drop. This is followed by
discussion of scaling up the voltage rating for the IGBT and its excellent character-
istics for high ambient temperatures. Various methods for improving the switching
speed of the IGBT structure and optimizing its cell structure are then discussed. The
chapter concludes with the description of the reverse conducting IGBT structure.

The final chapter provides the basis for the comparison of various power devices
from an application’s viewpoint. A typical motor drive case is selected to demon-
strate the reduction of power losses by optimization of the on-state and switching
characteristics of the devices. The importance of reducing the reverse recovery
current in power rectifiers is highlighted here.

Throughout the book, emphasis is placed on deriving simple analytical expres-
sions that describe the underlying physics and enable representation of the device
electrical characteristics. This treatment is invaluable for teaching a course on power
devices because it allows the operating principles and concepts to be conveyed with
quantitative analysis. The analytical approach used in the book based on physical
insight will provide a good foundation for the reader. The results of two dimensional
numerical simulations have been included to supplement and reinforce the concepts.
Due to space limitations, only the basic power device structures have been included
in this book. Advanced structures will be covered in monographs to be subsequently
published. I am hopeful that this book will be widely used for the teaching of courses
on solid state devices and that it will become an essential reference for the power
device industry well into the future.

Raleigh, NC, USA B. Jayant Baliga
December 2007
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Chapter 1
Introduction

Modern society is increasingly dependent upon electrical appliances for comfort,
transportation, and healthcare motivating great advances in power generation, power
distribution, and power management technologies. These advancements owe their
allegiance to enhancements in the performance of power devices that regulate the
flow of electricity. After the displacement of vacuum tubes by solid state devices in
the 1950s, the industry relied upon silicon bipolar devices, such as bipolar power
transistors and thyristors. Although the ratings of these devices grew rapidly to serve
an ever broader system need, their fundamental limitations in terms of the cumber-
some control and protection circuitry led to bulky and costly solutions. The advent of
MOS technology for digital electronics enabled the creation of a new class of devices
in the 1970s for power-switching applications as well. These silicon power
MOSFETs have found extensive use in high-frequency applications with relatively
low operating voltages (under 100 V). The merger of MOS and bipolar physics
enabled creation of yet another class of devices in the 1980s. The most successful
innovation in this class of devices has been the insulated gate bipolar transistor
(IGBT). The high power density, simple interface, and ruggedness of the IGBT have
made it the technology of choice for all medium- and high-power applications with
perhaps the exception of high-voltage DC transmission systems. Even the last
remaining bastion for the conventional power thyristors is threatened by the incor-
poration of MOS-gated structures.

Power devices are required for systems that operate over a broad spectrum of
power levels and frequencies. In Fig. 1.1, the applications for power devices are
shown as a function of operating frequency. High-power systems, such as HVDC
power distribution and locomotive drives that require the control of megawatts of
power, operate at relatively low frequencies. As the operating frequency increases,
the power ratings decrease for the devices with typical microwave devices handling
about 100 watts. All of these applications are served today by silicon devices.
Thyristors are favored for the low-frequency, high-power applications, IGBTs for
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the medium-frequency and medium-power applications, and power MOSFETs for
the high-frequency and low-power applications.

Another approach to classification of applications for power devices is in terms of
their current and voltage handling requirements as shown in Fig. 1.2. On the high-
power end of the chart, thyristors are available that can individually handle over
6000 V and 2000 A enabling the control of over 10 megawatts of power by a single
monolithic device. These devices are suitable for the HVDC power transmission and
locomotive drive (traction) applications. For the broad range of systems that require
operating voltages between 300 and 3000 V with significant current handling
capability, the IGBT has been found to be the optimum solution. When the current
requirements fall below 1 A, it is feasible to integrate multiple devices on a single
monolithic chip to provide greater functionality for systems such as telecommuni-
cations and display drives. However, when the current exceeds a few amperes, it is
more cost-effective to use discrete power MOSFETs with appropriate control ICs to
serve applications such as automotive electronics and switch-mode power supplies.
Consequently, no single device structure exists at this time that is suitable for serving
all the applications, leaving plenty of room for further innovations.
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1.1 Ideal and Typical Power-Switching Waveforms

An ideal power device must be capable of controlling the flow of power to loads with
zero power dissipation. The loads encountered in systems may be inductive in nature
(such as motors and solenoids), resistive in nature (such as heaters and lamp
filaments), or capacitive in nature (such as transducers and LCD displays). Most
often, the power delivered to a load is controlled by turning on a power device on a
periodic basis to generate pulses of current that can be regulated by a control circuit.
The ideal waveforms for the power delivered through a power switch are shown in
Fig. 1.3. During each switching cycle, the switch remains on for a time up to tON and
maintains an off-state for the remainder of the period T. For an ideal power switch,
the voltage drop during the on-state is zero resulting in no power dissipation.
Similarly, during the off-state, the (leakage) current in the ideal power switch is
zero resulting in no power dissipation. In addition, it is assumed that the power
switch makes the transition between the on-state and off-state instantaneously
resulting in no power loss as well.

The waveforms observed with typical power switches produce power dissipation
during the on-state, during the off-state, as well as during the switching transients.
As shown in Fig. 1.4, typical power devices exhibit a voltage drop (VF) in the
on-state, which results in a power dissipation in the on-state given by:

PL onð Þ ¼ δ IFVF ð1:1Þ
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where IF is the on-state current. In this expression, δ is referred to as the duty cycle
given by:

δ ¼ t1=T ð1:2Þ
where T is the time period (the reciprocal of the operating frequency).
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Power dissipation also occurs in the off-state given by:

PL offð Þ ¼ 1� δð ÞILVR ð1:3Þ
where IL is the leakage current exhibited by the device in its off-state due to
supporting a reverse bias (VR). This expression holds true assuming that the
switching times are small compared with the time period. If this assumption is not
valid, the power dissipation can be obtained by using:

PL offð Þ ¼ t4 � t3ð Þ ILVR=T ð1:4Þ
Most often, the power dissipation in the off-state is small when compared with the
other components and can be neglected. However, this does not hold true at elevated
temperatures and when Schottky contacts are supporting the reverse voltage.

The power dissipation that occurs during switching must be treated separately for
the turn-off transient and the turn-on transient. During the turn-off transient for
typical loads that are inductive in nature, the voltage across the switch increases
rapidly to the DC supply voltage followed by a decrease in the current flowing
through the switch. For the linearized waveforms shown in Fig. 1.4, the power loss
during the turn-off transient can be calculated using:

PL turnoffð Þ ¼ 0:5 t3 � t1ð Þ IFVR f ð1:5Þ
where f is the operating frequency. In a similar manner, the power loss during the
turn-on transient can be calculated using:

PL turnonð Þ ¼ 0:5 t6 � t4ð Þ IFVR f ð1:6Þ
The total power dissipation incurred in the switch is obtained by combining these

terms:

PL totalð Þ ¼ PL onð Þ þ PL offð Þ þ PL turnoffð Þ þ PL turnonð Þ ð1:7Þ
At low operating frequencies, the on-state power loss is usually dominant making it
desirable to develop power switches with low on-state voltage drops. At high
operating frequencies, the switching power losses are usually dominant making it
desirable to develop power switches with fast switching speeds or small transition
times. Unfortunately, it is usually necessary to perform a trade-off between mini-
mizing the on-state and switching power losses in most designs. As power switch
technology advances, the total power loss for the optimized design continues to
reduce providing enhancements to the efficiency of power systems.

1.2 Ideal and Typical Power Device Characteristics

As discussed in the previous section, silicon power devices have served the industry
for well over five decades but cannot be considered to have ideal device character-
istics. In general, power electronic circuits require both rectifiers to control the
direction of current flow and power switches to regulate the duration of current
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flow. Neither of these components exhibits the ideal characteristics that are required
in power circuits to prevent power dissipation.

An ideal power rectifier should exhibit the current-voltage (i-v) characteristics
shown in Fig. 1.5. In the forward conduction mode, the first quadrant of operation
the figure, it should be able to carry any amount of current with zero on-state voltage
drop. In the reverse-blocking mode, the third quadrant of operation in the figure, it
should be able to hold off any value of voltage with zero leakage current. Further, the
ideal rectifier should be able to switch between the on-state and the off-state with
zero switching time.

Actual silicon power rectifiers exhibit the i-v characteristics illustrated in Fig. 1.6.
They have a finite voltage drop (VON) when carrying current on the on-state leading
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to “conduction” power loss. The power dissipation in power devices increases when
their voltage rating is increased due to an increase in the on-state voltage drop. They
also have a finite leakage current (IOFF) when blocking voltage in the off-state
creating off-state power loss. In addition, power rectifiers exhibit a large reverse
current as indicated by the green line in the figure when switched from the on-state to
the off-state. This increases the switching power loss considerably.

The i-v characteristics of an ideal power switch are illustrated in Fig. 1.7. As in the
case of the ideal rectifier, the ideal transistor conducts current in the on-state with zero
voltage drop and blocks voltage in the off-state with zero leakage current. In addition,
the ideal device can operate with a high current and voltage in the active region with
the saturated forward current in this mode controlled by the applied gate bias. The
spacing between the characteristics in the active region is uniform for an ideal
transistor indicating a gain that is independent of the forward current and voltage.

The i-v characteristics of a typical power switch are illustrated in Fig. 1.8. This
device exhibits a finite resistance when carrying current in the on-state as well as a
finite leakage current while operating in the off-state (not shown in the figure
because its value is much lower than the on-state current levels). The breakdown
voltage of a typical transistor is also finite as indicated in the figure with “BV.” The
typical transistor can operate with a high current and voltage in the active region.
This current is controlled by the base current for a bipolar transistor, while it is
determined by a gate voltage for a MOSFET or IGBT (as indicated in the figure). It is
preferable to have gate voltage-controlled characteristics because the drive circuit
can be integrated to reduce its cost. The spacing between the characteristics in the
active region is nonuniform for a typical transistor with a square-law behavior for
devices operating with channel pinch-off in the current saturation mode. Recently,
devices operating under a new super-linear mode have been proposed and demon-
strated for wireless base-station applications [1]. These devices exhibit an equal
spacing between the saturated drain current characteristics as the gate voltage is
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Fig. 1.7 Characteristics of
an ideal transistor
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increased. This is an ideal behavior when the transistor is used for the amplification
of audio, video, or cellular signals because it eliminates signal distortion that occurs
with the characteristics shown in Fig. 1.8.

1.3 Unipolar Power Devices

Bipolar power devices operate with the injection of minority carriers during on-state
current flow. These carriers must be removed when switching the device from the
on-state to the off-state. This is accomplished by either charge removal via the gate
drive current or via the electron-hole recombination process. These processes intro-
duce significant power losses that degrade the power management efficiency. It is
therefore preferable to utilize unipolar current conduction in a power device. The
commonly used unipolar power diode structure is the Schottky rectifier that utilizes a
metal-semiconductor barrier to produce current rectification. The high-voltage
Schottky rectifier structure also contains a drift region, as shown in Fig. 1.9, which
is designed to support the reverse-blocking voltage. The resistance of the drift region
(RS) increases rapidly with increasing blocking voltage capability as discussed later
in this chapter. Silicon Schottky rectifiers are commercially available with blocking
voltages of up to 100 V. Beyond this value, the on-state voltage drop of silicon
Schottky rectifiers becomes too large for practical applications. Silicon P-i-N recti-
fiers are favored for designs with larger breakdown voltages due to their low on-state
voltage drop despite slower switching properties. Silicon carbide Schottky rectifiers
have much lower drift region resistance (RS) enabling design of very high-voltage
devices with low on-state voltage drop and excellent switching characteristics.
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The most commonly used unipolar power transistor is the silicon power metal-
oxide-semiconductor field-effect transistor or MOSFET. Although other structures,
such as JFETs or SITs, have been explored [2], they have not been popular for power
electronic applications because of their normally-on behavior. The commercially
available silicon power MOSFETs are based upon the structures shown in Fig. 1.10.
The D-MOSFET was first commercially introduced in the 1970s and contains a
“planar-gate” structure. The P-base region and the N+ source regions are self-aligned
to the edge of the polysilicon gate electrode by using ion-implantation of boron and
phosphorus followed by their respective drive-in thermal cycles. The N-type channel
is defined by the difference in the lateral extension of the junctions under the gate
electrode. The device supports positive voltage applied to the drain across the P-base/
N-drift region junction. The voltage-blocking capability is determined by the doping
and thickness of the N-drift region. Although low voltage (<100 V) silicon power
MOSFETs have low on-resistances, the drift region resistance increases rapidly with
increasing blocking voltage limiting the performance of silicon power MOSFETs to
below 200 V. It is commonplace to use the insulated gate bipolar transistor (IGBT) for
higher-voltage applications due to the smaller on-state power dissipation.

The silicon U-MOSFET structure became commercially available in the 1990s. It
has a gate structure embedded within a trench etched into the silicon surface. The
N-type channel is formed on the side wall of the trench at the surface of the P-base
region. The channel length is determined by the difference in vertical extension of the
P-base and N+ source regions as controlled by the ion implant energies and drive times
for the dopants. The siliconU-MOSFET structure was developed to reduce the on-state
resistance by elimination of the JFET component within the D-MOSFET structure.
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Fig. 1.9 The power
Schottky rectifier structure
and its equivalent circuit
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1.4 Bipolar Power Devices

The commonly available silicon power bipolar devices are the bipolar junction
transistor and the gate turn-off thyristor or GTO. These devices were originally
developed in the 1950s and widely used for power-switching applications until the
1970s when the availability of silicon power MOSFETs and IGBTs supplanted
them. The structures of the bipolar junction transistor and GTO are shown in
Fig. 1.11. In both devices, injection of minority carriers into the drift region
modulates its conductivity reducing the on-state voltage drop. However, this charge
must be subsequently removed during switching resulting in high turn-off power
losses. These devices require a large control (base or gate) current which must be
implemented with discrete components leading to an expensive bulky system
design. They also require snubber circuits to protect them during the switching
transients. In order to address these shortcomings, MOS-bipolar structures were
proposed and developed in the 1980s.

1.5 MOS-Bipolar Power Devices

The most widely used silicon high-voltage (>300 V) device for power-switching
applications is the insulated gate bipolar transistor (IGBT) which was developed in
the 1980s by combining the physics of operation of bipolar transistors and
MOSFETs [3]. The structure of the IGBT is deceptively similar to that for the
power MOSFET as shown in Fig. 1.12 if viewed as a mere replacement of the N+
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substrate with a P+ substrate. However, this substitution creates a four-layer parasitic
thyristor which was initially considered a showstopper because its latch-up results in
destructive failure due to loss of gate control. Fortunately the parasitic thyristor can
be suppressed by the addition of the P+ region within the cell while retaining the
benefits of the P+ substrate for the injection of minority carriers into the N-drift
region resulting in greatly reducing its resistance. This has enabled the development
of high-voltage IGBT products with high current-carrying capability.
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Fig. 1.11 Silicon bipolar
device structures

EMITTER

COLLECTOR

D-MOS IGBT

N-DRIFT REGION

GATE

P+ SUBSTRATE

N+N+
P

P+

EMITTER

COLLECTOR

U-MOS IGBT

N-DRIFT REGION

P+ SUBSTRATE

GATE
N+N+

P+ P

Fig. 1.12 IGBT device
structures

1.5 MOS-Bipolar Power Devices 11



The on-state voltage drop for the IGBT increases with increasing voltage-
blocking capability due to the necessity to widen the N-drift region. In order to
improve upon the on-state voltage drop while maintaining the advantages of small
control currents, many MOS-gated thyristor structures have been explored. The first
structure to garner attention was the MOS-controlled thyristor (MCT) [4, 5] which is
illustrated in Fig. 1.13 with an N-type drift region. A reduced on-state voltage drop
when compared with the IGBT is obtained by allowing the four-layer thyristor
structure to latch-up. The thyristor is switched off by application of a negative gate
bias to form a current path that shunts the N+ emitter/P-base junction such that the
gain of the upper N-P-N transistor is sufficiently diminished to prevent the regener-
ative action within the thyristor. One disadvantage of the structure shown in
Fig. 1.13 is the complexity of forming the P-channel MOSFET within the P-base
region. Another issue that has hindered its application is the lack of current saturation
capability. Without gate-controlled current saturation, it becomes necessary to
incorporate snubbers with the device adding cost, complexity, and power losses to
the system.

One solution to the above issues is the base resistance-controlled thyristor (BRT)
[6] structure shown in Fig. 1.14. In this structure, a diverter region is integrated
adjacent to the four-layer thyristor. The application of a positive bias to the gate
allows turning on the thyristor, while the application of a negative bias turns off the
thyristor by raising its holding current above the operating current level. The process
for fabrication of this structure is compatible with that used for manufacturing
IGBTs, while its on-state voltage drop is similar to that for the MCT structure.

The MCT and BRT structures do not produce saturated current flow under gate
control, a key feature of IGBTs that is extensively utilized in power electronic
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circuits. This capability has been successfully incorporated in the emitter switched
thyristor (EST) [7] structure shown in Fig. 1.15. The EST structure contains a four-
layer thyristor without a direct contact to the N+ cathode region. The current flowing
into the N+ cathode region is constrained to flow via an n-channel MOSFET to the
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cathode contact. This provides complete gate-controlled current saturation capabil-
ity. However, the on-state voltage drop is slightly larger than that for the MCT or
BRT due to the additional voltage drop in the channel of the MOSFET.

1.6 Ideal Drift Region for Unipolar Power Devices

The unipolar power devices discussed above all contain a drift region which is
designed to support the blocking voltage. The properties (doping concentration and
thickness) of the ideal drift region can be analyzed by assuming an abrupt junction
profile with high doping concentration on one side and a low uniform doping
concentration on the other side while neglecting any junction curvature effects by
assuming a parallel-plane configuration. The resistance of the ideal drift region can
then be related to the basic properties of the semiconductor material [8].

The solution of Poisson’s equation leads to a triangular electric field distribution,
as shown in Fig. 1.16, within a uniformly doped drift region with the slope of the
field profile being determined by the doping concentration. The maximum voltage
that can be supported by the drift region is determined by the maximum electric field
(Em) reaching the critical electric field (Ec) for breakdown for the semiconductor
material. The critical electric field for breakdown and the doping concentration then
determine the maximum depletion width (WD).

The specific resistance (resistance per unit area) of the ideal drift region is
given by:
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Fig. 1.16 The ideal drift region and its electric field distribution
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Ron:sp ¼ WD

qμnND

� �
ð1:8Þ

Since this resistance was initially considered to be the lowest value achievable with
silicon devices, it has historically been referred to as the ideal specific on-resistance
of the drift region. More recent introduction of the charge-coupling concept,
described later in this chapter, has enabled reducing the drift region resistance of
silicon devices to below the values predicted by this equation. The depletion width
under breakdown conditions is given by:

WD ¼ 2BV
EC

ð1:9Þ

where BV is the desired breakdown voltage. The doping concentration in the drift
region required to obtain this breakdown voltage is given by:

ND ¼ εSE2
C

2qBV
ð1:10Þ

Combining these relationships, the specific resistance of the ideal drift region is obtained:

Ron-ideal ¼ 4BV2

εSμnE
3
C

ð1:11Þ

The denominator of this equation (εS.μn.EC
3) is commonly referred to as Baliga’s

figure of merit for power devices. It is an indicator of the impact of the semiconduc-
tor material properties on the resistance of the drift region. The dependence of the
drift region resistance on the mobility (assumed to be for electrons here because in
general they have higher mobility values than for holes) of the carriers favors
semiconductors such as gallium arsenide and indium arsenide. However, the much
stronger (cubic) dependence of the on-resistance on the critical electric field for
breakdown favors wide-bandgap semiconductors such as silicon carbide [9]. The
critical electric field for breakdown is determined by the impact ionization coeffi-
cients for holes and electrons in semiconductors as discussed in the next chapter.

As an example, the change in the specific on-resistance for the drift region with
critical electric field and mobility is shown in Fig. 1.17 for the case of a breakdown
voltage of 1000 V. The location of the properties for silicon, gallium arsenide, and
silicon carbide are shown in the figure by the points. The improvement in drift region
resistance for GaAs in comparison with silicon is largely due to its much greater
mobility for electrons. The improvement in drift region resistance for SiC in
comparison with silicon is largely due to its much larger critical electric field for
breakdown. Based upon these considerations, excellent high-voltage Schottky rec-
tifiers were developed from GaAs in the 1980s [10] and from silicon carbide in the
1990s [11]. Interest in the development of power devices from wide-bandgap semi-
conductors, including gallium nitride, continues to grow.
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1.7 Charge-Coupled Structures: Ideal Specific
On-Resistance

The depletion region extends in one dimension from a junction or Schottky contact
during the blocking mode for the conventional structure discussed in the previous
section. In the charge-coupled structure, the voltage-blocking capability is enhanced
by the extension of depletion layers in two dimensions. This effect is created by the
formation of a horizontal Schottky contact on the top surface as illustrated in
Fig. 1.18 which promotes the extension of a depletion region along the vertical or
y-direction. Concurrently, the presence of the vertical P-N junction created by the
alternate N- and P-type regions promotes the extension of a depletion region along
the horizontal or x-direction. These depletion regions conspire to produce a
two-dimensional charge coupling in the N-drift region which alters the electric
field profile.

The optimization of the charge-coupled structure requires proper choice of the
doping concentration and thickness of the N- and P-type regions. It has been found
that the highest breakdown voltage occurs when the charge in these regions is
given by:

Qoptimum ¼ 2qNDWN ¼ εSEC ð1:12Þ

where q is the charge of an electron (1.6 � 10�19 Coulombs), ND is the doping
concentration of the N-type drift region, WN is half the width of the N-type drift
region as shown in Fig. 1.18, εS is the dielectric constant of the semiconductor, and
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EC is the critical electric field for breakdown in the semiconductor. For silicon, the
optimum charge is found to be 3.11 � 10�7 Coulombs/cm2 based upon a critical
electric field of 3 � 105 V/cm. The optimum charge is often represented as a dopant
density per unit area, in which case it takes a value of about 2 � 1012 per cm2 for
silicon. A slightly lower value for the doping concentration in the drift region may be
warranted as discussed later in this section of the chapter.

The specific on-resistance for the drift region in the charge-coupled structures is
given by:

RD,sp ¼ ρD
p

WN

� �
t ð1:13Þ

where ρD is the resistivity of the N-type drift region, t is the trench depth, and p is the
cell pitch. Here, the uniform electric field is assumed to be produced only along the
trench where the charge coupling occurs and the resistance of the remaining portion
of the N-drift region is neglected. Using the relationship between the resistivity and
the doping concentration, this equation can be written as:

RD,sp ¼ t p

qμNNDWN
ð1:14Þ

Combining this expression with Eq. (1.12):

OHMIC
CONTACT

t

CATHODE

N-DRIFT
REGION

N+ SUBSTRATE

P-TYPE
CHARGE

COUPLING
REGION

SCHOTTKY
CONTACT

WN WP

p

Fig. 1.18 Basic charge-
coupled Schottky diode
structure using P-N
junctions

1.7 Charge-Coupled Structures: Ideal Specific On-Resistance 17



RD,sp ¼ 2 t p
μNQoptimum

ð1:15Þ

If the electric field along the trench, at the onset of breakdown in the charge-coupled
device structure, is assumed to be uniform at a value equal to the critical electric field
of the semiconductor:

t ¼ BV
EC

ð1:16Þ

It is worth pointing out that the critical electric field for breakdown for the case of a
uniform electric field along the y-direction is not the same as for the case of the
triangular electric field distribution in devices without the charge-coupling concept
[12]. Using this expression, as well as the second part of Eq. (1.12), in Eq. (1.15)
yields:

RD,sp ¼ 2BVp

μN εSE
2
C

ð1:17Þ

This is a fundamental expression for the ideal specific on-resistance of vertical
charge-coupled devices. By comparison of this expression with that for the
one-dimensional case (see Eq. (1.11)), it can be observed that the specific
on-resistance for the charge-coupled devices increases linearly with the breakdown
voltage unlike the more rapid quadratic rate for the conventional drift region. In
addition, it is worth pointing out that the specific on-resistance for the drift region in
the charge-coupled structure can be reduced by decreasing the pitch. This occurs
because the doping concentration in the drift region increases when the pitch is
reduced in order to maintain the same optimum charge. The larger doping concen-
tration reduces the resistivity and hence the specific on-resistance. However, the
analysis of the specific on-resistance for the drift region in charge-coupled device
structures must be tempered by several considerations. Firstly, it must be recognized
that the mobility will become smaller when the doping concentration becomes larger.
Secondly, the critical electric field for breakdown becomes smaller for the charge-
coupled structures because the high electric field in the drift region extends over a
larger distance producing enhanced impact ionization. If a critical electric field for
breakdown in the drift region for charge-coupled structures is reduced to 2 � 105 V/
cm, an optimum charge of 2.07� 10�7 Coulombs/cm2, with a corresponding dopant
density of about 1.3 � 1012 per cm2, is more appropriate for silicon.

In designing the drift region for charge-coupled structures, it is important to
recognize that, unlike in the conventional one-dimensional case, the doping concen-
tration of the drift region is dictated by the cell pitch and not the breakdown voltage.
The breakdown voltage in the charge-coupled structure is determined solely by the
depth of the trench used to provide the charge-coupling effect and is independent of
the doping concentration of the N-drift region. In the case of silicon charge-coupled
devices, the doping concentration for the N-type drift region is provided in Fig. 1.19
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for the case of equal widths for the N-type and P-type charge-coupling regions. For a
typical cell pitch of 1 μm, the doping concentration in the N-type drift region is about
1.3 � 1016 cm�3 when a critical electric field of 2 � 105 V/cm is assumed. The
critical electric field for breakdown is smaller for the case of a uniform electric field
in the drift region.

It is interesting to compare the ideal specific on-resistance for the drift region in
the silicon charge-coupled structures to that for the one-dimensional parallel-plane
case. This comparison is done in Fig. 1.20 using three values for the cell pitch in the
case of the charge-coupled structures. The doping concentration in the N-drift region
increases when the cell pitch is reduced from 5 to 0.2 μm, as already shown in
Fig. 1.19, leading to a decrease in the specific on-resistance. The resulting reduction
of the mobility with increasing doping concentration was included during the
calculation of the specific on-resistance in Fig. 1.20. There is a crossover in the
specific on-resistance for the two types of structures. For the cell pitch of 1 μm, the
crossover occurs at a breakdown voltage of about 70 V. The crossover moves to a
breakdown voltage of about 200 V when the cell pitch is increased to 5 μm and to
about 30 V if a smaller cell pitch of 0.2 μm is used. Consequently, the charge-
coupled structure is more attractive for reducing the specific on-resistance when the
cell pitch is smaller. This entails a more complex process technology with higher
attendant costs.

As a particular example, consider the case of silicon devices designed to support
200 V. In the case of the conventional structure with a one-dimensional junction, the
specific on-resistance of the drift region is found to be 3.4 mΩ-cm2 if a critical
electric field for breakdown of 3 � 105 V/cm is used. In contrast, the specific
on-resistance for the drift region of the charge-coupled structure with a cell pitch
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Fig. 1.19 Drift region doping concentration for the charge-coupled structure
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of 1 μm is found to be only 0.86 mΩ-cm2 if a critical electric field for breakdown of
2 � 105 V/cm is used. In this calculation, a bulk mobility of 1220 cm2/V-s was used
corresponding to a doping concentration of 1.3� 1016 cm�3 in the N-type portion of
the drift region. In this example, the drift region for the charge-coupled structure
would have a thickness of 10 μm when compared with 12.5 μm needed in the
conventional structure.

An alternate method for creating a charge-coupled structure, which is simpler
from a fabrication viewpoint, is illustrated in Fig. 1.21. A uniform electric field in the
drift region can be created with this structure by using a graded doping profile
[13]. These devices have been demonstrated to provide significant reduction of the
on-state voltage drop for Schottky rectifiers designed to block 30–200 V with
low-leakage currents [14]. A detailed discussion of charge-coupled devices is
available [15].

1.8 Summary

The desired characteristics for power semiconductor rectifiers and transistors have
been reviewed in this chapter. The characteristics of typical silicon power devices
have been compared with those for the ideal case. Various unipolar and bipolar
power device structures have been briefly introduced here. Only the basic power
device structures are discussed in this book due to space constraints.

Fig. 1.20 Ideal specific on-resistance for the charge-coupled structure (solid lines, charge-coupled
structures; dashed line, one-dimensional case)
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Problems

1.1 Define the current and voltage ratings of power devices for typical automotive
applications.

1.2 Define the current and voltage ratings of power devices for typical computer
power supply applications.

1.3 Define the current and voltage ratings of power devices for typical motor
control applications.

1.4 Define the current and voltage ratings of power devices for typical electric
locomotive applications.

1.5 What are the characteristics for an ideal power device?
1.6 Describe the characteristics for an ideal power rectifier?
1.7 How do the characteristics of actual power rectifiers defer from those for the

ideal device?
1.8 Describe the characteristics for an ideal power transistor?
1.9 How do the characteristics of actual power transistors defer from those for the

ideal device?
1.10 Why are unipolar power device structures more attractive for applications than

bipolar power devices?
1.11 Calculate Baliga’s figure of merit for a semiconductor with an electron mobil-

ity of 2000 cm2/V-s and critical breakdown electric field strength of 5� 105 V/
cm.

1.12 Determine Baliga’s figure of merit for gallium nitride assuming it has an
electron mobility of 900 cm2/V-s and critical breakdown electric field strength
of 3.3 � 106 V/cm.
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Fig. 1.21 Basic charge-
coupled Schottky diode
using MOS charge-coupling
structure
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Chapter 2
Material Properties and Transport Physics

At present, most power semiconductor devices are manufactured using silicon as the
base material. Both unipolar and bipolar devices have been successfully developed
from silicon to serve a very broad range of applications. As shown in the previous
chapter, the resistance of the drift region in power devices can be drastically reduced
by replacing silicon with wide bandgap semiconductors. Although some effort was
undertaken in the 1980s to develop power devices from gallium arsenide, interest in
this technology has dwindled because it is much more promising to make the power
devices from silicon carbide. For this reason, the relevant properties for silicon
carbide are included with those for silicon in this chapter for the purposes of
comparison and design. Analytical expressions that can model these properties are
provided to facilitate the analysis of power device structures.

Although the fundamental material properties of the semiconductor govern the
operating characteristics of power devices, processing techniques used to control
these properties impose technological constraints that are equally important for
obtaining the desired device characteristics. For this reason, the chapter includes a
discussion of current technology, such a neutron transmutation doping for control-
ling the resistivity and electron irradiation for controlling the minority carrier
lifetime. These technologies have been specifically developed for manufacturing
silicon power devices and are almost exclusively used for these types of structures.

2.1 Fundamental Properties

The fundamental properties of silicon [1] and silicon carbide [2–4] are summarized
and compared in this section. Only the properties for the 4H poly-type of silicon
carbide have been included here because its properties are superior to those of the
other poly-types of silicon carbide. The basic properties of relevance to power
devices are the energy bandgap, the impact ionization coefficients, the dielectric
constant, the thermal conductivity, the electron affinity, and the carrier mobility.
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Since the intrinsic carrier concentration and the built-in potential can be extracted by
using this information, their values have also been provided for silicon and silicon
carbide in this section.

The fundamental material parameters for silicon and 4H-SiC are summarized in
Fig. 2.1 for comparison purposes. It is worth noting that the energy bandgap for
4H-SiC is three times larger than that for silicon. This results in a much lower
intrinsic carrier concentration at any given temperature, as well as much smaller
impact ionization coefficients at any given electric field, for this semiconductor when
compared with silicon, as discussed in more detail in the next section. The dielectric
constant and the density of states are comparable for both these semiconductors. The
thermal conductivity for 4H-silicon carbide is two to three times that for silicon
enabling superior heat extraction from devices. The difference in the electron affinity
between the semiconductors appears small but is quite significant when determining
the characteristics of Schottky barrier contacts.

2.1.1 Intrinsic Carrier Concentration

The intrinsic carrier concentration is determined by the thermal generation of
electron-hole pairs across the energy bandgap of a semiconductor. Its value can be
calculated by using the energy bandgap (EG) and the density of states in the
conduction (NC) and valence (NV) bands:

Properties Silicon 4H-SiC

Energy Band Gap
(eV) 1.10 3.26

Relative Dielectric 
Constant 11.7 9.7

Thermal Conductivity
(W/cm K) 1.5 3.7

Electron Affinity
(eV) 4.05 3.7

Density of States
Conduction Band

(cm-3)
2.80 x 1019 1.23 x 1019

Density of States
Valency Band

(cm-3)
1.04 x 1019 4.58 x 1018

Fig. 2.1 Fundamental material properties
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ni ¼ ffiffiffiffiffiffiffi
n:p

p ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NC:NV

p
e� EG=2kTð Þ ð2:1Þ

where k is Boltzmann’s constant (1.38 � 10�23 J/K) and T is the absolute temper-
ature. For silicon, the intrinsic carrier concentration is given by:

ni ¼ 3:87� 1016T3=2e� 7:02�103ð Þ=T ð2:2Þ
while that for 4H-SiC, it is given by:

ni ¼ 1:70� 1016T3=2e� 2:08�104ð Þ=T ð2:3Þ
Using these equations, the intrinsic carrier concentration can be calculated as a
function of temperature. The intrinsic carrier concentrations for silicon and 4H-SiC
are plotted in Figs. 2.2 and 2.3.

The traditional method for making this plot is shown in Fig. 2.2 by using an
inverse temperature scale for the x-axis. The additional Fig. 2.3 is provided here
because it is easier to relate the value of the intrinsic carrier concentration to the
temperature with its values directly plotted on the x-axis. It is obvious that the
intrinsic carrier concentration for silicon carbide is far smaller than for silicon due
to the large difference in bandgap energy. At room temperature (300 K), the intrinsic
carrier concentration for silicon is 1.4 � 1010 cm�3 while that for 4H-SiC is only
6.7� 10�11 cm�3. This indicates that the bulk generation current is negligible for the
determination of the leakage current in silicon carbide devices but not for silicon
structures. Surface generation currents may become dominant in 4H-SiC devices due
to the presence of states within the bandgap.

Fig. 2.2 Intrinsic carrier concentration in silicon and 4H-SiC

2.1 Fundamental Properties 25



For silicon, the intrinsic carrier concentration becomes equal to a typical doping
concentration of 1 � 1015 cm�3 at a relatively low temperature of 540 K or 267 �C.
In contrast, the intrinsic carrier concentration for 4H-SiC is only 3.9 � 107 cm�3

even at 700 K or 427 �C. The development of mesoplasmas has been associated with
the intrinsic carrier concentration becoming comparable to the doping concentration
[5]. Mesoplasmas create current filaments that have very high current density leading
to destructive failure in semiconductors. This is obviously much less likely in silicon
carbide.

2.1.2 Bandgap Narrowing

The energy band diagram for silicon at low doping concentrations takes the form
illustrated in Fig. 2.4a with the density of states varying as the square root of energy
away from the band edges. The donor and acceptor levels are located at discrete
positions within the bandgap and are clearly separated from the conduction and
valence band edges. The well-defined separation between the conduction and
valence band edges is called the energy bandgap (EG). The energy bandgap for
silicon and 4H-silicon carbide was provided in Fig. 2.1.

At high doping levels in the semiconductor, the band structure is altered by three
effects. Firstly, as the impurity density becomes large, the spacing between the
individual impurity atoms becomes small. The interaction between adjacent impurity
atoms leads to a splitting of the impurity levels into an impurity band as illustrated
in Fig. 2.4b. This phenomenon is observed when the doping concentration exceeds
1018 cm�3. Secondly, the conduction and valence band edges no longer exhibit a

Fig. 2.3 Intrinsic carrier concentration in silicon and 4H-SiC
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parabolic shape. The statistical distribution of the dopant atoms in the lattice
introduces point-by-point differences in local doping concentration and lattice
potential leading to disorder. This results in the formation of band tails as illustrated
in Fig. 2.4b by the dashed lines. This phenomenon is observed when the doping
concentration approaches 1021 cm�3. Thirdly, the interaction between the free
carriers and more than one impurity atom leads to a modification of the density of
states at the band edges. This phenomenon is called rigid bandgap narrowing.

The formation of the impurity bands, the band tails, and the rigid bandgap
narrowing are majority carrier effects related to the reduced dopant atom spacing
within the semiconductor lattice. In addition to this, the electrostatic interaction of
the minority carriers and the high concentration of majority carriers lead to a
reduction in the thermal energy required to create an electron-hole pair. This
phenomenon is also a rigid bandgap reduction that does not distort the energy
dependence of the density of states. The rigid bandgap reduction arising from the
screening of the minority carriers by the high concentration of majority carriers can
be derived by using Poisson’s equation [6]:

1
r2

d

dr
r2
dV

dr

� �
¼ � q

εS
Δn ð2:4Þ

where V is the electrostatic potential of the screened carriers at a radial distance r.
The excess electron concentration Δn is given by Boltzmann’s equation:

Δn ¼ n0 eqV=kT � 1
� �

ð2:5Þ
For the case of low excess electron concentrations:
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Fig. 2.4 Energy band diagrams at (a) low and (b) high doping concentrations
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Δn ¼ qn0V

kT

� �
ð2:6Þ

Solution of Eq. (2.4) using the excess electron concentration given by Eq. (2.6)
yields:

V rð Þ ¼ q

4πεS

e�r=rS

r

� �
ð2:7Þ

where the screening radius rS is given by:

rS ¼
ffiffiffiffiffiffiffiffiffiffi
εSkT

q2n0

s
ð2:8Þ

The electric field distribution for the screened Coulombic potential can be obtained
by integration of Eq. (2.7):

E rð Þ ¼ q

4πεSr
1
r
� 1
rS

� �
e�r=rS ð2:9Þ

In comparison, the unscreened electric field distribution at low doping concentra-
tions is given by:

E rð Þ ¼ q

4πεSr2
ð2:10Þ

The reduction of the bandgap is given by the difference in the electrostatic energy
between the screened and unscreened cases:

ΔEG ¼ εS
2

Z 1

0
E2
0 rð Þ � E2 rð Þ� �

dr ð2:11Þ

The solution of this integral yields:

ΔEG ¼ 3q2

16πεS

ffiffiffiffiffiffiffiffiffiffi
q2n0
εSkT

s
ð2:12Þ

In the case of low injection levels and under the assumption that all the dopant atoms
are ionized:

n0 ¼ Nþ
D ¼ ND ð2:13Þ

where ND is the doping concentration. Consequently,
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ΔEG ¼ 3q2

16πεS

ffiffiffiffiffiffiffiffiffiffiffi
q2ND

εSkT

s
ð2:14Þ

This expression, valid for small changes in the bandgap, indicates that the bandgap
narrowing is proportional to the square root of the doping concentration. Using the
appropriate parameters for silicon:

ΔEG ¼ 22:5� 10�3

ffiffiffiffiffiffiffiffiffi
NI

1018

r
ð2:15Þ

where NI is the impurity (donor or acceptor) concentration responsible for the
reduction in the bandgap. The decrease of the energy gap for silicon at room
temperature due to high doping concentrations as predicted by the above theory is
shown in Fig. 2.5. This theoretical curve has been found to provide a good fit with
the measured data up to a doping concentration of 1019 cm�3 indicating that the
screening of minority carriers by the majority carriers is a dominant effect respon-
sible for bandgap narrowing in silicon [7–10].

The bandgap narrowing phenomenon has a strong impact upon the product of the
equilibrium concentrations of electrons and holes in the heavily doped semiconduc-
tor material. The p-n product can be represented by an effective intrinsic carrier
concentration in a manner similar to that for lightly doped semiconductors:

n:pð Þ ¼ n2ie ð2:16Þ
The larger values for the p-n product arising from bandgap narrowing are related to
the smaller energy bandgap by:
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Fig. 2.5 Bandgap narrowing in silicon at high doping concentrations
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n2ie ¼ n2i e
qΔEG=kT ð2:17Þ

where ΔEG is the reduction of the bandgap due to the combined effects of
impurity band formation, band tailing, and screening of minority carriers. By
using Eq. (2.15), the effective intrinsic carrier concentration at room temperature
for silicon is given by:

nie ¼ 1:4� 1010exp 0:433

ffiffiffiffiffiffiffiffiffi
NI

1018

r !
ð2:18Þ

where NI is the doping concentration in cm�3. The intrinsic carrier concentration
predicted by this equation increases by more than one order of magnitude when the
doping concentration exceeds 3 � 1019 cm�3 as shown in Fig. 2.6. These high
doping concentrations are commonly encountered in the diffused end regions of
power devices. The performance of bipolar power devices is affected by the bandgap
narrowing phenomenon because the injection of minority carriers into the end
regions is enhanced by the larger intrinsic carrier concentration.

2.1.3 Built-in Potential

The built-in potential of P-N junctions can play an important role in determining the
operation and design of power semiconductor devices. As an example, the built-in
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Fig. 2.6 Effective intrinsic carrier concentration in silicon at high doping levels
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potential determines the zero-bias depletion width which is important for calculation
of the on-resistance in power D-MOSFETs. The built-in voltage is given by:

Vbi ¼ kT

q
ln

N�
A :N

þ
D

n2i

� �
ð2:19Þ

where NA
� and ND

+ are the ionized impurity concentrations on the two sides of an
abrupt P-N junction. For silicon, their values are equal to the doping concentration
because of the small dopant ionization energy levels.

The calculated built-in potential for silicon and 4H-SiC is shown in Fig. 2.7 as a
function of temperature for the typical operating range of power devices. In making
the plots, the product (NA

�.ND
+) was assumed to be 1035 cm�6. This would be

applicable for a typical doping concentration of 1� 1019 cm�3 on the heavily doped
side of the junction and 1� 1016 cm�3 on the lightly doped side of the junction. The
built-in potential for silicon carbide is much larger than that for silicon due to the far
smaller values for the intrinsic carrier concentration. This can be a disadvantage due
to the larger zero-bias depletion width for silicon carbide. As an example, the larger
zero-bias depletion width consumes space within the D-MOSFET cell structure
increasing the on-resistance by constricting the area through which current can
flow. In contrast, the larger built-in potential for SiC and its associated larger zero-
bias depletion width can be taken advantage of in making innovative device struc-
tures, such as the ACCUFET (see chapter on Power MOSFETs), which are tailored
to the unique properties of SiC.

Fig. 2.7 Built-in potential for a P-N junction in silicon and 4H-SiC
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2.1.4 Zero-Bias Depletion Width

The calculated zero-bias depletion widths for silicon and 4H-SiC are shown in
Fig. 2.8 as a function of the doping concentration on the lightly doped side of an
abrupt P-N junction. For both silicon and silicon carbide, it can be seen that the zero-
bias depletion width can be substantial in size at low doping concentrations making
it important to take this into account during device design and analysis. The zero-
bias depletion width for SiC is much (about 2�) larger than for silicon for the same
doping concentration. However, it is worth noting that the doping concentration in
SiC is much (about 100�) greater for a given breakdown voltage than for silicon as
discussed later in the book. Consequently, the zero-bias depletion width for 4H-SiC
devices is smaller than for silicon devices with the same breakdown voltage.

2.1.5 Impact Ionization Coefficients

The impact ionization coefficient for holes (αp) is defined as the number of electron-
hole pairs created by a hole traversing 1 cm through the depletion layer along the
direction of the electric field. Similarly, the impact ionization coefficient for elec-
trons (αn) is defined as the number of electron-hole pairs created by an electron
traversing 1 cm through the depletion layer along the direction of the electric field.
The impact ionization coefficients for semiconductors are dictated by Chynoweth’s
law [11, 12]:

Fig. 2.8 Zero-bias depletion width in silicon and 4H-SiC
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α ¼ a:e�b=E ð2:20Þ
where E is the electric field component in the direction of current flow. The
parameters a and b are constants that depend upon the semiconductor material and
the temperature. For silicon, the impact ionization rates have been measured as a
function of electric field and temperature [13, 14]. Based upon these extensive
measurements, the parameters for silicon have been found to be an ¼ 7 � 105 per
cm and bn ¼ 1.23 � 106 V/cm for electrons and ap ¼ 1.6 � 106 per cm and
bp ¼ 2 � 106 V/cm for holes for electric fields ranging between 1.75 � 105 and
6 � 105 V/cm.

The impact ionization coefficients for silicon carbide have been measured as a
function of temperature by using an electron beam excitation method [15]. This
method allowed extraction of impact ionization rates in defect-free regions of the
material by isolating diodes containing defects with an EBIC (electron beam-
induced current) image. This was important because substantially enhanced impact
ionization rates were discovered when the measurements were conducted at defect
sites [16]. For defect-free material, the extracted values for the impact ionization
coefficient parameters for holes in 4H-SiC were found to be:

ap R=Bð Þ4H� SiC ¼ 6:46� 106 � 1:07� 104T

bp R=Bð Þ4H� SiC ¼ 1:75� 107
ð2:21Þ

The impact ionization coefficients for holes and electrons in 4H-SiC have also
been measured using an optical beam [17, 18]. The extracted values for the impact
ionization coefficient parameters for holes and electrons in 4H-SiC were found to be:

ap Kð Þ4H� SiC ¼ 8:07� 106; bp Kð Þ4H� SiC ¼ 1:5� 107

an Kð Þ4H� SiC ¼ 3:13� 108; bn 4H� SiCð Þ ¼ 3:45� 107
ð2:22Þ

These values are probably influenced by the presence of defects in the material
leading a larger value for αp than given by Eq. (2.21) as shown in Fig. 2.9. Numerical
simulations are often performed using the coefficients given in Eq. (2.22) because
this provides agreement with measured breakdown voltages in 4H-SiC material
containing defects. However, the analysis performed in this book is based upon
the coefficients given in Eq. (2.21) because it is representative of the ultimate
performance of 4H-SiC material. The performance of actual 4H-SiC devices can
be expected to eventually approach this performance as the defects are eliminated
from the material.

The impact ionization coefficients for 4H-SiC can be compared with those for
silicon in Figs. 2.9 and 2.10. It is traditional to graph the ionization coefficients as the
reciprocal of the electric field as shown in Fig. 2.9. However, it is more convenient to
use the graph shown in Fig. 2.10 for extracting the ionization coefficients at known
values for the electric field. In both semiconductors, there is a very strong depen-
dence of the ionization coefficients upon the electric field. Consequently, the
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breakdown voltage of power devices can be severely reduced by the presence of a
high localized electric field within the structure.

From the above figures, it can be seen that the onset of significant generation of
carriers by impact ionization occurs at much larger electric fields in 4H-SiC when
compared with silicon. As a consequence, breakdown in 4H-SiC devices occurs
when the electric fields are in the range of 2–3 � 106 V/cm – an order of magnitude
larger than that for silicon. This implies a much larger critical electric field Ec for

Fig. 2.9 Impact ionization coefficients for silicon and 4H-SiC

Fig. 2.10 Impact ionization coefficients for silicon and 4H-SiC
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breakdown for 4H-SiC resulting in a big increase in the Baliga’s figure of merit (see
Chap. 1). The critical electric field for breakdown is discussed in more detail in the
next chapter. It is worth pointing out that the impact ionization coefficient for
electrons is much larger than that for holes in silicon, while the opposite holds true
for 4H-SiC.

2.1.6 Carrier Mobility

The resistivity (ρ) of a semiconductor region is given by:

ρ ¼ 1
q:μ:N

ð2:23Þ

where μ is the mobility, which is a function of the carrier type (electrons or holes),
the doping concentration (N ), and the lattice temperature (T ). A good understanding
of the mobility for the carriers is therefore necessary to model current transport in the
semiconductor regions within devices.

In semiconductors, carriers are accelerated by the presence of an electric field and
achieve an average velocity determined by the carrier scattering processes. Silicon is
an indirect bandgap semiconductor in which electron transport, under the influence of
an applied electric field, occurs in six equivalent conduction band minima, while the
transport of holes occurs at two degenerate sub-bands. The inequality between the
mobility of electrons and holes in silicon arises due to differences between the shapes
of the conduction and valence band minima. As the free carriers are transported along
the direction of the electric field, their velocity increases until they undergo scattering.
In the bulk, the scattering can occur either by interaction with the lattice or at ionized
donor and acceptor atoms. Consequently, the mobility is dependent upon the lattice
temperature and the ionized impurity concentration. When the free carriers are
transported near the semiconductor surface, additional scattering is observed that
decreases the mobility to below the bulk values. In bipolar power devices, a high
concentration of holes and electrons can be simultaneously injected into the base
region during on-state current flow. The probability for mutual scattering between
electrons and holes increases under these conditions reducing the effective mobility.

The mobility (μ) is defined as the proportionality constant relating the average
carrier velocity (vD) to the electric field (E):

vD ¼ μ:E ð2:24Þ
This expression is valid at low electric fields. However, when the electric field
exceeds 104 V/cm, as commonly encountered in power devices, the velocity is no
longer found to increase in proportion to the electric field. In fact, the velocity
approaches a constant value known as the saturated drift velocity. The dependence
of the mobility upon the electric field strength must be accounted for during the
analysis of the electrical characteristics of power devices.
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Temperature Dependence

At low doping concentrations in the semiconductor region, the scattering of free
carriers occurs predominantly by interaction with the lattice vibrations. This lattice
scattering phenomenon can occur by means of either acoustical phonons or optical
phonons. Optical phonon scattering is important at high temperatures and electric
fields, while acoustical phonon scattering is dominant at low electric fields. In
addition, at around room temperature, intervalley scattering mechanisms become
of importance. For high-purity, lightly doped silicon, it has been experimentally
determined that acoustical phonon scattering is dominant at temperatures below
50 K, and the mobility varies as T–3/2, where T is the absolute temperature. At
around room temperature, intervalley scattering comes into effect, and the mobility
for silicon is given by:

μn ¼ 1360
T

300

� ��2:42

ð2:25Þ

for electrons [19] and:

μp ¼ 495
T

300

� ��2:20

ð2:26Þ

for holes [20]. This variation of the mobility for electrons and holes in silicon is
shown in Fig. 2.11 for the case of low doping concentrations (below 1015 cm�3) in
the semiconductor. There is a rapid reduction of the mobility with increasing
temperature with a reduction by a factor of two when the temperature reaches
400 K. Since the doping concentration in the drift region of high-voltage silicon

Fig. 2.11 Temperature dependence of the mobility for electrons and holes in silicon and 4H-SiC
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devices is below 1015 cm�3, it is important to include the impact of the decrease in
the mobility with temperature when analyzing the device characteristics because
power devices operate at above room temperature due to power dissipation within
the structure.

For 4H-SiC, the temperature dependence of the mobility at low doping concen-
trations can be modeled by [4, 21]:

μn 4H� SiCð Þ ¼ 1140 T
300

	 
�2:70

μp 4H� SiCð Þ ¼ 120 T
300

	 
�3:4
ð2:27Þ

This variation is also shown in Fig. 2.11. The mobility for electrons in 4H-SiC is
important for modeling the N-type drift regions in unipolar devices. The mobility for
holes is important for modeling the resistance within P-type regions in 4H-SiC
devices such as power MOSFETs.

Doping Dependence

The presence of ionized donor or acceptor atoms in the semiconductor lattice
contributes to a reduction in the mobility due to the additional Coulombic scattering
of the free carriers. The impact of ionized impurity scattering is the largest at low
temperatures because of the diminishing influence of lattice scattering. As the doping
concentration is increased, the impact of ionized impurity scattering becomes larger
resulting in a reduction of the mobility.

For silicon, the ionized impurity scattering effects are small at room temperature
for doping concentrations below 1015 cm�3. Under these conditions, the mobility for
electrons and holes can be considered to be independent of the doping concentration
with a magnitude of 1360 and 495 cm2/V-s, respectively. At larger doping levels, the
measured data [22] for the mobility of electrons in silicon at room temperature as a
function of the doping concentration can be modeled by:

μn Sið Þ ¼ 5:10� 1018 þ 92N0:91
D

3:75� 1015 þ N0:91
D

ð2:28Þ

where ND is the donor concentration per cm3. When the doping concentration
becomes greater than 1019 cm�3, the mobility for electrons in silicon approaches a
constant value of about 90 cm2/V–s. This behavior is graphed in Fig. 2.12.

In the same manner, the measured data [22] for the mobility of holes in silicon at
room temperature as a function of the doping concentration can be modeled by:

μp Sið Þ ¼ 2:90� 1015 þ 47:7N0:76
A

5:86� 1012 þ N0:76
A

ð2:29Þ
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where NA is the acceptor concentration per cm3. When the doping concentration
becomes greater than 1019 cm�3, the mobility for holes in silicon approaches a
constant value of about 50 cm2/V–s. This behavior is also graphed in Fig. 2.12.

For silicon carbide, the mobility of electrons and holes at room temperature as a
function of the doping concentration can be modeled by [3]:

μn 4H� SiCð Þ ¼ 4:05� 1013 þ 20N0:61
D

3:55� 1010 þ N0:61
D

μp 4H� SiCð Þ ¼ 4:05� 1013 þ 10N0:65
A

3:3� 1011 þ N0:65
A

ð2:30Þ

This behavior of the electron mobility in 4H-SiC at room temperature is also plotted
in Fig. 2.12 as a function of doping concentration. The dependence of the electron
mobility on doping concentration in silicon carbide has been theoretically modeled
by taking into account acoustic and polar optical phonon scattering as well as
intervalley scattering [23].

Electric Field Dependence

The mobility for electrons and holes in silicon is independent of the magnitude of the
electric field only when the electric field is below 103 V/cm. In this regime of
operation, the velocity for the free carriers can be assumed to increase linearly
with increasing electric field. At electric fields above 103 V/cm, the velocity for
electrons and holes in silicon has been found to increase sublinearly with increasing

Fig. 2.12 Bulk mobility for electrons and holes in silicon and 4H-SiC
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electric field, as shown in Fig. 2.13, until it reaches a saturated value. The time of
flight technique [24] has been used to measure the velocity of electrons and holes in
the silicon at various values for the electric field and at various ambient temperatures.
Similar measurements have also been performed for 4H-SiC [25]. Based upon this
empirical data, analytical expressions can be derived relating the drift velocity to the
electric field.

At low doping concentrations in silicon, the velocity for electrons can be related
to the electric field using:

vn ¼ 9:85� 106E

1:04� 105 þ E1:3
	 
0:77 ð2:31Þ

Similarly, at low doping concentrations in silicon, the velocity for holes can be
related to the electric field using:

vp ¼ 8:91x106 E

1:41x105 þ E1:2
	 
0:83 ð2:32Þ

At electric fields below 103 V/cm, the mobility for electrons and holes has a constant
value and becomes inversely proportional to the electric field when it exceeds 105 V/
cm.

When the electric field becomes high, the second term in the denominator for the
above expressions becomes dominant. This implies that the velocity for the free
carriers has become constant at a value given by the numerator in the expressions.

Fig. 2.13 Velocity for electrons and holes in silicon
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This phenomenon is called drift velocity saturation. Just as the mobility is dependent
upon the ambient temperature, the saturated drift velocity has also been found to be
temperature dependent. For the case of electrons transported along the <111> axis in
silicon:

vsat, n ¼ 1:434� 109T�0:87 ð2:33Þ
where T is the absolute temperature in K. Similarly, for the case of holes transported
along the <111> axis in silicon:

vsat, p ¼ 1:624� 108T�0:52 ð2:34Þ
where T is the absolute temperature in K. Since power devices are usually rated to
operate between �25 and 150 �C, the decrease in the saturated drift velocity with
increasing temperature predicted by these equations is plotted in Fig. 2.14 over a
slightly broader range of temperatures.

It is worth pointing out that the saturated drift velocity for electrons is slightly
larger than that for holes in silicon. However, the difference becomes smaller as the
temperature increases. These results are applicable for lightly doped silicon. Monte
Carlo calculations of the effect of ionized impurity atoms upon high-field transport in
silicon indicate that, in addition to the decrease in the mobility, the saturated drift
velocity for electrons and holes also decreases when the doping concentration
exceeds 1018 cm�3. Since the drift regions in power devices, where the high electric
fields are prevalent, are doped well below this level, the use of the saturated drift
velocity as described above is adequate for the analysis of their characteristics.

Fig. 2.14 Saturated drift velocity for electrons and holes in silicon
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The above discussion relates to the transport of free carriers along the <111>
direction in the silicon lattice. The mobility of electrons and holes in silicon at low
electric fields is independent of the orientation of the electric field with respect to the
crystal lattice. However, anisotropic transport of the free carriers is observed at high
electric fields [22]. This anisotropy is caused by the ellipsoidal shape of the six
conduction band valleys and the warped nature of the valence sub-bands. This
anisotropic behavior for transport of carriers in silicon has generally been ignored
during the analysis of silicon power devices.

At low doping concentrations in silicon carbide, the velocity for electrons and
holes can be related to the electric field using [4]:

vn 4H� SiCð Þ ¼ 2:20� 107E

2:27� 105 þ E1:25
	 
� �0:8

vp 4H� SiCð Þ ¼ 1:3� 107E

1:16� 106 þ E1:2
	 
� �0:83

ð2:35Þ

This behavior of the velocity for electrons and holes in 4H-SiC is plotted in
Fig. 2.15. As in the case of silicon, when the electric field becomes high, the second
term in the denominator for the above expression becomes dominant. Consequently,
at electric fields below 103 V/cm, the mobility for electrons in 4H-SiC has a
constant value and becomes inversely proportional to the electric field when it
exceeds 105 V/cm.

Fig. 2.15 Velocity for electrons and holes in 4H-SiC
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Injection Level Dependence

In highly doped regions of semiconductors, majority carrier transport by drift is
dominant due to the low minority carrier density. However, in lightly doped regions
of semiconductor devices, current transport occurs by a combination of drift due to
the presence of an electric field and diffusion due to the presence of concentration
gradients for the free carriers. Within the drift region of bipolar power devices, the
transport of both electrons and holes (i.e., both majority and minority carriers)
contributes to the current flow.

If a low electric field is assumed to be present, the continuity equation that
governs the transport of minority carriers in an N-type semiconductor can be
expressed as:

∂p
0

∂t
¼ �p

0

τa
þ Da

∂2p
0

∂x2
ð2:36Þ

where p0 is the excess hole concentration and Da and τa are defined as the ambipolar
diffusion coefficient and the ambipolar lifetime, respectively. The ambipolar diffu-
sion coefficient is a function of the free carrier concentration:

Da ¼ nþ pð ÞDnDp

nDn þ pDp

	 
 ð2:37Þ

where n and p are the electron and hole concentrations andDn andDp are the electron
and hole diffusion constants, respectively. These diffusion constants can be obtained
from the respective mobility values by using the Einstein relationship for
nondegenerate semiconductors:

D ¼ kT

q
μ ð2:38Þ

where k is Boltzmann’s constant and T is the absolute temperature. At low injection
levels and for doping levels of several orders of magnitude above the intrinsic carrier
concentration, the ambipolar diffusion coefficient is equal to the minority carrier
diffusion constant. This does not hold true at high injection levels that occur in
bipolar power devices during current transport with high on-state current density.

At low injection levels, when the density of minority carriers is far smaller than
the majority carrier concentration, the mobility responsible for carrier transport is
controlled by either phonon or ionized impurity scattering as already discussed.
However, at high injection levels in the lightly doped base regions of bipolar power
devices during on-state current flow, the density of both electrons and holes becomes
approximately equal in order to preserve charge neutrality. Since the density of both
carriers is simultaneously large, the probability for the mutual Coulombic interaction
of the free carriers about a common center of mass becomes significant resulting in a
decrease in the mobility of both carriers. The diffusion coefficient and the mobility
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decrease as the injected carrier concentration increases due to this carrier-carrier
scattering phenomenon.

If the carrier-carrier scattering phenomenon is treated like ionized impurity
scattering, the mobility can be shown to vary inversely with the injected carrier
concentration when the injection level exceeds 1017 cm�3. Using Matthiessen’s rule:

1
μ
¼ 1

μ0
þ n: ln 1þ 4:54� 1011n�0:667

	 

1:428� 1020

ð2:39Þ

where μ is the mobility at a carrier density of “n” per cm3 and μ0 is the majority
carrier mobility (i.e., either μn or μp). In deriving this expression, it has been assumed
that high-level injection conditions prevail so that the concentration of electrons (n)
is equal to the concentration of holes ( p). The decrease in the mobility for electrons
and holes in silicon with increasing injected carrier concentration is plotted in
Fig. 2.16. This decrease in the mobility has to be accounted for during the modeling
of the forward voltage drop and surge current handling capability of bipolar power
devices at high current densities.

Surface Scattering Dependence

Current flow in the channel region of power MOSFETs and IGBTs occurs by the
transport of carriers close to the oxide-semiconductor interface. In the case of an
n-channel MOSFET, on-state current flow is induced by the formation of an
inversion layer on the P-base region by the application of a gate voltage to create a
strong electric field normal to the semiconductor region. The conductivity of the

Fig. 2.16 Carrier-carrier scattering limited mobility for electrons and holes in silicon
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inversion layer depends upon the number of free carriers induced by the gate bias in
the inversion layer and their mobility along the surface. Current transport through the
channel is achieved by the application of a transverse electric field with the current
limited by the transport properties close to the semiconductor surface.

At the high electric fields required across the gate oxide to create the inversion
layer, the free carriers in the channel are confined to a thin layer located close to the
surface. At low temperatures, the motion of the carriers within the inversion layer is
quantized in a direction perpendicular to the surface. At room temperature, the
kinetic energy of the electrons spreads their wave function among the quantum
levels, and the electron transport can be treated using classical statistics.

A pictorial representation of the oxide-semiconductor interface is shown in
Fig. 2.17 with a rough interface between the oxide and the semiconductor. In
power MOSFETs and IGBTs, an inversion layer consisting of electrons is created
near the semiconductor surface due to the applied electric field (EN) normal to the
semiconductor surface. The electrons in the inversion layer have a Gaussian distri-
bution as illustrated on the right-hand side of the figure and are located close to the
surface, typically in the range of 100 Å. In addition to Coulombic scattering due to
ionized acceptors, the electrons in the inversion layer undergo several other scatter-
ing processes: (a) surface phonon scattering due to lattice vibrations, (b) additional
Coulombic scattering due to the interface state charge and the fixed oxide charge,
and (c) surface roughness scattering due to the deviation of the surface from a
specular interface. As in the case of carrier transport in the bulk, phonon scattering
is important at high temperatures when the thermal energy in the lattice becomes
large. The influence of Coulombic scattering due to the interface state charge and the
fixed oxide charge is important in the case of lightly inverted surfaces and when the
processing conditions produce high interface state and fixed oxide charge densities.

Fig. 2.17 Current transport at the interface between the oxide and the semiconductor in a MOSFET
structure
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The surface roughness scattering is predominant under strong inversion conditions
because the electric field normal to the surface must be increased in order to produce
a high inversion layer concentration. The high normal electric field increases the
velocity of the carriers toward the surface and brings the inversion layer charge
distribution closer to the surface. Both of these factors enhance carrier scattering at
the rough interface with the oxide as illustrated in the figure. The surface roughness
scattering is sensitive to processes that influence the smoothness of the surface. A
quantitative understanding of the carrier mobility in inversion and accumulation
layers is of importance for the proper modeling and design of power MOS-gated
devices.

The dependence of the surface mobility upon various parameters is discussed
below. In order to facilitate this discussion, it is useful to define an effective mobility
(μe) for carriers in the inversion or accumulation layers:

μe ¼
R xi
0 μ xð Þ:n xð Þ:dxR xi

0 n xð Þ:dx ð2:40Þ

where μ(x) and n(x) are the local mobility and free carrier concentration in the
inversion layer at a depth x from the oxide-semiconductor interface and xi is the
thickness of the inversion layer. Defined in this manner, the effective mobility is a
measure of the conductance of the inversion layer and is, therefore, eminently
suitable for the calculation of the channel resistance in MOS-gated devices. In
fact, determination of the effective mobility is usually performed by using lateral
MOSFETs specifically designed to extract this parameter. In doing these measure-
ments, special attention must be given to the surface orientation, the direction of the
current flow vector, and the surface charge density because they influence the
magnitude of the effective mobility. In addition, charge trapping has been found to
have a strong impact on the inversion layer mobility in silicon carbide. Special Hall
mobility structures have been used to extract the effective mobility in this case.

The surface mobility has been found to be a strong function of the electric field
(EN) normal to the surface rather than the inversion layer concentration which is
dependent upon the background doping level and the applied gate bias. As illustrated
in Fig. 2.17, the inversion layer charge is distributed near the surface with a Gaussian
profile. The electric field experienced by the free carriers in the inversion layer varies
from the peak electric field at the oxide-semiconductor interface to that at the
depletion layer interface. For the same peak surface electric field, the average electric
field in the inversion layer will vary with background doping level. To describe the
effect of the electric field strength normal to the surface upon the effective mobility,
it is appropriate to use the average electric field rather than the peak surface electric
field. This effective electric field (Eeff) is given by:

Eeff ¼ 1
εS

1
2
Qinv þ QB

� �
ð2:41Þ
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where Qinv is the inversion layer charge density per cm
2 and QB is the bulk depletion

layer charge density per cm2. For the same peak surface electric field, the effective
electric field will become smaller as the background doping level decreases.

The effective mobility in an inversion layer decreases with increasing electric
field as discussed earlier. A typical variation of the effective mobility with increasing
electric field normal to the surface is shown in Fig. 2.18. In general, it has been found
that the effective mobility increases very rapidly with increasing inversion layer
concentration under weak inversion conditions as indicated by the dashed line in the
figure. As the inversion layer concentration increases, the effective mobility has a
peak value and then decreases. The increase in the effective mobility at low inversion
layer concentrations has been related to Coulombic scattering at charged interface
states. If the surface state density is adequately reduced by suitable process condi-
tions, the effective mobility remains independent of the inversion layer concentration
in the weak inversion regime [26]. When the electric field normal to the surface
exceeds 104 V/cm, the effective mobility begins to decrease with increasing inver-
sion layer charge. The enhancement of the surface scattering by the larger normal
electric field is responsible for this degradation.

For electrons in silicon inversion layers, the effective mobility can be described as
a function of the effective electric field by:

μe ¼ μe,max
EC

Eeff

� �β

ð2:42Þ

where μe,max is the maximum effective mobility for a given background doping level
and fixed oxide charge density. The parameters Ec and β are empirical constants
which are dependent upon the fixed oxide charge density and the background doping
level. These constants have been measured for the commonly used oxidation
techniques for silicon device fabrication employing steam or dry oxygen [27].
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Fig. 2.18 Effective
inversion layer mobility
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The parameter β is a measure of the rate of degradation of the effective mobility
with increasing electric field normal to the surface. It has a strong influence on the
on-resistance and transconductance of power MOS-gated devices. Based upon
empirical extraction:

βwet ¼ 0:341� 5:44� 10�3log NAð Þ ð2:43Þ
for wet oxidation conditions and

βdry ¼ 0:313� 6:05� 10�3log NAð Þ ð2:44Þ

for dry oxidation conditions. The difference between the wet and dry oxidation
conditions is believed to be related to the slower growth rate of dry oxide resulting in
a smoother interface between the oxide and the semiconductor. Since the surface
roughness scattering becomes dominant at high electric fields, dry oxidation pro-
duces superior effective mobility under strong inversion conditions. Under typical
power device processing conditions, β ¼ 0.25, i.e., the effective mobility decreases
inversely as the fourth power of the effective electric field.

The constant Ec is dependent upon the fixed charge density and the background
doping level. Based upon empirical extraction:

EC ¼ 2� 10�4N0:25
A AeBQ f ð2:45Þ

where NA is the background doping concentration and Qf is the fixed charge density.
The parameters A and B are dependent upon the oxide growth process conditions.
For wet oxidation conditions, A¼ 2.79� 104 V/cm and B¼ 8.96� 10�2 cm2, while
for dry oxidation conditions, A ¼ 2.61 � 104 V/cm and B ¼ 1.3 � 10�1 cm2. The
fixed charge density Qf is in units of 1011 cm�2 in this expression. The influence of
the substrate doping concentration is small, whereas the fixed charge density has a
strong influence on the effective mobility over a broad range of electric field
strength.

The maximum effective inversion layer mobility for electrons in silicon has been
measured as a function of the substrate doping concentration [24]. The observed
behavior is plotted in Fig. 2.19 for two cases of fixed oxide charge together with the
bulk mobility for comparison. It can be seen that the effective mobility decreases
logarithmically with increasing doping concentration in the substrate. This decrease
is not due to enhanced ionized impurity scattering. Since the inversion layer thick-
ness is on the order of 100 Å in thickness, the number of ionized impurities is less
than 1010 per cm2 for doping levels up to 1016 cm�3. This is an order of magnitude
smaller than the typical fixed oxide charge density making ionized impurity scatter-
ing ineffective. The observed decrease in the effective mobility with increasing
doping concentration arises primarily from the higher electric fields which must be
applied normal to the surface to produce surface inversion.

The measured data indicates that the maximum inversion layer mobility is
75–85% of the bulk value for substrate doping ranging from 1014 to 1017 cm�3 if
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the fixed oxide charge is small. If the processing conditions produce a large fixed
oxide charge, the maximum effective mobility can be severely degraded. This
behavior of the maximum inversion layer mobility can be empirically modeled by:

μe,max ¼
μ0

1þ αQ f
ð2:46Þ

where the parameters μ0 and α are dependent upon the background doping concen-
tration (NA) per cm

�3 as given by:

μ0 ¼ 3490� 164:log NAð Þ ð2:47Þ
and

α ¼ �0:104þ 0:0193:log NAð Þ ð2:48Þ
The plots in Fig. 2.19 take into account this dependence of the inversion layer
mobility on background doping concentration. If the interface charge density is
significant, it should be added to the fixed charge (Qf) when computing the inversion
layer mobility using Eq. (2.46).

The effective mobility for holes in inversion layers [28, 29] has also been
measured in silicon but in less detail than for electrons. The observed decrease in
the effective mobility for holes upon the inversion layer charge is shown in Fig. 2.20.
This variation can be described by Eq. (2.42) when the inversion layer concentration
exceeds 5� 1011 cm�2 by using EC ¼ 3� 104 V/cm and β ¼ 0.28. The dependence
of these parameters on the doping concentration and fixed charge has not been
studied in detail.

Fig. 2.19 Effective inversion layer mobility for electrons in silicon
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The effective mobility in inversion layers in silicon has also been found to be
anisotropic. Its value depends not only upon the orientation of the plane of the
surface on which the inversion layer is formed but also upon the direction of the
current flow vector within this surface. Measurements [30, 31] of the effective
mobility for electrons on many surface orientations of silicon have demonstrated
that:

μe 100ð Þ > μe 111ð Þ > μe 110ð Þ ð2:49Þ
while for holes on silicon surfaces:

μp 110ð Þ > μp 111ð Þ > μp 100ð Þ ð2:50Þ

This variation of the effective mobility upon the crystal orientation has been
correlated with the anisotropy of the conductivity effective mass in silicon. Based
upon these observations, it is typical to manufacture n-channel power MOSFETs and
IGBTs using (100) oriented silicon as the starting material.

Intraplanar anisotropy [24, 26] of the effective mobility for electrons in inversion
layers has also been reported for silicon. For the same substrate doping concentration
and fixed oxide charge density, the effective mobility along the [100] direction has
been found to be 30% larger than along the [110] direction. The ratio of the effective
mobility remains constant with increasing effective electric field normal to the
surface indicating that surface roughness is isotropic and that the difference between
the mobilities arises from the anisotropy of the conductivity effective mass in silicon.
Similar studies have been undertaken for silicon carbide [32]. The results show only
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Fig. 2.20 Effective inversion layer mobility for holes in silicon
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a weak dependence on the orientation because the high interface state density tends
to mask the orientation dependence.

The above results are applicable for surfaces prepared by chemi-mechanical
polishing processes that are standard practice in the industry. They are relevant to
the design and analysis of planar gate power MOSFET and IGBT structures. In
recent years, a larger channel density has been achieved for these devices by locating
the MOS-gated electrode within trenches etched into the silicon surface. The effec-
tive mobility for electrons in inversion layers formed along the trench sidewalls is
usually lower than on the polished planar surface due to enhanced surface roughness.
The roughness of the surface depends upon the etch chemistry and can be reduced by
decreasing the etch rate. The results of measurements [33] of the effective mobility
on trench sidewalls have demonstrated that mobilities comparable to those on the
planar surface can be obtained if proper precautions are taken to ensure smoothness
of the trench sidewalls followed by sacrificial oxidation steps to remove the surface
damage created by the reactive-ion etching process used to fabricate the trenches.

An accumulation layer is also utilized to improve current transport in power
MOSFET and IGBT structures. The accumulation layer is formed when the electric
field normal to the semiconductor surface attracts majority carriers to the surface.
The carriers located in the accumulation layer are distributed further from the surface
than in the case of inversion layers reducing the impact of surface roughness
scattering. The effective mobility in accumulation layers can therefore be expected
to be larger than for the same type of carriers in an inversion layer. The measured
effective mobility for electrons in silicon accumulation layers [24] has been reported
to be about 80% of the bulk mobility. The accumulation mobility also decreases with
increasing electric field normal to the surface as observed for inversion layers and
exhibits anisotropy as well. The anisotropy of the effective mobility for electrons in
silicon has been ascribed to the anisotropy of the effective mass for electrons in
silicon.

As in the case of current transport in the bulk, the velocity for the carriers within
inversion layers can also undergo saturation when the transverse electric field
becomes large. The saturated drift velocity in a silicon inversion layer is a function
of the surface orientation and has been found to be lower than that observed in the
bulk. In the case for holes, the largest saturated drift velocity is observed for the
(100) orientation [34]. In the case of electrons, the saturated drift velocity has been
measured as a function of temperature for various surface orientations [35]. The
measured data can be fitted by using:

v isat, n ¼ v0 � δ:T ð2:51Þ

where v0 is the saturated drift velocity at 0 K and T is the absolute temperature in K.
The values for v0 for the different orientations are 8.9 � 106 cm/s for the (100)
orientation, 7.4� 106 cm/s for the (111) orientation, and 6.2� 106 cm/s for the (110)
orientation. A value of 7� 103 cm/sec- K for the constant δ provides a good fit to the
measured data for all three orientations.
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2.2 Resistivity

In the absence of the dopants, the intrinsic resistivity is determined by the electrons
and holes created by the thermal generation process. The resistivity of a semicon-
ductor region can be controlled by the addition of dopants to the crystal lattice. In the
case of starting material, the resistivity of N-type silicon is usually controlled by the
addition of phosphorus, and resistivity of P-type silicon is usually controlled by the
addition of boron during the growth of the crystal.

2.2.1 Intrinsic Resistivity

An intrinsic semiconductor region contains an equal concentration of electrons and
holes produced by the thermal generation process. The intrinsic resistivity (ρι) of the
semiconductor region is then governed by the transport of both carriers as given by:

ρi ¼
1

qni μn þ μp
	 
 ð2:52Þ

where μn and μp are the mobility for electrons and holes and ni is the intrinsic carrier
concentration. At room temperature, the intrinsic resistivity for silicon is 2.5 � 105

Ω-cm. At elevated temperatures, the intrinsic resistivity is rapidly reduced by the
increase in the intrinsic carrier concentration. By using Eq. (2.2) for the intrinsic
carrier concentration:

ρi ¼ 1:75� 10�7T0:8e 7020=Tð Þ ð2:53Þ
where T is the absolute temperature in K.

2.2.2 Extrinsic Resistivity

The resistivity of a semiconductor region can be altered by the addition of controlled
amounts of impurities. The addition of impurity elements from the fifth column of
the periodic table to the silicon lattice produces N-type material with a preponder-
ance of electrons, and the addition of impurity elements from the third column of the
periodic table to the silicon lattice produces P-type material with a preponderance of
holes. The most commonly used N-type dopants during the fabrication of power
devices are phosphorus and arsenic as in the case of integrated circuits for signal
processing. The most commonly used P-type dopant for integrated circuits is boron.
Although boron is also used for the fabrication of power devices, such as power
MOSFETs and IGBTs, aluminum and gallium are commonly used for the fabrica-
tion of power thyristors and GTOs due to their larger diffusion coefficients.
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The diffusion coefficients for gallium and aluminum are compared with that for
boron in Fig. 2.21 for the temperature range used for the fabrication of power device
structures. In modern power MOSFETs and IGBTs, the dopants are not driven by
large distances after ion implantation of the dopants. This favors the use of boron for
the formation of the P-base regions within these structures. However, in the case of
power thyristors designed to support very high voltages, it is advantageous to form
deep P-type regions with a graded doping profile to enable supporting some of the
voltage in the diffused side of the junction. Such deep, graded junctions are also
favorable for the formation of beveled edge terminations with breakdown voltages
approaching the ideal parallel-plane breakdown voltage. Consequently, it is com-
monplace to utilize gallium and aluminum as P-type dopants for the P-base regions
within thyristors and GTOs. The diffusion coefficient for aluminum in silicon is a
factor of five times larger than that for boron at typical temperatures. Thus, a deep
junction with depth of 100 μm can be achieved using aluminum diffusion at 1200 �C
in 98 h (4 days). In contrast, it would require 556 h (23 days) to obtain the same
junction depth by using boron diffusion at the same temperature. A considerable
savings in the processing time is obviously feasible by using aluminum instead of
boron in this case. Another advantage of using aluminum in place of boron is that its
ionic radius is comparable to that for silicon resulting in minimizing misfit strain in
the lattice. Superior junctions can be formed using sealed tube diffusion of aluminum
to obtain a low surface concentration with a highly graded doping profile.

The extrinsic resistivity of silicon doped with phosphorus has been measured [36]
over a broad range of doping concentrations. Similar measurements [37] have also
been conducted for P-type silicon doped with boron. This resistivity data is shown in
Fig. 2.22 as a function of the doping concentration. The resistivity of P-type silicon

Fig. 2.21 Dopant diffusion coefficients in silicon
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is larger than that for N-type silicon at any given doping concentration due to the
smaller mobility for holes in silicon.

Using the relationship between doping concentration and mobility for electrons in
silicon given by Eq. (2.28), the resistivity for N-type silicon can be related to the
doping concentration:

ρn Sið Þ ¼ 3:75� 1015 þ N0:91
D

1:47� 10�17N1:91
D þ 8:15� 10�1ND

ð2:54Þ

where ND is the donor concentration per cm3. When the doping concentration
becomes less than 1015 cm�3, the mobility for electrons in silicon approaches a
constant value of about 1360 cm2/V-s. The resistivity then becomes inversely
proportional to the doping concentration:

ρn Sið Þ ¼ 4:6� 1015

ND
ð2:55Þ

This expression is suitable for computing the values for high-resistivity silicon with
low doping concentrations, such as the N-base regions of high-voltage thyristors and
GTOs. When the doping concentration becomes greater than 1019 cm�3, the mobil-
ity for electrons in silicon again approaches a constant value of about 90 cm2/V-s.
The resistivity then also becomes inversely proportional to the doping concentration:

ρn Sið Þ ¼ 6:94� 1016

ND
ð2:56Þ

Fig. 2.22 Resistivity of n-type and p-type silicon
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In a similar manner, by using the relationship between doping concentration and
mobility for holes in silicon given by Eq. (2.29), the resistivity for P-type silicon can
be related to the doping concentration:

ρp Sið Þ ¼ 5:86� 1012 þ N0:76
A

7:63� 10�18N1:76
A þ 4:64� 10�4NA

ð2:57Þ

where NA is the acceptor concentration per cm3. When the doping concentration
becomes less than 1015 cm�3, the mobility for holes in silicon approaches a constant
value of about 495 cm2/V-s. The resistivity then becomes inversely proportional to
the doping concentration:

ρp Sið Þ ¼ 1:26� 1016

NA
ð2:58Þ

This expression is suitable for computing the values for high-resistivity silicon with
low doping concentrations, such as the drift regions of high-voltage p-channel power
MOSFETs. When the doping concentration becomes greater than 1019 cm�3, the
mobility for holes in silicon again approaches a constant value of about 50 cm2/V-s.
The resistivity then also becomes inversely proportional to the doping concentration:

ρp Sið Þ ¼ 1:25� 1017

NA
ð2:59Þ

The resistivity for the starting material required for the fabrication of power
devices with breakdown voltages above 100 V exceeds 1 Ω-cm for N-type silicon
and 3Ω-cm for P-type silicon. The starting material used for the fabrication of power
devices is preferably bulk material because of its lower defect density when com-
pared with epitaxial material. When the breakdown voltage exceeds 2000 V, the
thickness of the drift region is sufficient to allow utilization of bulk material with
diffusion performed on the both sides of the wafer to form the semiconductor regions
in thyristors, GTOs, and IGBTs. When the breakdown voltage is below 1500 V, the
thickness of the drift region becomes too small to allow handling the thin wafers
through the manufacturing process without breakage problems. Epitaxial starting
material is therefore preferred for power MOSFETs and IGBTs rated at lower
voltages. Recently, manufacturing equipment for handling thin silicon wafers has
been developed allowing the use of bulk wafers down to 100 μm in thickness.

2.2.3 Neutron Transmutation Doping

In the case of thyristors with blocking voltage capability exceeding 2000 V, bulk
N-type material is used as the starting material. Since a low concentration of oxygen
is required to avoid the formation of precipitates that can adversely impact the
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breakdown characteristics, float-zone (FZ) silicon is preferred over Czochralski
(CZ) silicon. These high-voltage devices must also be capable of handling very
high currents as indicated for the application’s discussion in Chap. 1. It is typical to
fabricate thyristors and GTOs out of an entire silicon wafer with diameter up to
5 inches. Variations in the resistivity across the wafer can have a strong impact on
the breakdown voltage distribution. In devices that contain back-to-back junctions,
such as thyristors, the breakdown voltage is limited by open-base transistor break-
down. The device breakdown voltage can then become limited by reach-through
effects at the higher-resistivity regions and avalanche breakdown effects at the
lower-resistivity regions. Large variations in the resistivity require making design
compromises which enlarge the thickness of the drift region leading to an increase in
the on-state voltage drop and power losses.

The inhomogeneous resistivity in silicon wafers grown using the float-zone
process occurs in the form of striations that are attributed to local fluctuations in
the growth rate caused by temperature variations. These changes in the growth rate
induce variations in the dopant incorporation in the crystal because the effective
segregation coefficient is determined by the growth rate. Advanced crystal growth
methods have enabled reducing the resistivity variation to the range of þ15% to
�15%. Even superior starting material can be obtained by using the neutron
transmutation doping process.

The neutron transmutation doping (NTD) process [38] is based upon the conver-
sion of the Si30 isotope into phosphorus atoms by the absorption of thermal neutrons.
Naturally occurring silicon consists of three isotopes: the Si28 isotope has an
abundance of 92.27% in the lattice; the Si29 isotope has an abundance of 4.68% in
the lattice; and the Si30 isotope has an abundance of 3.05% in the lattice. These
isotopes are uniformly distributed within the silicon lattice. The neutron transmuta-
tion doping (NTD) process takes place in a nuclear reactor by the absorption of
thermal neutrons. The capture of thermal neutrons by all three of the naturally
occurring isotopes occurs in proportion to their abundance in the lattice and their
capture cross sections. The absorption of a neutron by the isotopes leads to the
following nuclear reactions:

Si28 n; γð Þ Si29 ð2:60Þ

Si29 n; γð Þ Si30 ð2:61Þ

Si30 n; γð Þ Si31 ! P31 þ β ð2:62Þ
The cross sections for the absorption of thermal neutrons for these reactions are 0.08,
0.28, and 0.13 barns (one barn equals 10�24 cm2), respectively. The first two
reactions merely alter the isotope ratios within the silicon crystal. Since the doping
induced by the NTD process is small when compared with the density of silicon
atoms, this alteration can be neglected. The third reaction creates the phosphorus
atoms that can be utilized to produce N-type doping in the silicon crystal.
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The phosphorus donor concentration created by the NTD process is given by:

Cdonor ¼ 2:06� 10�4:Φ:t ð2:63Þ
where Φ is the thermal neutron flux density and t is the irradiation time. Based upon
the homogeneous distribution of the Si30 isotope in the silicon crystal, a homoge-
neous distribution of phosphorus can be created if a uniform flux of neutrons is
ensured within all portions of the silicon crystal during the irradiation. However, the
uniformity of the resistivity within the silicon crystal after irradiation is
compromised by the absorption of the neutrons as they pass through the crystal
and the presence of any inhomogeneously distributed dopants in the starting
material.

During the neutron transmutation process, the silicon ingot is placed inside a
nuclear reactor at a location containing a uniform flux of thermal neutrons emanating
from the core of the reactor as illustrated in Fig. 2.23. If the silicon ingot is assumed
to be surrounded by a medium with the same thermal neutron absorption properties
as silicon, the influence of the absorption of the thermal neutrons by the silicon can
be modeled by:

Φ ¼ Φ0e
�x=b ð2:64Þ

whereΦ is the thermal neutron flux density at a position x in the ingot as indicated in
Fig. 2.23 andΦ0 is the thermal neutron flux density at x¼ 0 (at the edge of the ingot).
The constant “b” is the decay length (19 cm) for the absorption of thermal neutrons
in silicon. For an ingot of diameter “d,” a phosphorus concentration proportional to
Φ0 is created at one edge of the ingot, while a lower concentration (proportional to
Φ0 e–d/b) is created at its opposite edge. This produces an inhomogeneous

Fig. 2.23 Neutron transmutation doping of a silicon ingot
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distribution of phosphorus by the NTD process leading to a resistivity variation
given by þ/� tanh(d/2b).

The variation of the resistivity across the diameter of the silicon ingot due to the
absorption of the thermal neutrons is shown in Fig. 2.24. It can be seen that the
absorption of the thermal neutrons can lead to a significant variation in the resistivity
when the ingot diameter exceeds 2.5 cm. Modern high current thyristors are
manufactured using wafers with diameters of up to 6 inches (150 mm). A resistivity
variation of over þ/� 35% produced in these wafers with the NTD process would
exceed that achievable with the float-zone process making this technology unac-
ceptable. This problem can be overcome by the rotation of the silicon ingots during
the neutron irradiation. If it is assumed that the ingot undergoes many complete
rotations during the irradiation time in the reactor, the maximum resistivity will
occur at the axis of the ingot with the lowest resistivity at the periphery. The ratio of
the neutron dose at the periphery to the dose at the axis of the cylindrical ingot is
given by [39]:

Φ Peripheryð Þ
Φ Centerð Þ ¼ 1þ 1

16
d

b

� �2

ð2:65Þ

This produces a maximum resistivity variation of þ/� [32(b/d )2–1]�1 across the
crystal. This variation is also shown in Fig. 2.24 for comparison with the case of
irradiation without rotation of the ingot. A significant improvement in the homoge-
neity of the doping within the crystal is produced with ingot rotation leading to a
resistivity variation of less than 2% even for wafers with 6 inch diameters. In actual
practice, the silicon ingot is surrounded by heavy wafer or graphite in the reactor

Fig. 2.24 Resistivity variation produced by the NTD process in a silicon ingot
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during the neutron irradiation. This tends to increase the decay length which results
in even superior uniformity of the doping than predicted by the above expressions.

As mentioned earlier, the presence of inhomogeneously distributed dopants in the
starting material can have a strong impact on the resistivity variation in the silicon
wafer after the neutron transmutation doping process. Due to the high segregation
coefficient for boron in silicon, a more homogeneous doping can be achieved in
P-type starting material than in N-type starting material. However, it is worth
pointing out that for the same initial resistivity, the background doping concentration
for P-type material is larger than that in N-type starting material due to the lower
mobility for holes in silicon. This becomes a consideration during the choice of the
starting material because a lower initial dopant concentration is preferable. Both
P-type and N-type wafers have been used for the manufacturing of the neutron
transmutation doped silicon. In both cases, the concentration of the phosphorus
atoms created by the NTD process should be much larger than the initial doping
concentration in order to take full advantage of the improved resistivity variation
inherent to the NTD process.

If the initial starting material has a resistivity variation of þ/� α percent, then the
resistivity variation after the NTD process will be given by þ/� α(ρf/ρi) for N-type
starting material and byþ/� α( μn/μp)(ρf/ρi) for P-type starting material. Here, ρf and
ρi are the final (or post) irradiation and initial (or pre) irradiation resistivity, respec-
tively. Typical values of the pre-irradiation resistivity variation are þ/� 15%. In this
case, if the resistivity variation after the NTD process must be less than þ/� 3%,
N-type starting material must have a resistivity of more than 5 times the
postirradiation value, and P-type starting material must have a resistivity of more
than 15 times the postirradiation value. P-type silicon can be grown with resistivity
over 5000 Ω-cm enabling the production of very homogeneously doped silicon with
resistivity as high as 200 Ω-cm by using the NTD process.

When first proposed, the acceptance of the NTD process for the manufacturing of
very homogeneously doped material for power device applications was delayed by
the relatively low lifetime in this material when compared with the FZ starting
material because the neutron transmutation process is accompanied by severe lattice
damage. The lattice damage arises from the displacement of silicon atoms due to
(a) gamma recoil during the transmutation reaction, (b) crystal irradiation by the
energetic electrons (β particles) produced by the nuclear reaction (see Eq. (2.62)),
and (c) bombardment by the fast neutrons produced in the nuclear reactors. These
processes introduce deep levels in the silicon bandgap, which act as recombination
centers. The influence of fast neutron damage, which is more difficult to remove by
annealing, can be mitigated by locating the ingot in portions of the nuclear reactor
where the fast neutron flux is low. It is also common practice to clad the ingot in
cadmium which can selectively absorb the fast neutrons. In addition, the absorption
of thermal neutrons by the phosphorus atoms generated by the NTD process can
produce sulfur, and the absorption of fast neutrons by the silicon can produce
magnesium resulting in additional deep levels in the bandgap. Fortunately, the
deep levels produced by the crystal damage could be eliminated by annealing the
silicon ingot at appropriate temperatures [40]. The concentrations of sulfur and
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magnesium produced during the manufacturing of high-resistivity silicon were also
found to have a negligible impact on the minority carrier lifetime.

Due to the crystal damage produced by the above mechanisms, the resistivity of
the silicon after irradiation is over 105 Ω-cm. Annealing the silicon ingot at between
750 and 800 �C has been found to be sufficient for the removal of the damage so that
the resistivity is determined by the phosphorus concentration produced by the NTD
process [40]. The minority carrier lifetime is increased to the range of 1 ms which is
sufficient for the manufacturing of high-voltage thyristors. These postirradiation
processes have enabled improving the quality of the silicon wafers to a level
where the NTD process has become widely accepted as the starting material for
manufacturing power thyristors.

2.3 Recombination Lifetime

A continuous balance between the generation and recombination of electron-hole
pairs occurs in semiconductors operating under thermal equilibrium conditions.
The creation of excess carriers by an external stimulus disturbs this equilibrium.
When the external stimulus is removed, the excess carrier density decays, and the
carrier concentrations are eventually returned to the equilibrium values. The rate of
recovery is governed by the minority carrier lifetime. The recovery to equilibrium
conditions occurs due to several simultaneous processes: (a) recombination
occurring due to an electron dropping directly from the conduction band into the
valence band, (b) recombination occurring due to an electron dropping from the
conduction band and a hole dropping from the valence band into a recombination
level located within the energy bandgap, and (c) recombination occurring due to
electrons from the conduction band and holes from the valence band dropping into
surface traps.

The transitions that occur during the recombination processes are schematically
illustrated in Fig. 2.25. During recombination, the energy of the carriers is dissipated
by one of the several mechanisms: (1) the emission of a photon (referred to as
radiative recombination), (2) the distribution of the energy into the lattice in the form
of phonons (referred to as multi-phonon recombination), and (3) the transmission of
the energy to a third particle, which can be either an electron or a hole (referred to as
Auger recombination). All of these processes simultaneously assist in the recovery
of the carrier density to its equilibrium value.

In a semiconductor such as silicon with an indirect bandgap structure, the
probability for direct transitions from the conduction band to the valence band is
small. Consequently, the radiative recombination lifetime for silicon is on the order
of 1 s. In comparison, the density of recombination centers is sufficiently high, even
in high-purity silicon used to fabricate power devices, so as to reduce the lifetime
associated with recombination via the deep levels to less than 100 μs. This recom-
bination process, therefore, proceeds much more rapidly and is predominant under
most device operating conditions. The Auger recombination process becomes of
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importance in determination of the minority carrier lifetime in very heavily doped
regions and during very high injection levels in the drift regions of bipolar power
devices.

2.3.1 Shockley-Read-Hall Recombination

The statistics for the recombination of electron and holes in semiconductors was first
treated independently by Shockley and Read [41] and by Hall [42]. Their analysis
shows that the rate of recombination (U ) in the steady state via a single deep level
recombination center is given by:

U ¼ δn:p0 þ δp:n0 þ δn:δp

τp0 n0 þ δnþ n1ð Þ þ τn0 p0 þ δpþ p1ð Þ ð2:66Þ

where δn and δp are the excess electron and hole concentrations, respectively, created
by the external stimulus; n0 and p0 are the equilibrium concentrations for the electrons
and holes, respectively; τp0 and τn0 are the minority carrier lifetimes in heavily doped
N-type and P-type silicon, respectively; and n1 and p1 are the equilibrium electron and
hole density, respectively, when the Fermi level position coincides with the recom-
bination level position in the bandgap. These concentrations are given by:

Fig. 2.25 Recombination processes in a semiconductor
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n1 ¼ NCe
Er�ECð Þ=kT ¼ nie

Er�Eið Þ=kT ð2:67Þ
and

p1 ¼ NVe
EV�Erð Þ=kT ¼ nie

Ei�Erð Þ=kT ð2:68Þ
where NC and NV are the density of states in the conduction and valence bands,
respectively; EC, Er, and EV are the conduction band, recombination level, and the
valence band energy levels, respectively; k is Boltzmann’s constant; and T is the
absolute temperature.

The recombination lifetime is defined as:

τ ¼ δn

U
¼ τp0

n0 þ n1 þ δn

n0 þ p0 þ δn

� �
þ τn0

p0 þ p1 þ δn

n0 þ p0 þ δn

� �
ð2:69Þ

In deriving this relationship from Eq. (2.66), the excess electron (δn) and hole (δp)
concentrations are assumed to be equal in order for space-charge neutrality to
prevail. Since silicon power devices are usually made from N-type starting material,
the rest of the treatment in this section will be confined to N-type silicon. Analogous
equations can be derived for P-type silicon. In the case of N-type silicon, the electron
density (n0) is much larger than the hole density ( p0). Taking this into account
together with the expressions in Eqs. (2.67) and (2.68) and assuming that the density
of states in the conduction and valence bands is equal, it can be shown that:

τ

τp0
¼ 1þ 1

1þ hð Þ e
Er�EFð Þ=kT

� �
þ ζ

h

1þ hð Þ þ
1

1þ hð Þ e
2Ei�Er�EFð Þ=kT

� �
ð2:70Þ

where Ei and EF are the intrinsic and Fermi energy level positions, respectively. In
this equation, ζ is the ratio of the minority carrier lifetime in heavily doped P-type to
that in heavily doped N-type silicon:

ζ ¼ τn0
τp0

ð2:71Þ

and h is the normalized injection level given by:

h ¼ δn

n0
ð2:72Þ

The minority carrier lifetime in heavily doped N-type and P-type material is
dependent upon the capture rate for holes (Cp) and electrons (Cn) at the recombina-
tion center:

τn0 ¼ 1
CnNr

¼ 1
vTnσcnNr

ð2:73Þ

and
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τp0 ¼ 1
CpNr

¼ 1
vTpσcpNr

ð2:74Þ

where vTn and vTp are the thermal velocities for electrons and holes, respectively; σcn
and σcp are the capture cross sections for electrons and holes, respectively, at the
recombination center; and Nr is the density of the recombination centers. Using these
expressions:

ζ ¼ τn0
τp0

¼ vTpσcp
vTnσcn

¼ 0:827
σcp
σcn

ð2:75Þ

It can be seen that the parameter ζ is independent of the recombination center
concentration and is a weak function of temperature because the capture cross
sections do not vary significantly with temperature.

Well-developed techniques, such as deep level transient spectroscopy, are avail-
able for the extraction of the recombination center density, the capture cross sections,
and the position of the deep level in the energy bandgap. Using this data, it is
possible to compute the minority carrier lifetime pertinent to any operating condi-
tions in the semiconductor regions. As an example, the variation of the minority
carrier lifetime with injection level is shown in Fig. 2.26 for N-type silicon with a
doping concentration of 5� 1013 cm�3 at room temperature. In this figure, a range of
values for the recombination center location (Er) and the parameter ζ have been
considered.

At low injection levels (h <<1), the minority carrier lifetime asymptotes to a
constant value, called the low-level lifetime (τLL), which is independent of the

Fig. 2.26 Minority carrier lifetime in silicon
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injection level. Using this condition in Eq. (2.70), the normalized low-level lifetime
is given by:

τLL
τp0

¼ 1þ e Er�EFð Þ=kT
h i

þ ζ e 2Ei�Er�EFð Þ=kT
h i

ð2:76Þ

From this expression and Fig. 2.26, it can be observed that the low-level lifetime is
dependent upon the recombination level position and the parameter ζ. For example,
the low-level lifetime becomes larger when the recombination center moves away
from either side of the mid-gap (0.555 eV) position. This is due to a reduction in the
probability for capturing electrons when the recombination level is below mid-gap
and a reduction in the probability for capturing holes when the recombination level is
above mid-gap. When the recombination center is located below the mid-gap (case
of Er ¼ 0.3 eV in the figure), the low-level lifetime becomes dependent on the
magnitude of the parameter ζ as well.

When the injection level becomes large (h>> 1), the lifetime asymptotically
approaches a constant value referred to as the high-level lifetime (τHL). Using this
condition in Eq. (2.70), the normalized high-level lifetime is given by:

τHL
τp0

¼ 1þ ζ ð2:77Þ

From this expression, it can be seen that the high-level lifetime is not dependent on
the position of the recombination center resulting in the lifetime approaching the
same value at high injection levels in Fig. 2.26 for the cases with the same value for
the parameter ζ. It is worth pointing out that the lifetime can either increase or
decrease with increasing injection level. As discussed later in this section, it is
preferable to have an increase in the lifetime with increasing injection level, together
with a large value for the parameter ζ, for bipolar power devices.

2.3.2 Low-Level Lifetime

The low-level lifetime depends upon the position of the recombination center in the
energy gap and the relative capture cross sections for holes and electrons as
described by Eq. (2.76). In order to elucidate this dependence, an example of the
variation of the low-level lifetime with recombination level position is provided in
Fig. 2.27 for the case of N-type silicon with doping concentration of 5� 1013 cm�3.
The low-level lifetime has its smallest value when the recombination center lies
close to the mid-gap position. As the recombination center position is shifted toward
the conduction band edge, the probability for capturing holes decreases resulting in a
larger value for the low-level lifetime. Similarly, the probability for capturing
electrons decreases when the recombination center position is shifted toward the
valence band edge, resulting in a larger value for the low-level lifetime.
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When the position of the recombination center is above the mid-gap location, the
second term in the square brackets in Eq. (2.76) becomes small, and the low-level
lifetime becomes independent of the parameter ζ. In this case, the low-level lifetime
increases rapidly when the recombination level position exceeds the Fermi level
position. If the recombination center is located below the mid-gap position, the
second term in square brackets in Eq. (2.76) becomes dominant, and the low-level
lifetime becomes dependent of the parameter ζ. In order to achieve high switching
speed in bipolar power devices, it is necessary to have a rapid removal of the excess
injected carriers within their drift regions by the recombination process. This
requires a small value for the low-level lifetime. It can be seen from Fig. 2.27 that
this is achievable by locating the recombination center near the mid-gap position.
These results also indicate that in the presence of multiple recombination centers, the
one located close to mid-gap will have the strongest influence on the recombination
process.

2.3.3 Space-Charge Generation Lifetime

Power devices must be designed to support high voltages with small current flow in
order to minimize the power dissipation in the blocking mode of operation. Although
an ideal device should exhibit zero current flow in this mode of operation, in practice
a finite current, referred to as the leakage current, is always observed. The leakage
current arises either from the diffusion of free carriers which are generated within a
minority carrier diffusion length from the edge of the depletion region (referred to as
the diffusion current) or from carriers generated within the depletion layer (referred

Fig. 2.27 Low-level lifetime in silicon
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to as the space-charge generation current). In the case of silicon, the generation
current is much larger in magnitude than the diffusion current at room temperature.
At high temperatures, the diffusion current can become comparable to the generation
current.

The leakage current associated with the generation of carriers within the depletion
region, called the space-charge generation current (ISC), can be derived under the
assumption of a uniform generation rate within the depletion region with all the
generated carriers swept out of the depletion region by the strong prevailing electric
field [43]:

ISC ¼ qAWDUG ð2:78Þ
where q is the charge of an electron, A is the area of the P-N junction,WD is the width
of the depletion region, and UG is the generation rate for carriers in the depletion
region. The generation rate for carriers can be derived from Eq. (2.66) by setting the
carrier densities ( p0 and n0) in the depletion region to zero and the excess electron
and hole concentrations (δn and δp) to the intrinsic concentration (ni):

UG ¼ ni

τp0
n1
ni
þ τn0

p1
ni

� � ð2:79Þ

The denominator of this expression is referred to as the space-charge generation
lifetime (τSC). By using Eqs. (2.67 and 2.68), it can be shown that:

τSC ¼ τp0 e Er�Eið Þ=kT þ ζ:e Ei�Erð Þ=kT
h i

ð2:80Þ

The space-charge generation current is then given by:

ISC ¼ qAWD
ni
τSC

ð2:81Þ

A large value for the space-charge generation lifetime is desirable in order to reduce
the space-charge generation leakage current.

As in the case of the low-level lifetime, the space-charge generation lifetime is a
function of the position of the recombination center in the bandgap and the parameter ζ.
An example of the variation of the space-charge generation lifetimewith the position of
the recombination center is shown in Fig. 2.28 for the case of a doping concentration of
5� 1013 cm�3 in silicon. The lowest value for the space-charge generation lifetime and
consequently the highest leakage currents occur when the recombination center is
located close to the mid-gap position. From this viewpoint, it is desirable for the
recombination center to be located away from mid-gap toward one of the band
edges. These results also indicate that in the presence ofmultiple recombination centers,
the one located close to the mid-gap will have the strongest influence on the leakage
current due to the generation of carriers within depletion regions.
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The above analysis assumes that the leakage current is proportional to the width
of the depletion layer because the generation of carriers occurs uniformly through the
region. Experimental measurements on silicon devices indicate that the uniform
generation of carriers occurs over only a fraction of the width of the depletion region
[44]. The deviation is strongest when the applied reverse bias is small across the P-N
junction and becomes small at larger reverse bias voltages. This phenomenon is
usually neglected during the analysis of power devices.

2.3.4 Recombination Level Optimization

In the case of unipolar power devices, it is unnecessary to reduce the lifetime because
of the absence of minority carrier injection during current conduction. Consequently,
it is common practice to maintain a clean process to maximize the lifetime in order to
reduce the leakage current. However, in the case of bipolar power devices that are
dependent upon the substantial injection of minority carriers to reduce the resistance
to on-state current flow, it becomes necessary to reduce the lifetime to achieve a fast
switching speed because the injected carriers must be rapidly removed to reinstate
the blocking mode.

In the previous sections, it was demonstrated that the low-level and space-charge
generation lifetimes are dependent upon the position of the recombination center in
the bandgap as well as the parameter ζ, which is determined by the capture cross
sections for holes and electrons at the center. Empirical studies performed with the
introduction of various elements into silicon, as well as its irradiation with high-
energy particles, have revealed a plethora of deep levels within the bandgap. In

Fig. 2.28 Space-charge generation lifetime in silicon
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principle, any of these deep levels could be utilized to reduce the lifetime to the
desired value by controlling their concentration. However, some deep level impuri-
ties have been observed to provide superior power device performance [45]. This
motivated the theoretical optimization of the deep level properties to obtain the best
performance in bipolar power devices [46].

Low-Level Injection Conditions

In the case of bipolar power devices, the current decays from large values
corresponding to the on-state to small values as it approaches zero at the end of
the transient. Consequently, the time taken to turn off the device is determined by the
recombination at low injection levels at the end of the transient. With low-level
injection conditions during current conduction, the injected minority carrier concen-
tration becomes well below the doping concentration of the drift region. It is
desirable to obtain a small low-level lifetime in order to speed up the removal of
the excess minority carriers during the end of the turn-off transient. At the same time,
it is desirable to maintain a large space-charge generation lifetime in order to
minimize the leakage current. As demonstrated by the plots in Fig. 2.27, it is
necessary to locate the recombination center close to the mid-gap to achieve a
small low-level lifetime. Unfortunately, as shown in Fig. 2.28, it is necessary to
locate the recombination center away from the mid-gap to achieve a large space-
charge generation lifetime. In order to resolve this conflict, an optimum location for
the recombination center can be derived by taking the ratio of the space-charge
generation lifetime to the low-level lifetime. By using Eqs. (2.76 and 2.80):

τSC
τLL

¼ e Er�Eið Þ=kT þ ζ:e Ei�Erð Þ=kT

1þ e Er�EFð Þ=kT þ ζ:e 2Ei�EF�Erð Þ=kT ð2:82Þ

In order to maximize the performance of bipolar power devices operating in the
on-state with low injection levels, it is necessary to choose the recombination center
properties so that the above relationship is maximized.

To illustrate the optimization procedure, an example of the variation of the (τSC/τLL)
ratio with recombination center location is shown in Fig. 2.29 for the case of silicon
with doping concentration of 5 � 1013 cm�3. The capture cross-sectional parameter ζ
was assumed to have a value of 100 when making these plots. It is apparent that the
ratio has its highest value when the recombination center is located near the conduction
or valence band edges. When the temperature is increased from 300 K to 400 K, the
same trend is observed. However, the value of the ratio becomes smaller by more than
two orders to magnitude indicating that it is more difficult to minimize the leakage
current at elevated temperatures when performing the optimization.

It can be observed in Fig. 2.29 that the (τSC/τLL) ratio remains high over a range of
values for the recombination center location as long as it is located close to the band
edges. This range is a function of the doping concentration in the silicon and the
capture cross-sectional parameter ζ. If the range is defined to extend to 10% below
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the maximum value for the lifetime ratio, as indicated the arrows in Fig. 2.29, a
relationship between the optimum position of the recombination center and the
doping concentration can be established.

For the case of N-type silicon, the preferred locations of the recombination center
within the bandgap are indicated in Fig. 2.30 by the shaded regions. The shaded area

Fig. 2.29 Optimization of recombination center for silicon devices during turnoff

Fig. 2.30 Optimization of recombination center for silicon devices during turnoff
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in the figure located above the mid-gap applies to all values of the capture cross-
sectional parameter ζ. When the recombination center is located below the mid-gap,
a broader range of positions is indicated for larger values of the capture cross-
sectional parameter ζ. For example, for a doping concentration of 1 � 1014 cm�3,
the recombination center must be located within 0.15 eV from the valence band edge
if ζ ¼ 0.01 but can be located at up to 0.4 eV from the valence band edge if ζ ¼ 100.
Further, it is worth pointing out that a broader range of positions for the recombi-
nation center is available for lightly doped silicon providing more latitude during the
selection of the lifetime controlling impurity for devices with larger breakdown
voltages.

From Fig. 2.29, it can be seen that the maximum value for the (τSC/τLL) ratio
occurs when the recombination center is located close to either the conduction or
valence band edges. In both cases, the maximum value is a function of the doping
concentration but does not depend upon the capture cross-sectional parameter ζ.
From Eq. (2.82), it can be shown that the maximum value for the (τSC/τLL) ratio is
given by:

τSC
τLL

¼ e EF�Eið Þ=kT ¼ n0
ni

ð2:83Þ

The variation of the maximum achievable value for the (τSC/τLL) ratio with
doping concentration is shown in Fig. 2.31 at 300 K and 400 K. It is apparent that
the (τSC/τLL) ratio becomes smaller with decreasing doping concentration and
increasing temperature. Consequently, it becomes more difficult to achieve a reduc-
tion of the low-level lifetime in high-resistivity silicon without a substantial increase
in the leakage current when compared with low-resistivity silicon. This problem

Fig. 2.31 Optimization of recombination center for silicon devices during turnoff
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becomes aggravated as the temperature increases, a common problem due to self-
heating in power devices.

High-Level Injection Conditions

Most bipolar power devices are designed to operate with high-level injection
conditions during current conduction so that the injected minority carrier concen-
tration is well above the doping concentration of the drift region. This reduces the
resistance of the drift region resulting in a smaller on-state voltage drop and power
loss. Here, it is desirable to obtain a large value for the high-level lifetime in order to
maximize the concentration of the injected minority carriers and hence the conduc-
tivity of the drift region during current flow. At the same time, it is desirable to
minimize the low-level lifetime to facilitate the rapid removal of the excess minority
carriers resulting in turning off the current in a short time to reduce power dissipation
during the switching transients.

The optimization of the recombination center properties for power devices
operating under high injection conditions during on-state current flow and
low-level conditions during turnoff can be performed by taking the ratio of the
high-level lifetime to the low-level lifetime [42]. By using Eqs. (2.76) and (2.77):

τHL
τLL

¼ 1þ ζ

1þ e Er�EFð Þ=kT þ ζ:e 2Ei�EF�Erð Þ=kT ð2:84Þ

This (τHL/τLL) ratio can be maximized with respect to the recombination level
position (Er) by setting:

d

dEr

τHL
τLL

� �
¼ 0 ð2:85Þ

and solving for Er. This produces the first optimization criterion for power devices
operating with high-level injection:

Er ¼ Ei þ kT

2
ln ζð Þ ð2:86Þ

The optimum recombination center position is found to be independent of the doping
concentration in the drift region and purely a function of the capture cross-sectional
parameter ζ and the temperature. The optimum location for the recombination center
lies above the mid-gap when the cross-sectional parameter ζ is greater than one and
below the mid-gap when its value is less than one, as shown by the plots in Fig. 2.32.
There is a slight shift in the optimum position with temperature.

To achieve the highest degree of conductivity modulation of the drift region in
power devices operating under high injection levels while maintaining a fast
switching speed, it is necessary to obtain a large absolute value for the (τHL/τLL)
ratio. For N-type silicon, this occurs when the capture cross-sectional parameter ζ is
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large. It becomes more difficult to achieve large values for the (τHL/τLL) ratio at
lower doping concentrations for the drift region and at higher temperatures. This can
be illustrated by plotting the (τHL/τLL) ratio as a function of doping concentration as
shown in Fig. 2.33 for several values for the capture cross-sectional parameter ζ at
300 K and 400 K for the case of a recombination center located at 0.45 eV above the

Fig. 2.32 Optimum location for the recombination center in silicon devices operating under high-
level injection conditions in the on-state

Fig. 2.33 Optimization of the recombination center in silicon devices operating under high-level
injection conditions in the on-state

2.3 Recombination Lifetime 71



valence band edge. The temperature dependence of the (τHL/τLL) ratio arises from
the variation of the low-level lifetime with temperature.

For power devices operating under high injection levels during current conduc-
tion, it is desirable to achieve a rapid transition in the lifetime from low-level to high-
level injection conditions. This maximizes the range of injection levels over which
the high-level lifetime remains large so that the on-state voltage drop is low and
simultaneously provides a small lifetime at low injection levels to speed up the turn-
off process during the switching transient. The rate of change in the lifetime from
low to high injection levels can be maximized by choosing a recombination center
position such that:

d

dEr

dτ

dh

� �
¼ 0 ð2:87Þ

where τ is the lifetime described by Eq. (2.70) and h is the normalized injection level.
The solution to this equation happens to be identical to that given in Eq. (2.86). The
optimum recombination center positions are therefore found to lie close to the center
of the energy bandgap as shown in Fig. 2.32. Unfortunately, such recombination
centers also enhance the space-charge generation current. Consequently, the opti-
mum recombination center location for the high-level injection case conflicts with
the need to maintain low leakage currents in power devices.

It is possible to resolve this conflict by more detailed examination of the variation
of the (τHL/τLL) ratio with the position of the recombination center. The variation of
the (τHL/τLL) ratio with the position of the recombination center is shown in
Figs. 2.34 and Fig. 2.35 for two examples of drift region doping concentrations of

Fig. 2.34 Optimization of the recombination center in silicon devices operating under high-level
injection conditions in the on-state
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1 � 1013 cm�3 and 1 � 1015 cm�3 for the case of three values for the capture cross-
sectional parameter ζ. In the case of the higher doping level in the drift region, the
(τHL/τLL) ratio exhibits a broad maxima for all three values of the capture cross-
sectional parameter ζ. Consequently, the recombination center can be located away
from the mid-gap position without suffering a significant reduction in the value for
the (τHL/τLL) ratio. The leakage current can be reduced by this approach without
significant impact on the on-state voltage drop. This behavior is also observed for the
case of the low doping concentration at 300 K, but a broad maxima is not observed at
500 K for the larger values for the capture cross-sectional parameter ζ.

An optimum recombination center position that will provide a large value for
(τHL/τLL) ratio while minimizing the leakage current can be chosen by selecting a
location where the ratio is 10% below its maximum value for those instances when a
broad maxima is observed and at the peak for the ratio in those instances when a
sharp maxima is observed. The optimum recombination center position obtained
with this approach is shown in Fig. 2.36 as a function of the doping concentration in
the drift region. It is worth pointing out that although two optimum locations for the
recombination center can be defined on either side of the maxima in the above
figures, only the position above the mid-gap position has been chosen because this
produces the desired increase in the lifetime with injection level. The flat lines at
500 K observed at lower doping concentrations are associated with cases where there
is a sharp peak in the variation of the (τHL/τLL) ratio. It can be observed that the
optimum location for the recombination center moves closer to the mid-gap position
as the doping concentration in the drift region is reduced. This indicates that it is
more difficult to achieve a low leakage current in devices designed to support higher
voltages.

Fig. 2.35 Optimization of the recombination center in silicon devices operating under high-level
injection conditions in the on-state
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Technological Constraints

The introduction of deep levels in the energy gap due to the presence of recombi-
nation centers can result in changes in the resistivity of the drift region. When the
recombination center concentration approaches the doping concentration, electrons
are transferred from the donor into the deep level instead of into the conduction band.
The decrease in the net free electron concentration produces an increase in the
resistivity, a phenomenon referred to as compensation. Changes in the resistivity
of the drift region can produce a reduction in the breakdown voltage of power
devices. It is therefore desirable to minimize the compensation effect by using the
lowest concentration of recombination centers that can produce the desired reduction
in the minority carrier lifetime. The minority carrier lifetime is related to the
concentration of the recombination centers via the relationships in Eqs. (2.73 and
2.74). The same value for the minority carrier lifetime can be achieved with a smaller
value for the recombination center concentration if its capture cross section for holes
and electrons is larger.

From a practical manufacturing standpoint, it is also desirable that the same
process for the introduction of the recombination centers be utilized for silicon
drift regions over a broad range of resistivity. This enables the manufacturing of a
variety of power products with a single lifetime control process. From this view-
point, the recombination center properties should be chosen so that the (τHL/τLL)
ratio remains high over a broad range of doping concentration levels.

Fig. 2.36 Optimum location for the recombination center in silicon devices operating under high-
level injection conditions in the on-state
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The change in the (τHL/τLL) ratio with variation of the resistivity for an N-type
silicon region is shown in Fig. 2.37 for the case of a cross-sectional parameter ζ value
of 100. In this plot, three cases for the position of the recombination center have been
shown for comparison. It is obvious that there is a large reduction in the (τHL/τLL)
ratio when the recombination center is located below the mid-gap position (as shown
by the case of Er ¼ 0.4 eV). The least reduction of the (τHL/τLL) ratio is observed
when the recombination center is located at the mid-gap position. However, this is
detrimental to achieving low space-charge generation currents in the blocking mode.
It is therefore preferable to locate the recombination center slightly above mid-gap
(as shown by the case of Er ¼ 0.7 eV) consistent with the optimum recombination
center position discussed in the previous sections.

2.3.5 Lifetime Control

The manufacturing of power semiconductor devices is performed using pristine
processing conditions to minimize the introduction of recombination centers. The
as-fabricated devices have slow turn-off speed due to the long time required for the
removal of the minority carriers by the recombination process. In order to satisfy the
performance requirements of various power electronic systems, the turn-off speed of
the devices is enhanced by the introduction of recombination centers into the lattice
in a controlled manner. A larger quantity of recombination centers must be intro-
duced into devices used for applications operating at higher frequencies to reduce
switching losses.

Fig. 2.37 Technological considerations for the recombination center in silicon devices operating
under high-level injection conditions in the on-state
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Two fundamental approaches have been developed for the control of lifetime in
power devices. The first method is based upon the thermal diffusion of an impurity
that exhibits deep levels in the silicon bandgap. The second method entails the
creation of lattice damage in the form of vacancies and interstitial atoms in the
silicon crystal by bombardment with high-energy particles. Historically, the
diffusion-based process was developed well before the particle irradiation process.
A large number of impurities have been found to produce deep levels in the silicon
bandgap [47]. Although many of these impurities are potential candidates for
reducing the lifetime in silicon power devices, only gold and platinum have been
extensively used for commercial devices. Similarly, although the lattice damage
could be achieved by using any energetic particle, only electron and gamma beam
radiation have been utilized for commercial devices due to their optimal range for
absorption in silicon leading to a uniform lifetime reduction with depth.

The diffusion of gold and platinum in silicon occurs much more rapidly than
dopant atoms, such as boron and phosphorus. Consequently, the introduction of the
deep level impurities is performed after fabrication of the device structure but just
prior to the application of the metallization. In order to ensure a homogeneous
distribution of the deep level impurity within the wafer, it is customary to perform
the diffusion at a temperature between 800 �C and 900 �C. The concentration of the
deep level impurity in the silicon lattice is adjusted by choosing the exact diffusion
temperature because the solid solubility of the impurity depends upon it. A higher
diffusion temperature produces a larger concentration of the deep level impurity
resulting in a lower lifetime. The wafer temperature must be rapidly reduced by
quenching after the diffusion time to lock in the impurities within the lattice.

The diffusion temperature for deep level impurities exceeds the eutectic point
between silicon and the aluminum metallization used for power devices. Conse-
quently, the metal can be applied only after the introduction of the deep level
impurity in the diffusion method. This implies that the devices cannot be tested
prior to performing the lifetime control process. Further, small variations in the
diffusion temperature can produce a large variation in the device characteristics
resulting in a poor distribution of device parameters during manufacturing. These
problems can be overcome by utilizing the high-energy particle radiation process.

The bombardment of silicon with high-energy particles produces damage by the
displacement of silicon atoms from their lattice sites. The displacement of silicon
atoms from the lattice sites creates a vacancy as well as a silicon atom in the
interstitial position. It has been found that the vacancy in the silicon lattice is highly
mobile at room temperature. Consequently, the defects that remain after irradiation
are composed of complexes of the vacancy with impurity atoms and two adjacent
vacancy sites in the lattice (called a divacancy). In the high-resistivity regions of
silicon bipolar power devices, where the minority carrier recombination processes
determine the switching speed, the divacancy defect has been identified to be the
dominant recombination site for both P-type and N-type regions [48, 49].

For controlling the lifetime in bipolar power devices, both MeV electron irradi-
ation [41] and Co60 gamma irradiation [50] have been shown to be practical
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processing techniques. There are many advantages to using these irradiation
techniques:

(a) The irradiation can be performed at room temperature after complete device
fabrication (including metallization) allowing the initial testing of the device
characteristics as well as the characteristics immediately following the
irradiation.

(b) The lifetime can be precisely controlled by accurately monitoring the
radiation dose.

(c) A tighter distribution in the device characteristics can be achieved because of
improved control over the density of the recombination centers.

(d) The device characteristics can be trimmed by performing the irradiation in steps
with electrical testing after each step.

(e) The irradiation damage can be removed by annealing the devices at 400 �C
allowing the recovery of devices that may have received an overdose during the
irradiation.

(f) The irradiation process is cleaner when compared with the diffusion of impuri-
ties at high temperatures, avoiding common problems with the contamination of
equipment with deep level impurities such as gold.

The concentration of the recombination centers created by electron irradiation is
proportional to the total flux of the high-energy electrons that bombard the silicon
wafer per unit area. The minority carrier lifetime is dependent on the recombination
centers produced by the irradiation as well as the presence of any recombination
centers prior to the radiation. The minority carrier lifetime after electron irradiation is
given by:

1
τ f

¼ 1
τi
þ K:φ ð2:88Þ

where τi is the initial lifetime prior to electron irradiation and ϕ is the total fluence of
electrons per cm2. The constant K depends upon the energy of the electrons used to
create the lattice damage. For the case of 3 MeV electrons, the constant K has a value
of 10�8 cm2/sec. The electron irradiation dose can be accurately monitored by
measurement of the beam current. If the initial minority carrier lifetime is large,
the postirradiation lifetime can be precisely controlled. In addition, the final lifetime
becomes uniform across the area of even large devices, such as thyristors and GTOs
manufactured using an entire 100 mm wafer. During the fabrication of these devices,
special gettering methods are employed to achieve a high lifetime in the
as-fabricated devices to obtain better control and uniformity of the lifetime after
electron irradiation.

Although the electron irradiation technique offers many benefits, lifetime control
using gold diffusion is still used because superior on-state current conduction
characteristics are observed for this method. In addition, the defects produced by
electron irradiation have been found to dissociate at elevated temperatures producing
concerns regarding the long-term stability of the power device products. However,
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annealing studies [44] have demonstrated that, although the divacancy defect does
dissociate at 300 �C, the lifetime does not change appreciably due to the creation of a
new recombination center. Thus, electron irradiation does not result in long-term
instability under typical operating conditions for power devices.

The introduction of recombination centers by doping silicon with gold or plati-
num and by the electron irradiation process produces multiple deep levels in the
energy bandgap. The position of the deep levels is provided in Fig. 2.38 for these
three cases. The diffusion of gold into silicon produces one acceptor and one donor
level in the energy gap [51]. In the case of platinum, four deep levels have been
identified in the energy gap [52], while three deep levels have been observed in
N-type silicon [44] in the case of electron irradiation. As explained in the previous
section, the deep level closest to the mid-gap position has the strongest impact upon
the minority carrier recombination process. These levels are highlighted in color for
each case in the figure. In order to calculate the lifetime, it is necessary to know the
capture cross section for holes and electrons at these dominant deep levels. This data
is provided in Fig. 2.39 for the three cases.

Using the data provided in the table, the (τHL/τLL) ratio can be calculated for each
of the dominant levels for the three cases. The variation of the (τHL/τLL) ratio is
plotted in Fig. 2.40 as a function of the resistivity for N-type silicon. It can be
observed that the variation is much smaller for the case of gold and electron
irradiation when compared with platinum, making these techniques more attractive
for lifetime control in products with a wide range of breakdown voltages. It can also
be seen that the ratio is much larger for gold when compared with electron irradiation
indicating that the use of gold will provide superior on-state characteristics in bipolar
power devices. This has been experimentally confirmed for silicon P-i-N
rectifiers [41].

EC

EV

Ei

0.56 eV

0.35 eV

Gold

0.78 eV

0.26 eV

Platinum

0.91 eV

0.42 eV

0.87 eV

0.27 eV

Electron
Irradiation

0.71 eV

Fig. 2.38 Deep levels produced by typical lifetime control processes in silicon
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It is also important to consider the impact of lifetime control performed using the
above three cases on the leakage current produced by space-charge generation. The
(τSC/τLL) ratio is plotted in Fig. 2.41 for the three cases as a function of temperature.
At room temperature, the lowest ratio is observed for gold because the recombina-
tion center lies close to the mid-gap position. The larger values for the (τSC/τLL) ratio
for the case of platinum and electron irradiation indicate that devices fabricated with
these methods for lifetime control will exhibit lower leakage currents. This has
indeed been observed in power rectifiers fabricated using the three lifetime control
processes [41]. Based upon these theoretical considerations, electron irradiation is
superior to gold for lifetime control while maintaining a low leakage current.
Further, the previously mentioned advantages of electron irradiations from a prac-
tical manufacturing standpoint make it an attractive technology.

Impurity

Dominant 
Energy Level 

Position
(eV)

Capture 
Cross-Section

for Holes
(cm2)

Capture 
Cross-Section
for Electrons

(cm2)

Capture 
Cross-Section

Parameter
(ζ)

Gold 0.56 6.08 x 10-15 7.21 x 10-17 69.7

Platinum 0.42 2.70 x 10-12 3.20 x 10-14 69.8

Electron 
Irradiation 0.71 8.66 x 10-16 1.61 x 10-16 4.42

Fig. 2.39 Properties of the dominant deep level produced by the typical recombination centers in
silicon

Fig. 2.40 High-level to low-level lifetime ratio for the typical recombination centers in silicon
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2.3.6 Auger Recombination

In the heavily doped N-type and P-type regions within power devices, another
mechanism facilitates the recombination of the injected minority carriers. This
process, called Auger recombination, occurs by the transfer of the energy and
momentum released by the recombination of an electron-hole pair to a third mobile
particle – electrons in the case of heavily doped N-type material and holes in the case
of heavily doped P-type material. This recombination mechanism can also become
important in the lightly doped drift regions within power devices when the injection
level becomes very high, such as during on-state current flow under surge condi-
tions. The simultaneous presence of a high density of both electrons and holes
increases the probability for the transfer of energy to a third mobile particle in this
case. Theoretical analyses [53, 54] of the Auger recombination phenomenon in
indirect gap semiconductors, such as silicon, indicate that the process can occur
with or without phonon assistance and may involve either direct band-to-band
transitions or transitions via deep levels.

The Auger recombination process has been experimentally characterized by
observing the decay of excess minority carriers at low injection levels in heavily
doped N-type and P-type silicon [55], as well as by observing the decay of excess
free carriers at high injection levels in lightly doped silicon [56]. In the case of
heavily doped N-type silicon, since the Auger process transfers the energy and
momentum due to recombination to an electron in the conduction band, Auger
recombination lifetime is given by:

Fig. 2.41 Space-charge generation to low-level lifetime ratio for the typical recombination centers
in silicon
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τNA ¼ 1
CAN n2

¼ 1

2:8� 10�31 n2
ð2:89Þ

where n is the concentration of electrons. In the case of heavily doped P-type silicon,
since the Auger process transfers the energy and momentum due to recombination to
a hole in the valence band, Auger recombination lifetime is given by:

τ PA ¼ 1
CAP p2

¼ 1

1:0� 10�31 p2
ð2:90Þ

where p is the concentration of holes. In the case of Auger recombination occurring
at high injection levels with a large density of holes and electrons, the Auger
recombination lifetime is given by:

τΔnA ¼ 1
CAΔnΔn2

¼ 1

3:4� 10�31Δn2
ð2:91Þ

where Δn is the excess carrier concentration. The Auger coefficients (CA) are not the
same for the three cases because of the difference in the structure of the conduction
and valence bands in the energy-momentum space.

The Auger recombination lifetime calculated using the above expressions is
plotted in Fig. 2.42. The plots are shown for doping levels up to 1 � 1020 cm�3

for the case of heavily doped regions because this is common practice while
fabricating power devices. The extremely low Auger lifetime values for doping
levels above 1 � 1019 cm�3 have an impact on the diffusion length given by:

Fig. 2.42 Auger lifetime in silicon
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L ¼
ffiffiffiffiffiffiffi
D τ

p
ð2:92Þ

where D is the diffusion coefficient given by the Einstein relationship:

D ¼ kT

q
μ ð2:93Þ

where μ is the mobility for the minority carriers. A reduction in the lifetime produces
enhanced recombination currents in the end regions of power devices that can
degrade performance as discussed later in the book.

The Auger lifetime for the case of high-level injection in lightly doped regions is
even lower than that in heavily doped regions because the Auger processes requiring
two electrons and a hole and two holes and an electron can occur simultaneously due
to the large density for both carriers. This plot of the Auger lifetime is shown for
carrier densities of up to 5 � 1018 cm�3, which can occur at very high on-state
current densities in power rectifiers operating at surge current conditions.

The Auger recombination process occurs simultaneously with the Shockley-
Read-Hall recombination process discussed in the previous section. The effective
recombination lifetime is then given by:

1
τeff

¼ 1
τSRH

þ 1
τA

ð2:94Þ

where τSRH and τA are the lifetime due to the Shockley-Read-Hall and Auger
recombination processes, respectively. In the case of high-voltage rectifiers and
thyristors, the devices are manufactured with low defect densities to reduce the
on-state voltage drop. The impact of the Auger recombination process can be
substantial in this case due to the large value for the Shockley-Read-Hall lifetime.
This tends to increase the on-state voltage drop for power rectifiers and thyristors
under surge current conditions as discussed later in the book.

2.4 Ohmic Contacts

Contacts to power devices are made by using metal films deposited on the surface of
its semiconductor layers. A common requirement is to make ohmic contacts to
N-type and P-type regions. The resistance of the contacts must be made as small
as possible in order to minimize the on-state voltage drop and power dissipation
during current conduction. This can be achieved by using a metal-semiconductor
contact with low barrier height and a high doping concentration in the semiconductor
to promote tunneling current across the contact. For metal-semiconductor contacts
with high doping level in the semiconductor, the contact resistance determined by
the tunneling process [1] is dependent upon the barrier height (ϕbn) and the doping
concentration (ND) as given by:
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Rc ¼ exp
2
ffiffiffiffiffiffiffiffiffiffiffi
εSm∗

p
h

φbnffiffiffiffiffiffiffi
ND

p
� �� �

ð2:95Þ

where εS is the dielectric constant of the semiconductor, m* is the effective mass for
electrons, and h is Planck’s constant. Typically, specific contact resistances of less
than 1 � 10�5 Ω-cm2 must be achieved in power device structures.

The specific contact resistance calculated using the above formula is plotted in
Fig. 2.43 as a function of the doping concentration using the barrier height as a
parameter. The barrier heights of metal contacts to silicon are in the range of
0.5–0.7 eV. From the figure, it can be concluded that a specific contact resistance
of 1 � 10�5 Ω-cm2 can be obtained for a doping concentration of 5 � 1019 cm�3 if
the barrier height is 0.6 eV. Such high surface doping concentrations can be achieved
for N-type silicon by using ion implantation of phosphorus. Similar values are
achievable for contacts to P-type silicon by using aluminum as the metal and raising
the surface doping concentration to about 5 � 1019 cm�3 by ion implantation of
boron.

2.5 Summary

The properties of silicon and silicon carbide relevant to power devices have been
reviewed in this chapter. Among semiconductor properties that are particularly
important to the analysis and operation of power devices are the impact ionization
coefficients, which determine the breakdown voltage capability. The carrier
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Fig. 2.43 Specific resistance at metal-semiconductor contacts

2.5 Summary 83



mobility, in the bulk and at inversion layers formed at the oxide interface, is another
important parameter that is required for the analysis of unipolar and MOS-bipolar
structures. For bipolar power devices, the minority carrier lifetime is a critical
parameter that determines the switching speed as well as the on-state voltage drop.
Since most commercially available power devices are manufactured using silicon as
the base material, these properties have been treated in detail in this chapter. The
basic properties required for the analysis of unipolar silicon carbide power device
structures have also been provided in this chapter. For a more detailed description of
the properties for silicon carbide relevant to the analysis of power devices, the reader
is referred to information available in the literature [57, 58].

The basic properties of silicon and silicon carbide that have been described in this
chapter will be extensively utilized for the analysis of the electrical characteristics of
the power rectifiers and transistors in subsequent sections of the book. A thorough
knowledge of these properties, including the impact of high doping concentrations
and elevated temperatures, is essential to predicting the device electrical character-
istics in an accurate manner.

Problems

2.1 Determine the intrinsic carrier concentration for silicon at 300, 400, and 500 K.
2.2 Determine the intrinsic carrier concentration for 4H-SiC at 300, 400, and

500 K.
2.3 Calculate the bandgap narrowing in silicon at a doping concentration of 1� 10

19 cm�3.
2.4 Calculate the intrinsic carrier concentration in silicon at 300 K for a region with

doping concentration of 1 � 1019 cm�3.
2.5 Calculate the built-in potential for silicon at 300, 400, and 500 K using a

doping concentration of 1� 1019 cm�3 on the P-side and 1� 1016 cm�3 on the
N-side of the junction.

2.6 Calculate the built-in potential for 4H-SiC at 300, 400, and 500 K using a
doping concentration of 1� 1019 cm�3 on the P-side and 1� 1016 cm�3 on the
N-side of the junction.

2.7 Determine the impact ionization coefficients for electrons and holes in silicon
at an electric field of 2 � 105 V/cm. What is the ratio of the values?

2.8 Determine the impact ionization coefficients for holes in 4H-SiC at an electric
field of 2 � 106 V/cm.

2.9 Determine the mobility for electrons and holes in silicon at 300, 400, and
500 K for a doping concentration of 1 � 1014 cm�3. What is the ratio of the
values at each temperature?

2.10 Determine the mobility for electrons in 4H-SiC at 300, 400, and 500 K for a
doping concentration of 1 � 1014 cm�3.

2.11 Determine the mobility for electrons and holes in silicon at 300 K for doping
concentrations of 1� 1015 cm�3, 1� 1016 cm�3, 1� 1017 cm�3, 1� 1018 cm�3,
and 1 � 1019 cm�3.
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2.12 Determine the mobility for electrons in 4H-SiC at 300 K for doping concen-
trations of 1� 1015 cm�3, 1� 1016 cm�3, 1� 1017 cm�3, 1� 1018 cm�3, and
1 � 1019 cm�3.

2.13 Calculate the velocity for electrons in silicon at 300 K for electric field values of
1 � 102 V/cm, 1 � 103 V/cm, 1 � 104 V/cm, and 1 � 105 V/cm.

2.14 Calculate the velocity for electrons in 4H-SiC at 300 K for electric field values
of 1� 102 V/cm, 1� 103 V/cm, 1� 104 V/cm, 1� 105 V/cm, and 1� 106 V/
cm.

2.15 Determine the mobility for electrons and holes in silicon at 300 K for injected
concentrations of 1� 1015 cm�3, 1� 1016 cm�3, 1� 1017 cm�3, 1� 1018 cm�3,
and 1 � 1019 cm�3. Assume that high-level injection conditions prevail in the
material.

2.16 Determine the intrinsic resistivity for silicon and 4H-SiC at 300 K.
2.17 Determine the resistivity for n- and P-type silicon at 300 K for doping

concentrations of 1 � 1013 cm�3, 1 � 1014 cm�3, 1� 1015 cm�3, 1 � 1016 cm
�3, 1 � 1017 cm�3, 1 � 1018 cm�3, and 1 � 1019 cm�3.

2.18 Determine the resistivity for N-type 4H-SiC at 300 K for doping concentrations
of 1� 1013 cm�3, 1� 1014 cm�3, 1� 1015 cm�3, 1� 1016 cm�3, 1� 1017 cm�3

, 1 � 1018 cm�3, and 1 � 1019 cm�3.
2.19 Determine the low-level lifetime at 300 K in N-type silicon with doping

concentration of 1 � 1014 cm�3 for the cases of recombination centers located
at an energy of 0.3, 0.5, 0.7, and 0.9 eV from the valence band. Assume a value
of 1 μs for τp0 and 10 for the ζ parameter.

2.20 Determine the space-charge generation lifetime at 300 K in N-type silicon with
doping concentration of 1 � 1014 cm�3 for the cases of recombination centers
located at an energy of 0.3, 0.5, 0.7, and 0.9 eV from the valence band. Assume
a value of 1 μs for τp0 and 10 for the ζ parameter.

2.21 Determine the high-level lifetime at 300 K in N-type silicon with doping
concentration of 1 � 1014 cm�3 for the cases of recombination centers located
at an energy of 0.3, 0.5, 0.7, and 0.9 eV from the valence band. Assume a value
of 1 μs for τp0 and 10 for the ζ parameter.

2.22 Determine the Auger recombination lifetime at 300 K in n- and P-type silicon
with doping concentration of 1 � 1019 cm�3.
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Chapter 3
Breakdown Voltage

The most unique feature of power semiconductor devices is their ability to withstand
high voltages. In transistors designed for microprocessors and semiconductor mem-
ories, the pressure to reduce their size in order to integrate more devices on a
monolithic chip has resulted in a reduction in their operating voltage. In contrast,
the desire to control larger power levels in motor drive and power distribution
systems has encouraged the development of power devices with larger breakdown
voltages. Typical applications for power devices were illustrated in Fig. 1.2.
Depending upon the application, the breakdown voltage of devices can range from
20 to 30 V for voltage regulator modules (power supplies) used to deliver power to
microprocessors in personal computers and servers to over 5000 V for devices used
in power transmission networks.

In this chapter, the physics of avalanche breakdown is analyzed in relation to the
properties of the semiconductor region that is supporting the voltage. After treating
the one-dimensional junction, the edge terminations for power devices are described.
Power devices require special edge terminations due to their finite area. The electric
field at the edges usually becomes larger than in the middle of the device leading to a
reduction of the breakdown voltage. Significant effort has been undertaken to
develop a good understanding of the electric field enhancement at the edges, and
methods have been proposed to mitigate the increase in the electric field. Various
edge termination approaches are discussed in detail in the chapter because of their
importance to maximizing the performance of power devices.

In a semiconductor, the ability to support high voltages without the onset of
significant current flow is limited by the avalanche breakdown phenomenon, which
is dependent on the electric field distribution within the structure. High electric fields
can be created within the interior of power devices as well as at their edges. The
design optimization of power devices must be performed to meet the breakdown
voltage requirements for the application while minimizing the on-state voltage drop
so that the power dissipation is reduced.

Power devices are designed to support high voltages within a depletion layer
formed across either a P-N junction, a metal-semiconductor (Schottky barrier)
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contact, or a metal-oxide-semiconductor (MOS) interface. Any electrons or holes
that enter the depletion layer either due to the space charge generation phenomenon
or by diffusion from adjacent quasi-neutral regions are swept out by the electric field
produced in the region by the applied voltage. As the applied voltage is increased,
the electric field in the depletion region increases resulting in acceleration of the
mobile carriers to higher velocities. In the case of silicon, the mobile carriers attain a
saturated drift velocity of 1� 107 cm/s when the electric field exceeds 1� 105 V/cm
as discussed in the previous chapter. With further increase in the electric field, the
mobile carriers gain sufficient kinetic energy from the electric field so that their
interaction with the lattice atoms produces the excitation of electrons from the
valence band into the conduction band. The generation of electron-hole pairs due
to energy acquired from the electric field in the semiconductor is referred to as
impact ionization. Since the electron-hole pairs created by impact ionization also
undergo acceleration by the electric field in the depletion region, they participate in
the creation of further pairs of electrons and holes. Consequently, impact ionization
is a multiplicative phenomenon which produces a cascade of mobile carriers being
transported through the depletion region leading to a significant current flow through
it. Since the device is unable to sustain the application of higher voltages due to a
rapid increase in the current, it is considered to undergo avalanche breakdown. Thus,
avalanche breakdown limits the maximum operating voltage for power devices.

3.1 Avalanche Breakdown

The maximum voltage that can be supported by a power device before the onset of
significant current flow is limited by the avalanche breakdown phenomenon. In
power devices, the voltage is supported across depletion regions. As discussed in
Chap. 2, mobile carriers are accelerated in the presence of a high electric field until
they gain sufficient energy to create hole-electron pairs upon collision with the lattice
atoms. This impact ionization process determines the current flowing through the
depletion region in the presence of a large electric field. An impact ionization
coefficient was defined in Chap. 2 as the number of electron-hole pairs created by
a mobile carrier traversing 1 cm through the depletion region along the direction of
the electric field. The impact ionization coefficients for electrons and holes are a
strong function of the magnitude of the electric field as shown in Fig. 2.10.

3.1.1 Power Law Approximations for the Impact
Ionization Coefficients

It is convenient to use a power law for the impact ionization coefficients when
performing analytical derivations pertinent to the performance of silicon power
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devices even though they actually increase exponentially with increasing electric
field, as shown in Fig. 2.10. A Fulop’s power law approximation (αF) that was
originally proposed for silicon [1] is given by:

αF Sið Þ ¼ 1:8� 10�35E7

αB Sið Þ ¼ 3:507� 10�35E7
ð3:1Þ

The impact ionization coefficients obtained by using Fulop’s approximation are
shown in Fig. 3.1 by the green dashed line together with the impact ionization
coefficient for electrons and holes in silicon as governed by Chynoweth’s law
(shown by the red and blue lines) obtained from measured data. It can be observed
that the values obtained using Fulop’s power law are significantly smaller than that
measured for electrons. This results in analytical solutions for breakdown voltage
that are much larger than those actually observed in silicon devices.

Baliga’s power law (αB) for impact ionization coefficients for silicon, also given
in Eq. (3.1), was proposed [2] to allow a more accurate analytical computation of the
breakdown voltage for silicon devices. The impact ionization coefficients obtained
by using Baliga’s approximation are shown in Fig. 3.1 by the purple dashed line. It
can be observed that the values obtained using Baliga’s power law are closer to those
measured for electrons in silicon. This allows accurate analytical calculation of the
breakdown voltage in silicon power devices.

In the same manner, it is convenient to use Baliga’s power law approximation [3]
for the impact ionization coefficients for 4H-SiC for analytical derivations:

αB 4H-SiCð Þ ¼ 3:9� 10�42E7 ð3:2Þ

Fig. 3.1 Power law approximations for the impact ionization coefficients in silicon and 4H-SiC
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The impact ionization coefficient obtained by using this approximation is also shown
in Fig. 3.1 by the brown dashed line together with the impact ionization coefficient
for holes in 4H-SiC as governed by Chynoweth’s law (based up on data reported by
Raghunathan and Baliga [4]). This analytical formulation allows accurate computa-
tion of breakdown in 4H-SiC power devices made from material free of defects.

During numerical simulations of power device structures, it is customary to use
Chynoweth’s formula for the impact ionization coefficients. However, the power law
approximations discussed here are valuable for obtaining analytical solutions for the
breakdown voltage of planar one-dimensional junctions and the influence of various
edge terminations on the breakdown voltage. These analytical solutions provide
insight into the physics determining the breakdown phenomenon enabling the design
of improved device structures.

3.1.2 Multiplication Coefficient

The avalanche breakdown condition for a diode is defined by the impact ionization
rate becoming infinite. In order to analyze this, consider a one-dimensional reverse
biased N+/P junction with a depletion region extending primarily in the P-region. If
an electron-hole pair is generated at a distance x from the junction, the hole will be
swept toward the contact to the P-region, while the electron is simultaneously swept
toward to the junction with the N+ region. If the electric field in the depletion region
is large, these carriers will be accelerated until they gain sufficient energy to create
electron-hole pairs during collisions with the lattice atoms. Based upon the defini-
tions for the impact ionization coefficients, the hole will create [αpdx] electron-hole
pairs when traversing a distance dx through the depletion region. Simultaneously,
the electron will create [αndx] electron-hole pairs when traversing a distance dx
through the depletion region. The total number of electron-hole pairs created in the
depletion region due to a single electron-hole pair initially generated at a distance
x from the junction is given by [5, 6]:

M xð Þ ¼ 1þ
ð x

0
αnM xð Þdxþ

ðW

x
αpM xð Þdx ð3:3Þ

where W is the width of the depletion layer. A solution for this equation is given by:

M xð Þ ¼ M 0ð Þexp
ð x

0
αn � αp
� �

dx

� �
ð3:4Þ

where M(0) is the total number of electron-hole pairs at the edge of the depletion
region. Using this expression in Eq. (3.3) with x ¼ 0 provides a solution for M(0):
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M 0ð Þ ¼ 1�
ðW

0
αpexp

ð x

0
αn � αp
� �

dx

� �
dx

� ��1

ð3:5Þ

Using this expression in Eq. (3.4) gives:

M xð Þ ¼ exp
Ð x
0 αn � αp
� �

dx
� 	

1� Ð W
0 αpexp

Ð x
0 αn � αp
� �

dx
� 	

dx
ð3:6Þ

This expression for M(x), referred to as the multiplication coefficient, allows calcu-
lation of the total number of electron-holes pairs created as a result of the generation
of a single electron-hole pair at a distance x from the junction if the electric field
distribution along the impact ionization path is known. The avalanche breakdown
condition, defined to occur when the total number of electron-hole pairs generated
within the depletion region approaches infinity, corresponds toM becoming equal to
infinity. This condition is attained by setting the denominator of Eq. (3.6) to zero:

ðW

0
αpexp

ð x

0
αn � αp
� �

dx

� �
dx

� �
¼ 1 ð3:7Þ

The expression on the left-hand side of Eq. (3.7) is known as the ionization integral.
During the analysis of avalanche breakdown in power devices, it is common practice
to find the voltage at which the ionization integral becomes equal to unity. If the
impact ionization coefficients for electrons and holes are assumed to be equal, the
avalanche breakdown condition can be written as:

ðW

0
αdx ¼ 1 ð3:8Þ

This approach to the determination of the breakdown voltage is valid for power
rectifiers and MOSFETs where the current flowing through the depletion region is
not amplified. In devices, such as thyristors and IGBTs, the current flowing through
the depletion region becomes amplified by the gain of the internal transistors. In
these cases, it becomes necessary to solve for the multiplication coefficient instead of
using the ionization integral as discussed later.

The multiplication coefficient for a high-voltage P+/N diode is given by [7]:

Mp ¼ 1

1� V=BVð Þ6 ð3:9Þ

where V is the applied reverse bias voltage and BV is the breakdown voltage, while
that for a N+/P diode is given by:

Mn ¼ 1

1� V=BVð Þ4 ð3:10Þ
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Thus, the reverse current for a P+/N diode approaches infinity at a faster rate with
increasing voltage than for a N+/P diode. This has been related to the diffusion
current due to holes from the N-region in the P+/N diode.

3.2 Abrupt One-Dimensional Diode

Power devices are designed to support high voltages across a depletion layer formed
at either a P-N junction, a metal-semiconductor (Schottky barrier) contact, or a
metal-oxide-semiconductor (MOS) interface. The onset of the avalanche breakdown
condition can be analyzed for all these cases by assuming the voltage is supported
across only one side of the structure. This holds true for an abrupt P-N junction with
a very high doping concentration on one side when compared with the other side. In
junctions formed with a shallow depth and a high surface concentration with a
lightly doped underlying region of opposite conductivity type, the depletion region
extends primarily in the lightly doped region allowing their treatment as abrupt
junctions.

The analysis of a one-dimensional abrupt junction can be used to understand the
design of the drift region within power devices. The case of a P+/N junction is
illustrated in Fig. 3.2 where the P+ side is assumed to be very highly doped so that the
electric field supported within it can be neglected. When this junction is reverse
biased by the application of a positive bias to the N-region, a depletion region is
formed in the N-region together with the generation of a strong electric field within it
that supports the voltage. Poisson’s equation for the N-region is then given by:

N

Em

E(x)

V(x)

Va

x

x

WD

P+ Depletion Region
Fig. 3.2 Electric field and
potential distribution for an
abrupt parallel-plane P+N
junction
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d2V

dx2
¼ �dE

dx
¼ �Q xð Þ

εS
¼ �qND

εS
ð3:11Þ

where Q(x) is the charge within the depletion region due to the presence of ionized
donors, εS is the dielectric constant for the semiconductor, q is the electron charge,
and ND is the donor concentration in the uniformly doped N-region.

Integration of the above equation with the boundary condition that the electric
field must go to zero at the edge of the depletion region (i.e., at x¼WD) provides the
electric field distribution:

E xð Þ ¼ �qND

εS
WD � xð Þ ð3:12Þ

The electric field has a maximum value of Em at the P+/N junction (x ¼ 0) and
decreases linearly to zero at x ¼ WD. Integration of the electric field distribution
through the depletion region provides the potential distribution:

V xð Þ ¼ qND

εS
WDx� x2

2


 �
ð3:13Þ

This equation is obtained by using the boundary condition that the potential is zero at
x ¼ 0 within the P+ region. The potential varies quadratically as illustrated in the
figure.

By using the boundary condition:

V WDð Þ ¼ V a ð3:14Þ
the thickness of the depletion region (WD) can be related to the applied reverse bias
(Va):

WD ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2εSV a

qND

s
ð3:15Þ

Using these equations, the maximum electric field at the junction can be obtained:

Em ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qNDVa

εS

r
ð3:16Þ

When the applied bias increases, the maximum electric field approaches values at
which significant impact ionization begins to occur. The breakdown voltage is
determined by the ionization integral becoming equal to unity:

ðW

0
α:dx ¼ 1 ð3:17Þ
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where α is the impact ionization coefficient discussed in Chap. 2. In order to obtain a
closed form solution for the breakdown voltage, it is convenient to use the power law
for the impact ionization coefficient in place of Chynoweth’s law. Substituting
Baliga’s power law for silicon into Eq. (3.17) with the electric field distribution
given by Eq. (3.12), analytical solutions for the breakdown voltage and the
corresponding maximum depletion layer width can be derived for silicon:

BVPP Sið Þ ¼ 4:45� 1013N�3=4
D ð3:18Þ

and

WPP Sið Þ ¼ 2:404� 1010N�7=8
D ð3:19Þ

In a similar manner, substituting Baliga’s power law for 4H-SiC into Eq. (3.17) with
the electric field distribution given by Eq. (3.12), analytical solutions for the break-
down voltage and the corresponding maximum depletion layer width can be derived
for 4H-SiC:

BVPP 4H-SiCð Þ ¼ 3:0� 1015N�3=4
D ð3:20Þ

and

WPP 4H-SiCð Þ ¼ 1:82� 1011N�7=8
D ð3:21Þ

The breakdown voltages predicted by the analytical solutions are plotted in
Fig. 3.3 as a function of the doping concentration on the lightly doped side of the
junction. It can be seen that the breakdown voltage decreases with increasing doping

Fig. 3.3 Breakdown voltage for abrupt parallel-plane junctions in Si and 4H-SiC
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concentration. It is worth pointing out that it is possible to support a much larger
voltage in 4H-SiC when compared with silicon for any given doping concentration.
The ratio of the breakdown voltage in 4H-SiC to that in silicon for the same doping
concentration is found to be 67.4. It is also obvious from this figure that for a given
breakdown voltage, it is possible to use a much higher doping concentration in the
drift region for 4H-SiC devices when compared with silicon devices. The ratio of the
doping concentration in the drift region for a 4H-SiC device to that for a silicon
device with the same breakdown voltage is found to be 274.

The maximum depletion width reached at the onset of breakdown is shown in
Fig. 3.4 for silicon and 4H-SiC. It can be seen that the thickness of the lightly doped
side of the junction must be increased as the doping level is reduced in order to
support larger voltages. For the same doping concentration, the maximum depletion
width in 4H-SiC is 7.57 times larger than that in silicon because it can sustain a much
larger electric field. However, for a given breakdown voltage, the depletion width in
4H-SiC is smaller by a factor of 18 times compared with a silicon device because of
the much larger doping concentration in the drift region. This smaller depletion
width, in conjunction with the far larger doping concentration, results in an enor-
mous reduction in the specific on-resistance of the drift region in 4H-SiC when
compared with silicon.

The onset of the avalanche breakdown for an abrupt parallel-plane junction, as
defined by the above equations, is accompanied by a maximum electric field at the
junction referred to as the critical electric field for breakdown. Combining
Eqs. (3.16) and (3.18), the critical electric field for breakdown in silicon is given by:

EC Sið Þ ¼ 3700N1=8
D ð3:22Þ

Fig. 3.4 Maximum depletion width at breakdown in Si and 4H-SiC
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while that for 4H-SiC is given by:

EC 4H-SiCð Þ ¼ 33, 000N1=8
D ð3:23Þ

The critical electric field for 4H-SiC can be compared with that for silicon in Fig. 3.5.
In both cases, the critical electric field is a weak function of the doping concentration.
The critical electric field in 4H-SiC is 8.92� larger than in silicon for the same
doping concentration. The larger critical electric field in 4H-SiC results in a much
larger Baliga’s figure of merit (see Chap. 1).

The critical electric field is a useful parameter for identifying the onset of
avalanche breakdown in power device structures. Due to the very strong dependence
of the impact ionization coefficients on the electric field strength, avalanche break-
down can be usually assumed to occur when the electric field within any local region
of a power device approaches the critical electric field. However, it is important to
note that this provides only an indication of the onset of breakdown and the exact
breakdown voltage must be determined by extracting the ionization integral. This is
particularly true for devices where the electric field deviates from the triangular
shape pertinent to an abrupt parallel-plane junction.

3.2.1 Temperature Dependence

The mean free path for electron and hole transport becomes shorter with increasing
temperature due to enhanced scattering of the carriers. Consequently, the carriers
gain less energy from the electric field at elevated temperatures. Consequently, the

Fig. 3.5 Critical electric field for breakdown in Si and 4H-SiC
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impact ionization coefficients for electrons and holes decrease with increasing
temperature. This produces an increase in the avalanche breakdown voltage at the
rate of 0.454 V/oC in silicon power devices which corresponds to about 20%
increase from 300 to 500 oK [8].

3.3 Ideal Specific On-Resistance

The specific on-resistance of the drift region is related to the breakdown voltage by
Eq. (1.11) which is repeated here for discussion:

Ron, sp ¼ 4BV2

εSμnE
3
C

ð3:24Þ

An accurate modeling of the specific on-resistance requires taking into account the
dependence of the critical electric field and mobility on the doping concentration,
which varies as the breakdown voltage is changed. It is possible to do this by
computing the doping concentration for achieving a given breakdown voltage and
then using the equations for the depletion width and mobility as a function of doping
concentration to obtain the specific on-resistance:

Ron, sp ¼ WPP

qμnND
ð3:25Þ

The specific on-resistance projected for the drift region in 4H-SiC devices by
using the above method is compared with that for silicon devices in Fig. 3.6.

Fig. 3.6 Specific on-resistance of drift regions in 4H-SiC and silicon
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The values for 4H-SiC are about 2000 times smaller than for silicon devices for the
same breakdown voltage. This has encouraged the development of unipolar power
devices [2], such as Schottky rectifiers and MOSFETs, from 4H-SiC. The actual
resistance within the structures can be significantly larger than the ideal specific
on-resistance as discussed in later chapters.

3.4 Abrupt Punch-Through Diode

In the case of some power devices, such as P-i-N rectifiers, the resistance of the drift
region is greatly reduced during on-state current flow by the injection of a large
concentration of minority carriers. In these cases, the doping concentration of the
drift region does not determine the resistance to the on-state current flow. Conse-
quently, it is preferable to use a thinner depletion region with a reduced doping
concentration to support the voltage. This configuration for the drift region is called
the punch-through design.

The electric field distribution for the punch-through design is shown in Fig. 3.7.
In comparison with the triangular electric field distribution shown in Fig. 3.2, the
electric field for the punch-through design takes a trapezoidal shape. The electric
field varies more gradually through the drift region due to its lower doping concen-
tration and then very rapidly with distance within the N+ end region due to its very
high doping concentration. The electric field at the interface between the drift region
and the N+ end region is given by:

E1 ¼ Em � qNDP

εS
WD,PT ð3:26Þ

where Em is the maximum electric field at the junction, NDP is the doping concen-
tration in the N-type drift region, andWD,PT is the width of the N-type drift region in
the punch-through structure.

The voltage supported by the punch-through diode is given by:

VPT ¼ Em þ E1

2


 �
WD,PT ð3:27Þ

Fig. 3.7 Punch-through
design for a P-i-N rectifier
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if the small voltage supported within the N+ end region is neglected. The punch-
through diode undergoes avalanche breakdown when the maximum electric field
(Em) becomes approximately equal to the critical electric field (EC) for breakdown.
Using this condition in Eq. (3.27) together with the field distribution in Eq. (3.26),
the breakdown voltage for the punch-through diode is given by:

BVPT ¼ EcWD,PT �
qNDPW

2
D,PT

2εS
ð3:28Þ

The breakdown voltages calculated using this relationship are shown in Fig. 3.8
for silicon punch-through diodes with various thicknesses for the drift region. In
performing these calculations, the change in the critical electric field with doping
concentration was taken into account. For any doping concentration for the drift
region, the breakdown voltage for the punch-through diode is reduced due to the
truncation of the electric field at the N+ end region. The breakdown voltage becomes
smaller as the thickness of the drift region is reduced. From the point of view of
designing the drift region for a P-i-N rectifier, it is possible to obtain a breakdown
voltage of 1000 V with a drift region thickness of about 50 μm. In contrast, a drift
region thickness of 80 μm would be required in the non-punch-through case. This
reduced drift region thickness with the punch-through design is beneficial for not
only reducing the on-state voltage drop but for reducding the stored charge and,
consequently, the reverse recovery power loss as discussed later in the book in
Chapter 5.

A similar analysis for the breakdown voltages can be performed for punch-
through diodes fabricated from 4H-SiC, as shown in Fig. 3.9, with various

Fig. 3.8 Breakdown voltages for the silicon P-i-N diodes with punch-through design
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thicknesses for the drift region. In performing these calculations, the change in the
critical electric field with doping concentration, as described by Eq. (3.23), must be
taken into account. In comparison with silicon punch-through diodes, a much higher
(~10�) doping concentration can be used in the drift region for 4H-SiC to achieve
the punch-through design with a given thickness for the drift region. From the point
of view of designing the drift region for a P-i-N rectifier, it is possible to obtain a
breakdown voltage of 10,000 V with a drift region thickness of about 50 μm in
4H-SiC. In contrast, a drift region thickness of 80 μm would be required in the non-
punch-through case. This reduced drift region thickness with the punch-through
design is beneficial for reducing the on-state voltage drop. However, the minority
carrier lifetime in 4H-SiC has been found to be low resulting in poor conductivity
modulation of the drift region. It is therefore advisable to maintain a high doping
concentration in the drift region for P-i-N rectifiers fabricated from 4H-SiC.

The maximum electric field for the punch-through case is actually slightly larger
than for the non-punch-through case because of the shorter avalanche path. The
breakdown voltage, shown in Fig. 3.8 and 3.9, then becomes nearly independent of
the doping concentration for the punch-through case as the doping concentration is
reduced.

3.5 Linearly Graded Junction Diode

Power devices fabricated using junctions with high surface doping concentration and
shallow thickness tend to behave like the abrupt junction diodes that were discussed
in the previous sections. Power devices, such as thyristors, that are designed to

Fig. 3.9 Breakdown voltages for the 4H-SiC P-i-N diodes with punch-through design
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support very high voltages (above 2000 V) rely upon junctions with low surface
concentration and large depth to enhance the blocking voltage capability. In addi-
tion, power devices with low (<50 V) blocking voltages, such as low-voltage power
MOSFETs, require drift regions with relatively high doping concentrations that are
comparable to the doping level on the diffused side of the junction. A significant
fraction of the reverse bias voltage is supported within the diffused side of the
junction in this case as well.

These types of junctions can be analyzed by assuming a linearly graded doping
profile in the vicinity of the junction. A typical doping profile for a diffused junction
diode is illustrated in Fig. 3.10. For diffused junctions, it is customary to plot the
profile with the doping concentration displayed using a logarithmic scale as shown in
the upper part of the figure. Due to the compensation of the N-region by the P-type
dopant in the vicinity of the junction, the profile has a linear net doping distribution
as illustrated in the lower portion of the figure. The diffused junction can therefore be
treated as a combination of a linearly graded junction and a uniformly doped
junction.

If the linear doping grading is sufficiently steep, the maximum electric field at the
junction can reach the critical electric field with the depletion region confined to this
portion of the doping profile. The linearly graded junction is illustrated in Fig. 3.11
together with the electric field and potential distributions. Note that the depletion
region extends to both sides of the metallurgical junction by a distance W. With a

Fig. 3.10 The diffused
junction diode
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positive voltage applied to the N-region, the junction becomes reverse biased with a
net negative charge on the P-side due to the ionized acceptors having a greater
concentration than the donors while a net positive charge develops on the N-side due
to the ionized donors having a greater concentration than the acceptors. The con-
centration of the net charge varies linearly with distance with a grade constant G.

The breakdown voltage of this linearly graded junction can be analyzed by using
the following charge distribution profile in Poisson’s equation:

Q xð Þ ¼ qGx ð3:29Þ
Applying this charge distribution to Poisson’s equation gives:

d2V

dx
¼ �dE

dx
¼ �Q xð Þ

εS
¼ �qGx

εS
ð3:30Þ

Integration of this equation with the boundary condition that the electric field must
be zero at the edge of the depletion region (x ¼ W ) provides the electric field
distribution:

E xð Þ ¼ qG

2εS
x2 �W2
� � ð3:31Þ

The electric field varies parabolically with distance with its maximum value at the
junction given by:

Em ¼ qGW2

2εS
ð3:32Þ

Fig. 3.11 The linearly
graded junction diode
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Integration of the electric field distribution through the depletion region with the
boundary conditions that the potential is zero at x¼�W on the P-side of the junction
yields:

V xð Þ ¼ qG

εS

W3

3
þW2x

2
� x3

6


 �
ð3:33Þ

This voltage distribution is shown at the bottom of Fig. 3.11. The depletion layer
width (W ) on both sides of the junction can be obtained by using the boundary
condition that the voltage on the N-side of the junction is equal to the applied bias
(Va):

W ¼ 3εSVa

qG


 �1=3

ð3:34Þ

In the case of devices, such as power MOSFETs, the extension of the depletion layer
on the diffused side of the junction can lead to reach-thorough breakdown at well
below the avalanche breakdown voltage. The depletion width calculated by using
Eq. (3.34), based upon approximation of the diffused junction by a linearly graded
junction, provides an analytical approach to designing the width of the P-base
region.

A closed form analytical solution for the breakdown voltage of the linearly graded
junction can be obtained by determination of the voltage at which the impact
ionization integral becomes equal to unity. Using the ionization integral given by
Eq. (3.17) with Fulop’s approximation for the impact ionization coefficients and the
electric field distribution given by Eq. (3.31):

ðW

�W
1:8� 10�35 qG

2εS
x2 �W2
� �� �7

dx ¼ 1 ð3:35Þ

The solution for this equation provides the depletion width at the point of breakdown
for the linearly graded junction:

WCL ¼ 9:1� 105:G�7=15 ð3:36Þ
Using this depletion width in Eq. (3.34), the breakdown voltage for the linearly
graded junction is found to be given by:

BVL ¼ 9:2� 109:G�2=5 ð3:37Þ
As illustrated by the electric field distribution in Fig. 3.10, the diffused junction

diode usually behaves as a combination of a linearly graded junction and an abrupt
junction with uniform doping on the lightly doped side. The extension of the
depletion region into the diffused side of the junction enhances the breakdown
voltage to above that derived earlier for the abrupt parallel-plane junction because
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of the additional voltage that is supported on the diffused side of the junction. This
can be taken advantage of during the design of low (<30 V) voltage power
MOSFETs.

3.6 Edge Terminations

All semiconductor devices have a finite size, which is achieved by sawing through
the wafers to produce the chips that go into packages. The sawing of wafers,
performed by using diamond coated blades, produces severe damage to the crystal.
In the case of power devices, if the sawing is performed through the junction that
must support a high voltage, the crystal damage creates a high leakage current that
degrades the breakdown voltage and its stability with respect to time. This problem
can be addressed by using special junction terminations around the edges of the
power devices so that the depletion regions of the high-voltage junctions do not
intersect with the saw lanes where the damage is located. Another approach that can
be used to control and preserve a high breakdown voltage is by shaping the surface
of the edges of the device. The earliest method for shaping the edges was by mesa
etching. Subsequently, the beveling of the edges of wafers was found to be very
effective in preserving the breakdown voltage of high-voltage power rectifiers and
thyristors. With the widespread availability of ion implantation for the fabrication of
power devices in the 1980s, the use of a lightly doped zone at the edges of junctions
has been found to be effective in achieving high breakdown voltages. These methods
for enhancing the breakdown voltage of power devices are discussed in this section.

3.6.1 Planar Junction Termination

A cornerstone of modern semiconductor devices is the planar junction formed by the
diffusion of impurities through a window in a silicon dioxide mask grown on the
silicon surface. Consider a rectangular window etched in a silicon dioxide masking
layer on an N-type silicon substrate as illustrated in the upper part of Fig. 3.12. The
dopant can be diffused into the silicon surface exposed within the window by
dopants introduced via the vapor phase or by low energy ion implantation. It is
customary to thermally drive the dopant atoms into the silicon at elevated temper-
atures in order to produce junction depths appropriate for power devices. During this
drive-in process, the dopants migrate vertically downward within the diffusion
window to produce a parallel-plane junction. However, at the edges of diffusion
window, the dopants migrate laterally under the silicon dioxide while being driven
downward. If the lateral diffusion is assumed to be equal to the junction depth, this
process produces a cylindrical shaped junction at the edges of the diffusion window
as illustrated at the bottom of the figure. The breakdown voltage of the planar
junction is reduced by the presence of this junction curvature [9].
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A sharp point is formed at the corners of the rectangular diffusion window. The
dopants are driven in three dimensions away from this corner producing a junction
which is one-eighth of a spherical surface. An even greater electric field enhance-
ment occurs due to the presence of these spherical junctions at the four corners of the
rectangular window. The breakdown voltage at these locations is consequently lower
than that at the edges of the window where the cylindrical junctions are located.
Lateral diffusion in silicon under a silicon dioxide mask has been found to be 85% of
the vertical depth. These junctions can be approximated as either cylindrical or
spherical junctions in order to derive analytical solutions to the breakdown voltage.

Cylindrical Junction

A cross section of the cylindrical junction is shown in Fig. 3.13 with junction depth
of rJ. If the P

+ diffused side of the junction is assumed to have a very high doping
concentration when compared with the N-type substrate, the depletion layer will
extend only on the N-side as shown in the figure to a depth rD. The analysis of the
breakdown of this structure has been performed by numerical simulations [10]. The
breakdown voltage for the cylindrical junction can also be analytically obtained by
solving Poisson’s equation in cylindrical coordinates [11]:

1
r

d

dr
r
dV

dr


 �
¼ �1

r

d

dr
r:Eð Þ ¼ �Q rð Þ

εS
¼ � q:ND

εS
ð3:38Þ

where the potential V(r) and electric field E(r) are defined along the radius vector
r extending into the depletion region as shown in Fig. 3.13. Integration of this
equation with the boundary condition that the electric field must be zero at the

Silicon
Dioxide

Window
in the

Silicon
Dioxide

Silicon 
Dioxide

SiliconN
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Fig. 3.12 The planar
junction obtained by
diffusion through a window
in a silicon dioxide mask
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depletion region boundary (rD) in the N-type region provides the electric field
distribution:

E rð Þ ¼ qND

2εS

r2 � r2D
r


 �
ð3:39Þ

As in the case of the parallel-plane junction, the maximum value for the electric
field occurs at the metallurgical junction located at r ¼ rJ:

Em,CYL rJð Þ ¼ qND

2εS

r2J � r2D
rJ


 �
ð3:40Þ

The maximum electric field generated in the cylindrical junction is significantly
larger than that observed in the parallel-plane case. This can be demonstrated by
considering the case of a cylindrical junction whose radius of curvature (rJ) is small
when compared with the depletion width and consequently the radius rD. Since rJ is
much smaller than rD in this case, the maximum electric field is given by:

Em,CYL rJð Þ ¼ � qNDr
2
D

2εSrJ
ð3:41Þ

The maximum electric field for the parallel-plane junction is given by Eq. (3.12) with
x ¼ 0:

Em,PP ¼ � qNDWD

εS
ð3:42Þ

If the depletion widths for the two cases are assumed to be approximately equal at the
same reverse bias voltage (i.e., rD ¼ WD), then the enhancement of the electric field
at the cylindrical junction can be obtained by taking the ratio of the maximum
electric field for the two cases:

P+

N

rD

rJ

r

dr

Junction

Depletion
Layer
Boundary

Fig. 3.13 The cylindrical
junction
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Em,CYL

Em,PP
¼ rD

2rJ
ð3:43Þ

From this equation, it can be concluded that, for shallow junctions with small radii of
curvature, the maximum electric field is significantly larger than for the parallel-
plane case. For example, if the junction depth is 1 μm and the depletion region has a
thickness of 30 μm, the maximum electric field at the cylindrical junction will be
15 times larger than that for the parallel-plane case. Since impact ionization is a very
strong function of the electric field, avalanche breakdown will occur at a lower
voltage for the cylindrical junction than for a parallel-plane junction with the same
doping concentration on the lightly doped side.

The potential distribution for the cylindrical junction, obtained by integration of
the electric field distribution, is given by:

V rð Þ ¼ qND

2εS

r2 � r2J
2


 �
þ r2D ln

r

rJ


 �� �
ð3:44Þ

The width of the depletion layer for the cylindrical junction can be obtained by using
the boundary conditions for the voltage, namely, the voltage being equal to zero on
the highly doped side and Va in the lightly doped side. The breakdown voltage for the
cylindrical junction can be obtained by performing the ionization integral using the
electric field distribution given by Eq. (3.39). In order to obtain a closed form
solution for the ionization integral, it is convenient to make the approximation that
the electric field varies inversely with distance from the junction:

E rð Þ ¼ �qND

2εS

r2D
r
¼ �KC

r
ð3:45Þ

The electric field distribution obtained by using this hyperbolic approximation is
compared with that given by Eq. (3.39) in Fig. 3.14 for the case of rJ ¼ 0.1 rD.
The hyperbolic approximation provides a good fit to the exact case in the vicinity
of the junction where the electric field is large. Since the impact ionization coeffi-
cients are a very strong function of the electric field, the approximation is satisfactory
for the evaluation of the ionization integral. It is worth pointing out that
the hyperbolic approximation implies that the electric field distribution extends to
an infinite distance from the junction. Consequently, the ionization integral must also
be performed to infinity when using the hyperbolic approximation for the electric
field.

Evaluation of the ionization integral using the hyperbolic variation of the electric
field together with Baliga’s law for the ionization coefficient for silicon yields a
solution for the breakdown condition for the cylindrical junction:

KC ¼ 6 r6J
3:507� 10�35


 �1=7

¼ qNDr
2
D

2εS
ð3:46Þ
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By combining this condition for breakdown with Eq. (3.41) for the maximum
electric field, the critical electric field for breakdown at the cylindrical junction is
obtained:

EC,CYL ¼ 1:711� 1035

rJ


 �1=7

ð3:47Þ

The critical electric field for breakdown in the case of cylindrical junctions can be
compared with the critical electric field for the parallel-plane junction by taking their
ratio:

EC,CYL

EC,PP
¼ 3WPP

4 rJ


 �1=7

ð3:48Þ

In deriving this relationship, the critical electric field (EC,PP) for the parallel-plane
case was related to the depletion width (WPP) by using Eqs. (3.19) and (3.22). Since
the radius of curvature of the junction is assumed to be small compared with the
depletion layer thickness, the above relationship indicates that the critical electric
field for breakdown in the cylindrical junction is larger than that for the parallel-
plane junction. This difference is associated with the high electric field being located
over a shorter distance in the case of the cylindrical junction when compared with the
parallel-plane junction.

Fig. 3.14 Comparison of the electric field distribution for the hyperbolic approximation with the
exact case for a cylindrical junction
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The breakdown voltage for the cylindrical junction can be obtained by using
r ¼ rD in Eq. (3.44) with the value for rD defined by the breakdown condition as
governed by Eq. (3.46). In order to generalize the solution to represent a wide variety
of junctions with different doping concentrations on the lightly doped side, it is
convenient to normalize the breakdown voltage of the cylindrical junction to that for
the parallel-plane case. In order to obtain this generalized solution, it is also
convenient to normalize the radius of curvature of the junction to the depletion
layer thickness at breakdown for the parallel-plane junction. This methodology
provides the normalized breakdown voltage for the cylindrical junction:

BVCYL

BVPP
¼ 1

2
rJ
WPP


 �2

þ 2
rJ
WPP


 �6=7
" #

: ln 1þ 2
WPP

rJ


 �8=7
" #

� rJ
WPP


 �6=7

ð3:49Þ
It is worth pointing out that this relationship was derived under the assumption that
the radius of curvature of the junction is small when compared with the depletion
layer thickness (i.e., rJ/WPP < < 1). Since power devices are usually fabricated with
shallow junctions when compared with the large depletion layer widths required to
support high voltages, the above equation is usually valid for their analysis.

The normalized breakdown voltage for cylindrical junctions as predicted by the
above equation is plotted in Fig. 3.15 as a function of the normalized radius of
curvature. This graph is valid for junctions fabricated from any doping concentration
on the lightly doped side as long as the radius of curvature is small when compared
with the depletion layer width at breakdown for the parallel-plane junction with the

Fig. 3.15 Breakdown voltages of cylindrical and spherical junctions normalized to the parallel-
plane case
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same doping concentration on the lightly doped side. It can be seen that the
breakdown voltage for the cylindrical junction increases when the radius of curva-
ture (or junction depth) is increased. Shallower junction can be used for power
devices with lower breakdown voltages due to the relatively high doping concen-
tration and small depletion layer widths in the drift region. Power devices with high
breakdown voltages require large junction depths to reduce the degradation of the
breakdown voltage due to junction curvature. As an example, if a junction depth of
3 μm is used with a background doping concentration of 1 � 1015 cm�3

corresponding to a depletion layer width of 18 μm, the normalized breakdown
voltage is 42.7% of the breakdown voltage for the parallel-plane case. However, if
the doping concentration of the drift region is reduced to 4 � 1014 cm�3

corresponding to a depletion layer width of 40 μm, the normalized breakdown
voltage is reduced to only 30% of the breakdown voltage for the parallel-plane
case. In practice, it is impractical to obtain a normalized radius of curvature of more
than 0.4 making it difficult to raise the normalized breakdown voltage for the
cylindrical junction to above 50% of the parallel-plane case. It is therefore common
practice to incorporate floating field rings and field plates to enhance the breakdown
voltage of cylindrical junctions as discussed later in the chapter.

Simulation Example
The results of two-dimensional numerical simulations are provided in this section for
the case of a drift region with doping concentration of 3.8 � 1014 cm�3 to gain
further insight into the physics of operation for the cylindrical junction. The simu-
lations were performed by using impact ionization coefficients reported in the
literature for silicon [12]. At this doping concentration, the parallel-plane breakdown
voltage was found to be 520 V with a depletion region thickness of 41 μm for the
case of a P+ region with a surface doping concentration of 1 � 1020 cm�3 and depth
of 5 μm. The breakdown voltage obtained with the simulations matches that
predicted by the analytical formulation in Eq. (3.18) based up on Baliga’s power
law for the impact ionization coefficient for silicon. The electric field at the junction
was found to be 2.35 � 105 V/cm at breakdown. This field matches the critical
electric field for breakdown predicted by Eq. (3.22) based up on Baliga’s power law
for the impact ionization coefficient for silicon.

The breakdown voltages of planar junctions with cylindrical curvature were
obtained by performing simulations with various junction depths ranging from
2 to 20 μm. The breakdown voltages obtained with the two-dimensional numerical
simulations for the various junction depths were normalized to the breakdown
voltage of the parallel-plane junction as determined by the simulations. The normal-
ized breakdown voltage for these cylindrical junctions is plotted in Fig. 3.16 as a
function of the normalized radius of curvature together with the analytically derived
curve previously shown in Fig. 3.15. A good agreement between the results of the
simulations and the analytical formulation is observed at small junction depths
confirming that the analytical model provides a reasonable approach for the analysis
of the breakdown voltage for cylindrical junctions. However, the analytical model
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underestimates the breakdown voltage by more than 10% when the normalized
junction depth is larger than 0.4.

A three-dimensional view of the electric field at the cylindrical junction is shown
in Fig. 3.17 for the case of a junction depth of 5 μm at a reverse bias of 200 V. It can
be seen that there is an enhancement in the electric field at the corner of the junction
with much larger electric fields in this location when compared with the middle of
the junction. The degree of enhancement of the electric field depends upon the radius
of curvature of the junction. This is illustrated in Fig. 3.18 by comparing the electric
field profile at various reverse bias voltages for junctions with different depths. It can
be observed that a larger electric field develops at the cylindrical junction at the same
magnitude for the reverse bias voltage (see arrows at VR ¼ 150 V for the three cases)
when its junction depth is smaller. This is responsible for a reduction in the
breakdown voltage.

Spherical Junction

It is common practice to fabricate devices in integrated circuits by using rectangular
windows, as illustrated in Fig. 3.12, because this simplifies the layout of the chip. As
already discussed, a spherical junction is formed at each of the four corners of the
rectangular diffusion window. A cross-sectional view of this spherical junction is
identical to that illustrated in Fig. 3.13 for the cylindrical junction. However, the
electric field is enhanced even further than for the cylindrical junction because the
field lines approach a point in three dimensions for the spherical junction, while they

Fig. 3.16 Breakdown voltages of cylindrical junctions: comparison of simulated results with
analytical model
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approach a line from two dimensions for the cylindrical junction. This difference in
behavior can be analyzed by performing the solution for Poisson’s equation [11] in
spherical coordinates:

1
r2

d

dr
r2
dV

dr


 �
¼ � 1

r2
d

dr
r2E
� � ¼ �Q rð Þ

εS
¼ �qND

εS
ð3:50Þ

where the potential V(r) and electric field E(r) are defined along the radius vector
r extending into the depletion region as shown in Fig. 3.13. Integration of this
equation with the boundary condition that the electric field must be zero at the
depletion region boundary (rD) in the N-type region provides the electric field
distribution:

E rð Þ ¼ qND

3εS

r3 � r3D
r2


 �
ð3:51Þ

The maximum value for the electric field for the spherical junction also occurs at
the metallurgical junction located at r ¼ rJ:

Em,SP rJð Þ ¼ qND

3εS

r3J � r3D
r2J


 �
ð3:52Þ

The maximum electric field generated in the spherical junction is not only signifi-
cantly larger than that observed in the parallel-plane case but exceeds that generated
in the cylindrical junction. This can be demonstrated by considering the case of a

Fig. 3.17 Electric field
distribution in a cylindrical
junction
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spherical junction whose radius of curvature (rJ) is small when compared with the
depletion width and consequently the radius rD. Since rJ is much smaller than rD in
this case, the maximum electric field is given by:

Em,SP rJð Þ ¼ � qNDr
3
D

3εSr2J
ð3:53Þ

If the depletion widths for the spherical and cylindrical cases are assumed to be
approximately equal at the same reverse bias voltage (i.e., rD ¼ WD), then the
enhancement of the electric field at the spherical junction over that at the cylindrical
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Fig. 3.18 Electric field profiles in cylindrical junctions with various junction depths
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junction can be obtained by taking the ratio of the maximum electric field for the two
cases:

Em,SP

Em,CYL
¼ 2rD

3rJ
ð3:54Þ

From this equation, it can be concluded that, for shallow junctions with small radii of
curvature, the maximum electric field generated at the sharp corners of diffusion
windows is significantly larger than along the sides of the window. For example, if
the junction depth is 1 μm and the depletion region has a thickness of 30 μm, the
maximum electric field at the spherical junction will be 20 times larger than that at
the cylindrical junction. Since impact ionization is a very strong function of the
electric field, avalanche breakdown will occur at the corners of the rectangular
diffusion window at a lower voltage than at the edges or middle of the diffused
region.

The potential distribution for the spherical junction, obtained by integration of the
electric field distribution, is given by:

V rð Þ ¼ qND

3εS

r2 � r2J
2


 �
þ r3D

1
r
� 1
rJ


 �� �
ð3:55Þ

The width of the depletion layer for the spherical junction can be obtained by using
the boundary conditions for the voltage, namely, the voltage being equal to zero on
the highly doped side and Va in the lightly doped side. The breakdown voltage for the
spherical junction can be obtained by performing the ionization integral using the
electric field distribution given by Eq. (3.51). In order to obtain a closed form
solution for the ionization integral, it is convenient to make the approximation that
the electric field varies inversely as the square of the distance from the junction:

E rð Þ ¼ �qND

3εS

r3D
r2

¼ �KS

r2
ð3:56Þ

The electric field distribution obtained by using this inverse square approximation is
compared with that given by Eq. (3.51) in Fig. 3.16 for the case of rJ ¼ 0.1 rD. The
inverse square approximation provides a very good fit to the exact case especially in
the vicinity of the junction where the electric field is large. Since the impact
ionization coefficients are a very strong function of the electric field, the approxi-
mation is satisfactory for the evaluation of the ionization integral. It is worth pointing
out that this approximation implies that the electric field distribution extends to an
infinite distance from the junction. Consequently, the ionization integral must also be
performed to infinity when using the inverse square approximation for the electric
field (Fig. 3.19).

Evaluation of the ionization integral using the inverse square variation of the
electric field together with Baliga’s law for the ionization coefficient yields a
solution for the breakdown condition for the cylindrical junction:
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KSP ¼ 13r13J
3:507� 10�35


 �1=7
¼ qNDr

3
D

3εS
ð3:57Þ

By combining this condition for breakdown with Eq. (3.53) for the maximum
electric field, the critical electric field for breakdown at the spherical junction is
obtained:

EC,SP ¼ 3:71� 1035

rJ


 �1=7
ð3:58Þ

The critical electric field for breakdown in the case of cylindrical junctions can be
compared with the critical electric field for the parallel-plane junction by taking their
ratio:

EC,SP

EC,PP
¼ 13WPP

8rJ


 �1=7
ð3:59Þ

In deriving this relationship, the critical electric field (EC,PP) for the parallel-plane
case was related to the depletion width (WPP) by using Eqs. (3.19) and (3.22). Since
the radius of curvature of the junction is assumed to be small compared with the
depletion layer thickness, the above relationship indicates that the critical electric
field for breakdown in the spherical junction is larger than that for the parallel-plane
junction. This difference is associated with the high electric field being located over a

Fig. 3.19 Comparison of the electric field distribution for the inverse square approximation with
the exact case for a spherical junction
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shorter distance in the case of the spherical junction when compared with the
parallel-plane junction.

The breakdown voltage for the spherical junction can be obtained by using
r ¼ rD in Eq. (3.55) with the value for rD defined by the breakdown condition as
governed by Eq. (3.57). In order to generalize the solution to represent a wide
variety of junctions with different doping concentrations on the lightly doped
side, it is convenient to normalize the breakdown voltage of the spherical junction
to that for the parallel-plane case. In order to obtain this generalized solution, it is
also convenient to normalize the radius of curvature of the junction to the
depletion layer thickness at breakdown for the parallel-plane junction. This
methodology provides the normalized breakdown voltage for the spherical
junction:

BVSP

BVPP
¼ rJ

WPP


 �2
þ 2:14

rJ
WPP


 �6=7
� rJ

WPP


 �3
þ 3

rJ
WPP


 �13=7" #2=3
ð3:60Þ

It is worth pointing out that this relationship was derived under the assumption
that the radius of curvature of the junction is small when compared with the
depletion layer thickness (i.e., rJ/WPP < < 1). Since power devices are usually
fabricated with shallow junctions when compared with the large depletion layer
widths required to support high voltages, the above equation is usually valid for
their analysis.

The normalized breakdown voltage for spherical junctions as predicted by the
above equation is also plotted in Fig. 3.15 as a function of the normalized radius of
curvature. This graph is valid for junctions fabricated from any doping concentration
on the lightly doped side as long as the radius of curvature is small when compared
with the depletion layer width at breakdown for the parallel-plane junction with the
same doping concentration on the lightly doped side. It can be seen that the
breakdown voltage for the spherical junction increases when the radius of curvature
(or junction depth) is increased.

The breakdown voltage at the spherical junctions formed at the corners of the
rectangular diffusion window is substantially lower than the breakdown voltage at
the cylindrical junctions formed at the straight edges of the window. For instance,
at a normalized radius of curvature of 0.2, the breakdown voltage is reduced from
46% to 28% of the parallel-plane value. This is detrimental to achieving low
on-state voltage drops in power devices because the doping concentration must be
reduced and thickness of the drift region must be increased to achieve the desired
breakdown voltage in the presence of the spherical junction curvature. This
problem can be overcome by rounding the corners of the diffusion window. It
is a common practice to design the windows of high-voltage power devices with
the corners rounded with a radius that is at least twice the thickness of the
depletion region (WPP) for the parallel-plane junction at breakdown for the drift
region.
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3.6.2 Planar Junction with Floating Field Ring

An elegant method for improving the breakdown voltage of planar junctions is by
surrounding the diffusion window with a floating field ring [13]. This can be
implemented by opening a diffusion window for the floating field ring simulta-
neously with the main junction with no additional process steps. A top view of the
structure is shown in Fig. 3.20 together with a cross section taken at the red line with
the red arrows. Note that there is no metal contact made to the floating field ring
allowing it to attain a potential intermediate to the voltage applied to the cathode.
Although the depth of the floating field ring could be greater or smaller than the main
junction, in practice the floating field ring is invariably fabricated at the same time as
the main junction giving it the same depth. The analysis in this section will therefore
be confined to this case.

In order for the floating field ring to perturb the electric field at the main junction,
it must be located within the depletion width of the main junction. The optimum
location of the floating field ring has been determined by numerical simulations
[14]. If the spacing of the floating ring is too close to the main junction, its potential
becomes close to that of the main junction and the breakdown voltage is not
substantially improved because a high electric field develops at the floating field
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Fig. 3.20 The planar junction with floating field ring
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ring. On the other hand, if the floating field ring is placed too far from the main
junction, it has minimal effect on the electric field at the main junction resulting in
insubstantial improvement in the breakdown voltage. It is necessary to place the
floating field ring at an optimal spacing in order to provide an improvement in the
breakdown voltage. It is worth pointing out that the spacing on the mask for the
design of the floating field ring termination must take into account the lateral
diffusion of the junctions. Once the optimum spacing of WS is obtained, the spacing
on the mask is given by:

Wm ¼ WS þ 2xJ ð3:61Þ
The potential assumed by the floating field ring can be analytically determined

under the assumption that the presence of the floating field ring does not perturb the
extension of the depletion region from the main junction. If the floating ring is
assumed to have a small width then its potential can be assumed to equal to the
potential within the depletion region at a distance WS from the junction. Using the
potential distribution for the parallel-plane junction given by Eq. (3.13) with x ¼WS

and a depletion width of WD:

VFFR ¼ qND

εS
WDWS �W2

S

2


 �
ð3:62Þ

Replacing WD by using Eq. (3.15):

VFFR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qNDW

2
SV a

εS

s
� qNDW

2
S

2εS
ð3:63Þ

This equation indicates that the potential of the floating field ring will increase as the
square root of the applied bias to the cathode. It is worth pointing out that this
equation is valid only when the depletion layer width of the main junction exceeds
the field ring spacing. When the applied reverse bias is insufficient to allow the
depletion layer from the main junction to overlap the floating field ring, the potential
of the floating field ring is equal to the reverse bias applied to the cathode.

The potential of the floating field ring calculated by using the above formula is
shown in Fig. 3.21 for various examples of the field ring spacing together with the
case of a very large field ring spacing where the field ring potential to equal to the
applied bias to the cathode. For the smallest spacing of 3 μm, the potential at the field
ring increases in proportion to the applied bias up to about 10 V and then increases at
a more gradual rate after the depletion layer from the main junction extends to the
floating field ring. When the field ring spacing is increased to 5, 10, and 15 μm, this
transition occurs at a larger applied bias of about 20, 40, and 100 V, respectively.
This has a strong influence on the electric field at the edges of the main junction and
floating field ring junction.

As discussed earlier, the floating field ring must be located at an optimal position
in order to maximize the breakdown voltage. With an optimum spacing (WS), the
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electric field at the main junction and floating field ring junction simultaneously
become equal to the critical electric field for breakdown. Analysis of the breakdown
voltage for the floating field ring termination [15] can be performed under the
assumption that the electric field at the main junction is determined by the difference
in voltage between the main junction and the floating field ring while the electric
field at the floating field ring junction is governed by the cylindrical junction. Under
these assumptions, the potential of the floating field ring (VFFR) must be equal to the
breakdown voltage of the cylindrical junction with the same radius of curvature and
doping concentration in the drift region:

VFFR

BVPP
¼ BVCYL

BVPP
ð3:64Þ

The difference in the voltage between the main junction (VM) and the floating field
ring can be obtained by using the voltage distribution for a cylindrical junction given
by Eq. (3.44) with r ¼ WS:

VM � VFFRð Þ ¼ qND

2εS

r2J �W2
S

2


 �
þ r2D: ln

WS

rJ


 �� �
ð3:65Þ

Under breakdown, the potential of the main junction (VM) becomes equal to the
breakdown voltage of the floating field ring termination (BVFFR). Making use of
Eqs. (3.63), (3.65) and the basic relationship for the parallel-plane junction:

BVPP ¼ 1
2
ECWPP ¼ qND

2εS
W2

PP ð3:66Þ

Fig. 3.21 Floating field ring potential for various field ring spaces
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to normalize the solution, it can be shown that:

BVFFR � BVCYL

BVPP


 �
¼ 1

2
rJ
WPP


 �2

� 0:96
rJ
WPP


 �6=7

þ 1:92
rJ
WPP


 �6=7

ln 1:386
WPP

rJ


 �4=7
" # ð3:67Þ

It is worth pointing out that this expression is valid under the assumptions that (a) the
radius of curvature for the junction is small when compared with the depletion layer
width at breakdown for the parallel-plane junction and (b) the floating field ring is
located at an optimal spacing from the main junction. The normalized breakdown
voltage calculated using this analytical formulation is compared with the breakdown
voltage for the cylindrical junction in Fig. 3.22.

From Fig. 3.22, it can be observed that the breakdown voltage can be
approximately doubled by the addition of a floating field ring to the cylindrical
junction. This provides a powerful method for increasing the breakdown voltage
with no additional processing steps because the floating field ring can be formed
simultaneously with the main junction. This design requires precise location of the
floating field ring at the optimum spacing from the main junction. An analytical
solution for the optimal spacing [12] can be derived by solving for WS in Eq. (3.65)
with VM equal to BVFFR and VFFR equal to BVCYL and eliminating ND by using
Eq. (3.66):

Fig. 3.22 Breakdown voltages for cylindrical junctions with a single floating field ring
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W2
S � 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
BVFFR

BVPP

r
WPPWS þ BVCYL

BVPP


 �
W2

PP ¼ 0 ð3:68Þ

This quadratic equation provides an elegant solution for the optimum field ring
spacing in terms of the breakdown voltage of the cylindrical and floating field ring
cases when the spacing is normalized to the depletion width of the parallel-plane
junction at breakdown:

WS

WPP
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
BVFFR

BVPP

r
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BVFFR

BVPP


 �
� BVCYL

BVPP


 �s
ð3:69Þ

The normalized optimum spacing for the floating ring is a function of the ratio of
the radius of curvature of the junction to the depletion layer width at breakdown for
the parallel-plane junction because the normalized breakdown voltages in the above
equation depend on this ratio. A plot for the normalized optimum spacing for the
floating field ring is provided in Fig. 3.23. The optimum spacing becomes larger with
increasing normalized radius of curvature for the junction. The optimum spacing is
in the range of 0.15–0.35 times the depletion layer width for the parallel-plane
junction at breakdown. For a doping concentration of 3.8 � 1014 cm�3 (previously
used in the context of cylindrical junctions) and a junction depth of 5 μm, a
normalized radius of curvature of 0.11 is obtained because the depletion layer
width at breakdown is 47 μm. Using this value, an optimum spacing for the floating
field ring is found to be 12 μm by using the analytical solution corresponding to a
normalized value of 0.258.

Fig. 3.23 Optimum spacing for a single floating field ring
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Simulation Example
The results of two-dimensional numerical simulations are provided in this section for
the case of a drift region with doping concentration of 3.8 � 1014 cm�3 to gain
further insight into the operation of the cylindrical junction with floating field ring.
At this doping concentration, the parallel-plane breakdown voltage was found to be
520 V with a depletion region thickness of 41 μm for the case of a P+ region with a
surface doping concentration of 1 � 1020 cm�3 and depth of 5 μm as discussed
earlier. The simulations of the floating field ring termination were performed with
various spacing between the main junction and the floating field ring. In all cases, the
main junction had a width of 50 μm, and the width of the window for the floating
field ring was maintained at 20 μm.

The potential of the floating field ring was monitored during the simulations as a
function of the applied reverse bias to the main junction. As expected, the floating
ring potential increases with increasing applied reverse bias as shown in Fig. 3.24.
The potential of the floating field ring remains equal to the applied bias up to the
corresponding vertical dashed line marked in the figure for each value for the
spacing. This potential is very well predicted by the analytical solutions shown in
Fig. 3.21. The potential increases more gradually, as described by the analytical
model, when the applied bias extends the depletion region of the main junctions
beyond the spacing of the floating field ring. The predictions of the analytical model,
as shown in Fig. 3.21 in this domain of operation, are in good agreement with the
simulation results for spacing above 5 μm providing credence to the model even
though it was based upon simple one-dimensional considerations.
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The breakdown voltages of the cylindrical junction with floating field rings were
obtained by performing simulations with various floating field ring spacing ranging
up to 15 μm. The breakdown voltage was found to go through a maximum value as
the floating field ring spacing was increased as shown in Fig. 3.25. The maximum
breakdown voltage was found to be 320 V, which is 62% of the parallel-plane
breakdown voltage. The normalized breakdown voltage (66% of the parallel-plane
breakdown voltage) predicted by the analytical model for this case of normalized
radius of curvature of 0.11 is in good agreement with the simulated value.

The optimum spacing for the floating field ring obtained from the simulations is
10 μm, which is 24% of the depletion layer width for the parallel-plane junction. The
analytical model predicts an optimum spacing of 0.26 times the depletion layer width
for the parallel-plane junction. Consequently, the analytical model provides an
excellent tool for choice of the placement for the floating field ring. This spacing
can then be further refined by performing two-dimensional numerical simulations.

In order to gain further insight into the impact of an optimum placement of the
floating field ring, the electric field distribution is shown in Fig. 3.26 for three values
for the field ring spacing. In each case, the electric field has been plotted along the
surface for various reverse bias voltages applied to the cathode. In the case of the
smallest spacing of 5 μm, the electric field increases more rapidly at the edge of the
floating field ring located at 90 μm. This results in breakdown occurring at the edge
of the floating field ring at a lower reverse bias voltage. In the case of the largest
spacing of 15 μm, the electric field increases more rapidly at the edge of the main
junction located at 55 μm. This results in breakdown occurring at the main junction
at a lower reverse bias voltage. For the optimum floating field ring spacing of 10 μm,
the maximum electric field at the edge of the field ring is equal to the maximum
electric field developed at the main junction. In this case, the breakdown voltage is
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Fig. 3.25 Breakdown voltages of cylindrical junctions with a single floating field ring
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maximized with breakdown occurring simultaneously at the edge of the floating field
ring and the edge of the main junction.

A three-dimensional view of the electric field distribution is shown at a reverse
bias of 300 V in Fig. 3.27 for the case of a cylindrical junction with a single floating
field ring located at 10 μm from the main junction. It can be observed that the electric
fields at the edges of the main junction and the field ring are equal in magnitude
indicating the floating field ring is located at an optimum distance from the main
junction. However, the electric fields at these edges are much larger than in the
parallel-plane portion of the main junction. This enhancement of the electric field is
responsible for the breakdown voltage for even the optimum floating field ring
design being less than the parallel-plane breakdown voltage.
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Fig. 3.26 Electric field profiles in cylindrical junctions with single floating field rings with various
spacing
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Impact of Fixed Oxide Charge

The breakdown voltage of the edge termination with floating field rings has been
found to be sensitive to the presence of fixed oxide charge in the passivation layer
between the main junction and the floating field ring. This can be understood by
considering the influence of the oxide charge on the depletion layer under the
passivation oxide as schematically illustrated in Fig. 3.28. The presence of a negative
charge in the oxide compensates the positive charge at the ionized donors producing
an extension of the depletion layer along the surface. The presence of a positive
charge has the opposite effect on the depletion layer at the surface. In the case of a
cylindrical junction, the presence of a positive charge in the oxide, which occurs in
thermally grown oxide layers on silicon, enhances the junction curvature and electric
field resulting in a reduction of the breakdown voltage. In the case of the edge
termination with a floating field ring, the presence of the positive charge in the oxide
perturbs the potential acquired by the floating field ring. This disturbs the electric
field distribution for an optimally spaced floating field ring designed without taking
this charge into account.

Simulation Example
Numerical simulations for the case of floating field ring spacing of 10 μm were
repeated after inclusion of an oxide charge of 1 � 1011 cm�2. The breakdown
voltage obtained by the simulations was 256 V, which is considerably lower than
before inclusion of the oxide charge. This can be understood by examination of the
electric field within the structure as shown in Fig. 3.29 at a reverse bias of 250 V. It
can be seen that the electric field at the edge of the main junction has been enhanced

Fig. 3.27 Three-
dimensional view of the
electric field distribution for
a cylindrical junction with a
single floating field ring
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in relation to the electric field at the edge of the floating field ring due to the positive
charge in the oxide.

In principle, it is possible to account for the presence of the oxide charge during
the optimization of the design of the location of the floating field ring. Unfortunately,
the charge in the thermally grown field oxide during the fabrication of power devices
can vary from wafer to wafer and even across a wafer by as much as 1011 cm�2.
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Fig. 3.29 Three-
dimensional view of the
electric field distribution for
a cylindrical junction with a
single floating field ring:
impact of fixed oxide charge
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The results of the simulations demonstrate that the breakdown voltage for an edge
termination with single floating field ring can be significantly reduced due to the
presence of this charge. This can produce a wide distribution in the breakdown
voltages of the power devices which is detrimental to getting a high yield during
their manufacturing. This problem can be mitigated by using multiple floating field
rings.

Floating Field Ring Width

It is advantageous to reduce the width of the floating field ring as much as possible
from the point of view of saving space occupied by the edge termination at the
periphery of the power devices. However, it has been found that the effectiveness of
the floating field ring in terms of improving the breakdown voltage of the cylindrical
junction is compromised if its width becomes too small. This is schematically
illustrated in Fig. 3.30, where the depletion layer shape is shown for a narrow and
wide floating field ring. The electric field becomes enhanced at the edge of the
floating field ring when its width is too small. It is necessary to make the width of the
floating field ring at least equal to the depletion width (WPP) of the parallel-plane
junction at breakdown to achieve its full effectiveness.

3.6.3 Planar Junction with Multiple Floating Field Rings

In the case of devices that are designed to support less than 50 V, the depletion width
is relatively small, and a single floating field ring is usually sufficient to provide a
breakdown voltage close to that for the parallel-plane junction even when the
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junction depth is less than 5 μm. However, as the breakdown voltage of the device
(and consequently the depletion width) increases, the breakdown voltage for a
cylindrical junction with a single floating field ring becomes much lower than that
for the parallel-plane junction. This problem can be overcome by the placement of
multiple floating field rings around the main junction.

The electric field developed at the edge of the single floating field ring can be
reduced by the addition another floating field ring that surrounds it. This favors a
closer spacing for the first floating field ring from the main junction than the
optimum spacing with a single floating field ring. This approach can be applied to
each additional floating field ring around the main junction. In addition, the width of
the floating field rings can be reduced when they are placed away from the main
junction because the depletion width is smaller under them.

Two approaches to designing the edge termination with multiple floating field
rings have evolved. In the first approach, shown in Fig. 3.31, both the floating field
ring width and the spacing between the field rings is reduced with increasing
distance from the main junction. This produces a gradual variation of the depletion
width at the termination which is favorable for reducing electric fields. In this
approach, the width of the outer rings is reduced in proportion to the underlying
depletion layer width because this reduces the space occupied by the termination.
The optimization of the spacing between the rings requires a precise knowledge of
the charge in the field oxide. With an optimum design, the electric field at the outer
edge of all the field rings is equal so that avalanche breakdown occurs simulta-
neously at these locations.

In the second approach shown in Fig. 3.32, all the floating field rings are equally
spaced and their widths are made equal. This allows accommodating more floating
field rings within a given space on the edge of the chip. This produces a finer
gradation of the depletion region at the edge resulting in reducing the electric field.
The presence of more floating field rings is believed to reduce the impact of variation
in the oxide charge.

In principle, the use of multiple floating field rings allows increasing the break-
down voltage of planar junctions arbitrarily close to the parallel-plane breakdown
voltage by the addition of a very large number of rings. In practice, there is a
diminishing benefit in terms of increasing the breakdown voltage from the addition
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Fig. 3.31 Multiple floating field ring termination with graded spacing and width
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of floating rings, while more space is occupied by the edge termination resulting in a
larger die size and cost. Although planar edge terminations with up to ten floating
field rings have been reported, it is usually practical to use only up to three floating
field rings to enhance the breakdown voltage.

3.6.4 Planar Junction with Field Plate

A planar junction with a metal field plate located at its edge over the field oxide is
illustrated in Fig. 3.33. The electric field at the edge of a planar junction can be
modulated by the application of a bias voltage to the metal [16]. With no bias voltage
applied to the field plate, the depletion region boundary has the form indicated by
case A for the cylindrical junction. When a positive bias is applied to the field plate
with respect to the N-type substrate, it attracts electrons toward the surface. This
shrinks the extension of the depletion layer along the surface as indicated by case
B. This will enhance the electric field at the junction producing a reduction in the
breakdown voltage. On the other hand, if a negative bias is applied to the field plate,
it repels electrons away from the surface. This will produce an expansion of the
depletion region at the surface as indicated by case C. This will result in a reduction
of the electric field at the junction leading to an increase in the breakdown voltage.
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Fig. 3.32 Multiple floating field ring termination with equal spacing and width
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It has been found [16] that the breakdown voltage of the diode with the field plate
(BVFP) is related to the magnitude of the negative bias (VFP) applied to the field
plate:

BVFP ¼ mVFP þ K ð3:70Þ
where m and K are constants. The value for m is close to unity especially for smaller
field oxide thicknesses.

With the application of a sufficient potential to the field plate, it is possible to
approach the breakdown voltage of a parallel-plane junction. However, it is not
practical to provide a separate bias to a field plate in the case of discrete power
devices because of the additional package terminal as well as the cost associated with
the bias circuit. An alternative approach is to form the field plate by extending the
contact metal for the P+ region over the field oxide at the edge of the junction as
shown in Fig. 3.34. In this case, the application of a negative voltage to the P+ region
to reverse bias the P-N junction also provides a negative bias to the field plate. This
produces an expansion of the depletion region along the surface as illustrated in the
figure. The resulting reduction in the electric field at the cylindrical junction (point
A) will increase the breakdown voltage. However, a high electric field can be
produced at the edge of the field plate at point B. This can result in a reduction of
the breakdown voltage.

Analysis of the breakdown at the edge of the field plate can be performed by
treating the edge of the field plate as a cylindrical junction with the oxide under the
field plate serving as the highly doped side of the junction. The difference in the
dielectric constants for silicon dioxide and silicon must be taken into account when
making this analogy. In accordance with Gauss’s law, the electric field in the
semiconductor is related to the electric field in the oxide in proportion to their
permittivity. Based upon this, the junction depth corresponding to an oxide thickness
of tOX is given by:

xJ ¼ εSi
εOX


 �
tOX � 3tOX ð3:71Þ
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Fig. 3.34 Planar junction
with metal field plate over
the field oxide
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The breakdown voltage at the field plate for a field oxide thickness of 1 μmwould be
equivalent to the breakdown voltage of a cylindrical junction with a depth of 3 μm.
Using this junction depth, the breakdown voltage can be obtained by using the
analytical formulations developed for cylindrical junctions. However, it is important
to avoid sharp corners at the field plate to prevent degradation of the breakdown
voltage to that for a spherical junction with the same junction depth. For the case of a
doping concentration of 3.8 � 1014 cm�3 in the N-type substrate, the breakdown
voltage at the edge of the field plate can be determined to be 174 V using the
cylindrical junction analysis. This value is pessimistic as shown by the results of
two-dimensional numerical simulations.

Simulation Example
The results of two-dimensional numerical simulations are provided in this section for
the case of a drift region with doping concentration of 3.8 � 1014 cm�3 to gain
further insight into the operation of the cylindrical junction with a field plate.
At this doping concentration, the parallel-plane breakdown voltage was found
to be 520 V with a depletion region thickness of 41 μm for the case of a P+ region
with a surface doping concentration of 1 � 1020 cm�3 and depth of 5 μm. The
simulations of the field plate termination were performed with various lengths (LFP)
of the field plate and different field oxide thickness (tOX). Note that the length of the
field plate is defined as its extension from the edge of the junction (see Fig. 3.34) and
not the edge of the diffusion window. In all cases, the main junction had a width of
50 μm.

In the absence of the field plate, the breakdown voltage of the cylindrical junction
was found to be 220 V. For the case of a field oxide thickness of 1 μm, the
breakdown voltage was found to increase upon the addition of the field plate. The
increase in the breakdown voltage is dependent upon the length of the field plate as
shown in Fig. 3.35. It can be seen that extension of the field plate beyond 15 μm will
not produce enhancement of the breakdown voltage for this case. The addition of the
field plate provides a 40% improvement in the breakdown voltage over that for the
cylindrical junction. This is comparable to the improvement in breakdown voltage
obtained by using a single optimally spaced field ring.

A three-dimensional view of the electric field distribution within the silicon is
shown in Fig. 3.36 for the case of cylindrical junction with a field plate at a reverse
bias of 300 V. The field plate had a length of 10 μm and the field oxide thickness was
1 μm. The electric field in the semiconductor reaches a magnitude of about 3 � 105

V/cm at a much larger voltage when compared with the cylindrical junction (see
Fig. 3.17). The electric field at the edge of the field plate can be seen to be slightly
larger than at the edge of the cylindrical junction.

The breakdown voltage of the cylindrical junction with the field plate termination
is also dependent upon the thickness of the field oxide. This is demonstrated in
Fig. 3.37 for case of a junction depth of 5 μm and a field plate length of 10 μm. A
field oxide thickness of 1 μm is necessary to take full advantage of the incorporation
of the field plate. The breakdown voltage degrades when the field oxide thickness is
reduced below this value. In the case of an oxide thickness of 0.25 μm, the
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breakdown voltage is reduced to 205 V which is lower than that for the cylindrical
junction. This reduction is due to the enhanced electric field at the edge of the field
plate as shown in Fig. 3.38. It can be seen that this electric field exceeds that at the
junction resulting in avalanche breakdown being initiated at the edge of the field
plate. Although this is consistent with the predictions of the analytical model, the
magnitude of the breakdown voltage is significantly larger.

The effectiveness of the field plate in improving the breakdown voltage of
cylindrical junctions is also dependent upon the junction depth. The field plate has
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a stronger impact on the electric field for shallower junction depths due to its
proximity. As an example, when the junction depth was reduced from 5 to 2 μm
while maintaining the same field oxide thickness of 1 μm and field plate length of
10 μm, the breakdown voltage obtained by the numerical simulations was found to
be 280 V. In this case, the breakdown voltage is enhanced from 160 V for the
cylindrical junction by nearly a factor of 2 times.
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3.6.5 Planar Junction with Field Plates and Field Rings

A popular edge termination design for power devices combines the effectiveness of
the multiple floating field rings with field plates. The field plates are designed to
extend over the space between the junctions as shown in Fig. 3.39. The field plates
reduce the electric field at the edges of all the junctions and also prevent mobile ions
from entering the field oxide. Mobile ions can be introduced at the surface of power
devices during the packaging operations. It has been found that the presence of
mobile ions can produce instabilities (called walk-out) in the breakdown voltage
because they are redistributed by the electric field.

The floating field ring termination is the most practical solution for improving the
breakdown voltage of power devices with voltage ratings up to 1500 V. These
devices include power rectifiers, power MOSFETs, and IGBTs. Until the develop-
ment of this approach, it was common practice to etch the region between devices on
a wafer to expose the junction followed by passivation using dielectrics deposited on
the etched surface. This method, called mesa termination, was difficult to control
resulting in wide variability in the breakdown voltage. The evolution of the planar
junction termination with floating field rings brought about a major improvement in
the manufacturability of power devices.

3.6.6 Bevel Edge Terminations

Power rectifiers and thyristors with voltage ratings above 2000 V are required for
high power systems such as power distribution networks. Due to the high power
levels encountered in these applications, the current rating for the devices is also very
large (see Fig. 1.2). Consequently, these types of devices are manufactured with an
entire wafer serving as a single device. In addition, in order to improve the break-
down voltage capability, it is advantageous to prepare deep diffusions with low
surface concentration because this creates a graded doping profile at the junction.
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Floating Field Rings
Main
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Fig. 3.39 Multiple floating field ring termination with field plates
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A substantial portion of the applied reverse bias can then be supported within the
diffused region which enhances the breakdown voltage.

The diffusion coefficient for boron is too low even at 1200 �C (see Fig. 2.21) to
enable the fabrication of junctions with depths of 50–100 μm. It is necessary to
utilize aluminum and gallium as P-type dopants to prepare such deep junctions with
low surface concentrations by performing the diffusion at 1200 �C in a sealed tube.
The masking of such diffusions was not considered to be possible until the 1970s
making it impossible to fabricate planar junctions. A process for the fabrication of
planar junctions was eventually developed by using silicon nitride as the masking
layer [17]. Meanwhile, techniques were developed for reducing the electric field at
the edges of the wafer by using a bevel. The process of beveling consists of removal
of silicon at the edges of the wafer at a precisely controlled angle. The beveling of the
edges has been demonstrated to enhance the breakdown voltage by reducing the
electric field at the edges when compared with cutting the wafer orthogonal to the
surface.

Two configurations for the bevel edge termination have been found to be
successful for applications in power rectifiers and thyristors. The positive bevel
configuration, shown in Fig. 3.40, is preferable for the termination of the single
high-voltage junction within high-voltage power rectifiers. It is also utilized to
terminate the anode junction in high-voltage thyristors to obtain a stable reverse
blocking capability. In general, a positive bevel angle is defined as one where more
material is removed from the edge when progressing from the heavily doped side to
the lightly doped side of the P-N junction

The negative bevel termination, shown in Fig. 3.41, is used for the termination of
the forward blocking junction in thyristors. In general, a negative bevel angle is
defined as one where more material is removed from the edge when progressing
from the lightly doped side to the heavily doped side of the P-N junction. As
illustrated in the figure, a relatively shallow angle is required to obtain stable
performance with the negative bevel termination. These terminations are discussed
in more detail below.
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Fig. 3.40 Power rectifier
with positive bevel edge
termination
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Positive Bevel

The positive bevel edge termination with a bevel angle θ is illustrated in Fig. 3.42
with a simple model for the positions of the depletion regions on both sides of the
P-N junction shown by the dashed lines. In this Model A, the depletion regions are
assumed to retain a flat shape all the way to the bevel edge. The width of the
depletion region along the beveled surface (WS) is then related to the depletion
width of the P-N junction in the bulk (WB) by:

WS ¼ WB

sin θð Þ ð3:72Þ
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Fig. 3.41 Power thyristor with upper junction negative bevel edge termination
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Fig. 3.42 Positive bevel
edge termination: Model A
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Since the same voltage is being supported across the P-N junction in the bulk and at
the beveled surface, the maximum electric field at the surface of a positive bevel
(EmPB) is related to the maximum electric field in the bulk (EmB) by:

EmPB ¼ EmB
WB

WS


 �
¼ EmB sin θð Þ ð3:73Þ

This simple model overestimates the magnitude of the electric field at the surface of
the positive bevel because it does not take into account the impact of the removal of
the charge due to the bevel.

The influence of the bevel on the depletion region at the edges is included in
Model B. A positive bevel edge termination is illustrated in Fig. 3.43 for this case
with the positions of the depletion regions on both sides of the P-N junction shown
by the dashed lines. In order to maintain charge balance between the P- and N-sides
of the junction, the depletion region in the P-type region is reduced at the edge until it
is pinned at the junction. At the same time, the depletion region on the N-type region
expands at the edge to compensate for the removal of the charge labeled Q1 in the
figure. The expansion of the depletion region in the N-type region near the edge can
be represented by a right-angled triangle with an area Q2 which is equal to the
removed charge Q1.

The width of the depletion region along the beveled surface (WS) can be related to
the depletion width of the P-N junction in the bulk (WB). The hypotenuse (labeled
“a” in the figure) of the two right-angled triangles for the charges Q1 and Q2 must be
equal because the triangles have equal area and share a common angle. The other
sides are also related as indicated by the letters “b” and “c” in the figure. Since the
dimension “c” is equal to the depletion width in the bulk (WB):

a ¼ WB

sin θð Þ ð3:74Þ
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Fig. 3.43 Positive bevel
edge termination: Model B
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and

b ¼ WB

tan θð Þ ð3:75Þ

The width of the depletion region along the beveled surface is then given by:

WS ¼ aþ b ¼ WB
1

sin θð Þ þ
1

tan θð Þ

 �

ð3:76Þ

Since the same voltage is being supported across the P-N junction in the bulk and
at the beveled surface, the maximum electric field at the surface of a positive bevel
(EmPB) is given by:

EmPB ¼ EmB
WB

WS


 �
¼ EmB

sin θð Þ
1þ cos θð Þ


 �
¼ EmB tan

θ

2


 �
ð3:77Þ

The variation of the normalized surface electric field to the bulk value predicted by
this equation is shown in Fig. 3.44 as a function of the positive bevel angle together
with the predictions of the simple Model A. It can be seen that a significant reduction
of the surface electric field can be achieved by using the positive bevel. With a
positive bevel angle of 45�, the surface electric field is about 40% of the bulk value.
It has been found that surface breakdown can occur at lower electric fields than in the
bulk due to the presence of imperfections. However, a reduction in the electric field
by 40% is usually sufficient to shift the breakdown from the surface to the bulk. This
ensures stable operation while maximizing the breakdown voltage to that for a
parallel-plane junction. It is worth pointing out that the positive bevel edge

Fig. 3.44 Surface electric field in the positive bevel edge termination
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termination is the only technique that has been found to ensure that the surface
electric field is well below that in the bulk of the device.

Two-dimensional numerical simulations [18] of the positively beveled junction
have confirmed the reduction of the electric field at the surface. The maximum
surface electric field has been extracted for a variety of positive bevel angles using
simulations with different background doping concentration for the N-type region
and various doping profiles for the P-type region [19]. The normalized surface
electric field obtained from the simulations has a remarkably similar behavior
(shown in Fig. 3.44 with Model B) to that obtained with the simple analytical
method described above. These results indicate that the optimum positive bevel
angle is in the range of 30�–60�. Larger angles are not recommended because of the
enhanced surface electric field, while smaller angles lead to wasted space on the edge
of the wafer.

The positive bevel angle for high-voltage power devices, such as power rectifiers
and thyristors, is constructed by first attaching the wafer to a molybdenum heat sink.
A nozzle is used to bombard the edge of the wafer (while it is rotated) with an
abrasive powder (called grit). The angle of the nozzle in relation to the wafer surface
determines the positive bevel angle. The damage caused to the silicon crystal by the
grit blasting must be removed prior to the passivation of the surface. This technique
is commonly used to terminate the high-voltage blocking junction in power rectifiers
and the reverse blocking junction in high-voltage power thyristors.

Simulation Example
The results of two-dimensional numerical simulations are provided in this section for
the case of a drift region with doping concentration of 5 � 1013 cm�3 to gain further
insight into the operation of the positive bevel junction termination. At this doping
concentration, the parallel-plane breakdown voltage was found to be 3000 V with a
depletion region thickness of 300 μm for the case of a P+ region with a surface
doping concentration of 1 � 1019 cm�3 and depth of 50 μm. These values are
representative of the anode junction in high-voltage thyristors to provide its reverse
blocking capability. The simulations of the positive bevel termination were
performed with various bevel angles ranging from 15� to 90�. All the structures
had an oxide layer over the bevel surface as the passivation.

The reduction of the maximum surface electric field obtained from the numerical
simulations is shown in Fig. 3.45 for the various bevel angles. Although the surface
electric field is slightly larger than predicted by the analytical Model B, the results of
the simulations clearly demonstrate the benefits of using a positive bevel angle as a
termination for high-voltage, large area devices. The reduction of the surface electric
field predicted by Model B is more than that indicated by the simulations because the
model does not account for the extra charge created by the positive bevel within the
diffused P+ side of the junction. Based upon the results of the simulations, a positive
bevel angle of 45� is recommended and commonly used for power devices.

The electric field profiles along the surface of the bevel obtained from the
simulations are compared with the electric field profile in the bulk (dashed line) in
Fig. 3.46. As expected, the electric field in the bulk has a maxima located at the
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junction with a magnitude of 1.9 � 105 V/cm at a reverse bias of 3000 V. The
electric field profile at the surface is similar in nature for a bevel angle of 90�.
However, when the positive bevel angle is reduced, the peak of the surface electric
field shifts away from the junction. Since the reverse bias voltage is supported over a
larger distance along the surface, the magnitude of the maximum electric field is also
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smaller than that in the bulk. This redistribution of the electric field is responsible for
suppressing surface breakdown in the case of the positive bevel termination ensuring
that the P-N junction is able to support the parallel-plane breakdown voltage.

Negative Bevel

A negative bevel is defined as one in which the area decreases when proceeding from
the lightly doped side to the highly doped side of the P-N junction. Since the
negative bevel removes more charge from the P+ side of the junction than the
N-side, the depletion region expands on the P-side and contracts on the N-side at
the surface as illustrated in Fig. 3.47. The expansion of the depletion region on the
P-side is relatively small due to the high doping concentration of the diffused region.
Consequently, the width of the depletion region at the surface (WS) is smaller than
the depletion width in the bulk (WB) for a negatively beveled junction. This implies
that the electric field at the surface will be larger than in the bulk for this termination
leading to unstable surface breakdown. It is, therefore, counterintuitive to make use
of negative bevel edges in power devices.

A reduction of the surface electric field can be obtained by using a negative bevel
angle of sufficiently small value in combination with a highly graded diffused side of
the junction. The doping concentration of the P-base region in high-voltage power
thyristors has to be reduced in order to obtain a sufficiently large current gain for the
inherent N-P-N transistor within the four-layer structure. This provides an opportu-
nity to use a negative bevel to terminate the forward blocking junction in these
devices as illustrated in Fig. 3.41.

In order to analyze the electric field at the surface of a negative bevel junction,
consider the P-N junction shown in Fig. 3.48 with the depletion region boundaries
indicated by the dashed lines. The removal of more charge on the heavily doped side
of the junction produces a reduction of the depletion layer width on the lightly doped
N-side of the junction at the edges. For a shallow bevel angle, it has been reported
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Fig. 3.47 Negative bevel
edge termination
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[20] that the depletion region gets pinned at the junction located at the bevel surface.
At the same time, the depletion region extends along the surface on the diffused side
of the junction in order to compensate for the charge removed by the bevel. This
extension of the depletion region on the diffused side of the junction is strongly
dependent on the doping profile. A low concentration gradient for the P-region
favors a greater extension of the depletion region resulting in a reduction of the
surface electric field. Such shallow gradients can be produced by forming very deep
junction with low surface concentrations using aluminum as the dopant.

For the model as depicted in Fig. 3.48, the extension of the depletion region along
the surface (WS) is given by:

WS ¼ WP

sin θð Þ ð3:78Þ

where WP is the depletion width on the diffused side of the junction. Since the same
voltage is being supported across the P-N junction in the bulk and at the beveled surface,
the maximum electric field at the surface of a negative bevel (EmNB) is given by:

EmNB ¼ EmB
WN

WS


 �
¼ EmB

WN

WP
sin θð Þ ð3:79Þ

The variation of the normalized surface electric field to the bulk value predicted by
this equation is shown in Fig. 3.49 as a function of the negative bevel angle for the
case of various values of WN/WP. It can be seen that a significant reduction of the
surface electric field can be achieved by using a very shallow negative bevel angle.
For instance, the surface electric field can be reduced to 50% of the bulk value for a
negative bevel angle of 2.5� when WN/WP is 10. Such shallow bevel angles can be
fabricated by using special wafer lapping equipment that allows precise adjustment
of the angle between the wafer surface and the polishing pad. A space of 1–2 mm is
consumed by the negative bevel at the perimeter of the wafer resulting in a small loss
in the active area for current conduction.
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Fig. 3.48 Negative bevel edge termination with graded doping profile on the diffused side of the
junction
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It has been experimentally observed that the breakdown voltage of a junction
terminated with a negative bevel is lower than that predicted for the parallel-plane
junction. This was discovered to be due to the presence of an enhanced electric field
in the bulk in the vicinity of the bevel surface [17]. Consequently, although the
breakdown voltage can be stabilized by the reduction of the surface electric field
with a negative bevel, its magnitude is below that of the parallel-plane junction.
Negative bevels are only used for devices, such as thyristors, with back-to-back
junctions, to enable the termination of the opposing high-voltage junctions.

Simulation Example
The results of two-dimensional numerical simulations are provided in this section for
the case of a drift region with doping concentration of 5 � 1013 cm�3 to gain further
insight into the operation of the negative bevel junction termination. For this doping
concentration, the breakdown voltage for the parallel-plane junction was found to be
3000 V with a depletion region thickness of 300 μm on the lightly doped side. A P-N
junction with a highly graded P-region was achieved by using a surface doping
concentration of 1 � 1017 cm�3 with a depth of 100 μm. These values are represen-
tative of the P-base region in high-voltage thyristors to provide its forward blocking
capability. The simulations of the negative bevel termination were performed with
various bevel angles ranging from 2.5� to 10�. All the structures had an oxide layer
over the bevel surface as the passivation. The depletion layer width on the P-side of
the junction was found to be about 30 μm. Thus, the simulated structure has aWN/WP

ratio of 10.

The reduction of the maximum surface electric field obtained from the numerical
simulations is shown in Fig. 3.50 for the various bevel angles. The surface electric

Fig. 3.49 Reduction of the maximum surface electric field with a negative bevel termination
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field predicted by the simple analytical model is in the range of values obtained using
the simulations. Despite the reduction of the surface electric field at the bevel for the
shallow angles, the breakdown voltage was found to be reduced to about 85% of the
parallel-plane value. This reduction is due to an enhanced electric field in the vicinity
of the negative bevel. As an example, the electric field profile is shown in Fig. 3.51

N
or

m
al

iz
ed

 E
le

ct
ri

c 
Fi

el
d

Negative Bevel Angle (Degrees)

Negative Bevel Edge Termination

0

0.2

0.4

1.0

0

0.6

2 31 4 5 6 7 8 9

0.8

10

1.2

WN/WP = 10

EmNB/EB

EMax/EB

Fig. 3.50 Surface electric field reduction with a negative bevel termination

50 200100 1500
Distance orthogonal to the surface (microns)

E
le

ct
ri

c 
Fi

el
d 

(`
10

5  V
/c

m
)

0

1

2
Bevel Angle = 2.5 degrees; VR = 2500 V

250 300 350

Oxide Silicon

EMax

EmNB

Fig. 3.51 Electric field
profile in a negative bevel
termination

146 3 Breakdown Voltage



along the vertical direction at a location where the surface electric field has its
maximum value. It can be seen that the maximum electric field in the bulk (EMax)
is larger than at the surface of the negative bevel (EmNB). This maximum electric
field is slightly larger than the maximum electric field observed in the bulk parallel-
plane portion of the P-N junction (EB). This phenomenon is responsible for the
reduction of the breakdown voltage with a negative bevel termination.

3.6.7 Etch Terminations

One of the earliest methods for the fabrication of multiple high-voltage devices on a
single wafer relied upon etching a moat around the reverse blocking junction of each
device as illustrated in Fig. 3.52. A variety of masking materials, such as black wax,
photoresist, and metal, were utilized with etch solutions containing a mixture of
nitric, hydrofluoric, and sulfuric acid. Although widely used for the manufacturing
of products in the 1950s and 1960s, this approach fell out of favor due to the lack of
control over the shape and depth of the moat. The deep contour of the moat was also
a major problem for passivation of the junction.

It can be seen from the illustration of the moat etch termination in Fig. 3.52 that
the surface at the edges of the junction approximates a 90� bevel angle. This results
in a relatively high surface electric field at the termination producing poor stability in
the breakdown voltage. This situation can be improved upon by creating a planar
junction with the moat located to create an effective positive bevel. Two examples of
this approach are illustrated in Fig. 3.53. In the first case, shown on the left-hand
side, the moat intersects the planar junction producing a local positive bevel. This
has been demonstrated to reduce the surface electric field [21]. The second approach,
shown on the right-hand side in the figure, places the moat within the depletion
region extending from the P-N junction. This is also equivalent to a positive bevel
based upon its definition of more material being removed from the lightly doped side
of the junction than the heavily doped side. Although this method for edge
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termination is superior to the moat etch shown in Fig. 3.35, it is not commonly used
in modern power devices because the wet chemical etching of silicon has fallen out
of favor in fabrication facilities.

3.6.8 Junction Termination Extension

The bevel edge terminations rely upon the selective removal of charge from the two
sides of the P-N junction at the edges. A complementary approach for altering the
surface electric field at the edges is based upon selectively adding charge to the
junction. This can be done by ion implantation of a P-type region at the edge of a
planar P+ diffusion as shown in Fig. 3.54. This P-type region has been named the
junction termination extension or JTE region [22]. The charge within the P-type
region can be precisely adjusted with the ion implant dose providing better control
and uniformity over the charge at the edges of the junction than with the bevel

N+

N

P+

Moat

N+

N

P+

Moat

Effective
Positive

Bevel

Fig. 3.53 Alternate moat etch terminations

P+

N Depletion Boundary

Junction Extension

A B

Main Junction

LJTE

P

Fig. 3.54 Junction
termination extension

148 3 Breakdown Voltage



terminations while retaining a planar surface. This is advantageous for manufactur-
ing multiple small power devices on a single wafer.

The charge within the JTE region must be precisely controlled to maximize the
breakdown voltage. If the charge is small, it has little impact on the electric field
distribution and the maximum electric field will occur at point A as in the case of the
unterminated planar junction. This will result in a breakdown voltage limited by the
cylindrical junction curvature as discussed earlier in the chapter. If the charge in the
JTE is high, it will merely serve as an extension of the junction to point B with a
smaller radius of curvature. This will result in a reduction of the breakdown voltage
due to the enhanced curvature at the cylindrical junction located at point B. In order
to reduce the electric field at the main junction at point A without encountering
breakdown at point B at low reverse bias voltages, the charge in the JTE region must
be such that it is completely depleted by the reverse bias.

For a homogeneously doped region, the charge within the depletion region is
related to the doping concentration and maximum electric field by:

Q ¼
ðW

0
qNAdx ¼ qNAWD ¼ εSEm ð3:80Þ

The maximum electric field at the junction becomes equal to the critical electric field
when the junction reaches its breakdown voltage. Under these conditions:

QOPT ¼ εSEC � 2:07� 10�9C=cm2 ð3:81Þ
if a critical electric field of 2 � 105 V/cm is assumed for silicon. The corresponding
dopant dose is 1.3 � 1012 cm�2 in the JTE region. If the dose for the P-type implant
is chosen to produce this charge, the JTE region will become completely depleted at
the breakdown condition. Since the entire JTE region is depleted, the electric field is
distributed along the surface over the length (LJTE) of the junction termination
region. If the length of the JTE region is chosen to be much longer than the depletion
width of the main junction, the surface electric field can be reduced to below that for
a parallel-plane junction. Consequently, the breakdown voltage of this termination
can approach that of an ideal parallel-plane junction.

In practice, the breakdown voltage for the junction termination extension has
been found to be strongly dependent upon the charge of the ion-implanted JTE
region. Although ion implant doses can be precisely metered, the charge in the JTE
region can vary due to dopant segregation during annealing of the implant and the
growth of the oxide layer for the passivation of the surface. In addition, the electric
field distribution in the JTE region can be perturbed by the fixed oxide charge which
can vary across the wafer. This can result in a variation of the breakdown voltage
across the wafer as well as unstable behavior if mobile ions are introduced into the
passivation during packaging of the die.

An elegant approach to improving the performance of the junction extension
termination is by using multiple zones of ion-implanted regions at the edge of the
main junction [23]. By using three zones with a charge reduction by a factor of 2�
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when proceeding from the main junction toward the exterior, breakdown voltages of
over 90% of the parallel-plane value have been reported. Although these three JTE
zones could be fabricated by using three masking and implant steps, an elegant and
less expensive approach uses a single mask with a variable window size when
proceeding from the main junction to the exterior as illustrated in Fig. 3.55. The
JTE dose decreases when proceeding away from the main junction because of the
smaller effective doping concentration in the silicon in spite of using a single ion
implantation step. The JTE zones can also be merged together by using a suitable
annealing step to diffuse the dopant sideways between the windows.

Simulation Example
The results of two-dimensional numerical simulations are provided in this section for
the case of a drift region with doping concentration of 3.8 � 1014 cm�3 to gain
further insight into the operation of the junction termination extension. This doping
concentration corresponds to that used earlier for the cylindrical junction and
floating field ring examples. The breakdown voltage for the parallel-plane junction
in this case was found to be 520 V with a depletion region thickness of 41 μm on the
lightly doped side. The JTE region was created using a Gaussian doping profile with
various P-type doses.

The breakdown voltage obtained using the two-dimensional numerical simula-
tions are plotted in Fig. 3.56 as a function of the dose for the P-type dopant in the JTE
region. These breakdown voltages were observed for the case of a JTE region length
of 40 μm, which is equal to the width of the depletion region at breakdown for the
parallel-plane junction. It can be seen that the breakdown voltage has a maximum
value of about 90% of the parallel-plane junction at a JTE region dose of 1.3 � 1012

cm�2. This optimum dose for the JTE region observed with the simulations is in
remarkably good agreement with the optimum dose predicted by Eq. (3.80).

The change in the breakdown voltage with increasing dose in the JTE region can
be understood by examination of the electric field profile within the JTE region. At
low values for the dose, the electric field along the surface within the JTE region
exhibits a maximum value at the edge of the main junction as shown in Fig. 3.57 for
case of dose of 0.3 � 1012 cm�2. For high values of the dose, the electric field along
the surface within the JTE region exhibits a maximum value at the edge of the JTE
region as shown in Fig. 3.57 for case of dose of 1.5� 1012 cm�2. When a dose of 1.1

N

Main Junction
Variable Implant Window

Variable JTE Dose

P+ P P P P

Fig. 3.55 Junction
termination extension with
variable lateral doping
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� 1012 cm�2 is used, the electric field becomes relatively flat within the JTE region.
This results in the highest breakdown voltage occurring at the optimum dose of 1.3
� 1012 cm�2.

The length of the JTE region must also be sufficient to obtain the full benefits of
reduction of the electric field along the surface at the edge of the planar junction. In
order to illustrate this, the results of two-dimensional numerical simulations for the
junction termination extension are shown in Fig. 3.58 for the case of a JTE dose of
1.1 � 1012 cm�2. A substantial increase in the breakdown voltage over that for the
cylindrical junction is obtained when the length of the JTE region extends to the
width of the depletion region for the parallel-plane junction at breakdown. An
increase in the length of the JTE region much beyond this length does not produce
further improvement in the breakdown voltage while consuming space at the edge of
the device.

As discussed earlier, the breakdown voltage for the junction termination extension
is sensitive to the presence of charge above the JTE region. The optimum charge in the
JTE region has been shown to be 1.3 � 1012 cm�2. Unfortunately, the fixed oxide
charge in thermally grown oxide over the silicon surface can be of this order of
magnitude. If an optimum dose is used for the JTE region, the presence of the fixed
oxide charge alters the electric field distribution along the surface at the JTE region
producing a reduction of the breakdown voltage. In order to illustrate the influence of
any surface charge on the breakdown voltage of the junction termination extension,
two-dimensional numerical simulations were conducted for the case of the JTE
structure with a dose of 1.1� 1012 cm�2 and length of 40 μm with fixed oxide charge
of 1� 1011 cm�2. The breakdown voltage was found to be reduced from 465 V (89%
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of the breakdown voltage for the parallel-plane junction) without the fixed oxide
charge to 450 V (86% of the breakdown voltage for the parallel-plane junction) with
the fixed oxide charge. When the charge was increased to 3 � 1011 cm�2, the
breakdown voltage was reduced to 416 V (80% of the breakdown voltage for the
parallel-plane junction).

These reductions of the breakdown voltage in the presence of the fixed oxide
charge can be correlated with changes in the electric field distribution along the
surface along the JTE region. The electric field profile is not significantly modified
by the presence of a fixed oxide charge of 1 � 1011 cm�2 as shown in Fig. 3.59.
However, when the charge is increased to 3 � 1011 cm�2, the electric field at the
edge of the JTE region is enhanced leading to the observed reduction of the
breakdown voltage. Based upon these results, it can be concluded that the fixed
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oxide charge should be reduced to less than 1� 1011 cm�2 during the passivation of
the junction termination extension.

3.7 Open-Base Transistor Breakdown

In the previous sections of this chapter, the breakdown voltage of the P-N junction
has been analyzed including the impact of enhanced electric fields at their termina-
tions. These results have relevance to power devices with single blocking junctions,
such as power rectifiers and power MOSFETs. In many other power devices, such as
power thyristors and IGBTs, the structures contain back-to-back P-N junctions. The
maximum voltage that can be supported by these structures becomes limited by
open-base transistor breakdown. In this situation, the current generated by impact
ionization is amplified by the gain of the bipolar transistor [24].

An open-base P-N-P transistor is illustrated in Fig. 3.60 with a positive bias
applied to electrode on the right-hand side. The applied voltage produces a forward
bias across the junction J2, while junction J1 becomes reverse biased. The reverse
biased junction J1 supports the voltage with the development of a depletion region in
the N-base region. The boundary of the depletion region is indicated by the dashed
line. The electric field profile for this case is shown in the middle of the figure. If the
width (WN) of the N-base region is large, breakdown will occur when the maximum
electric field (Em) becomes equal to the critical electric field for breakdown for the
semiconductor. The breakdown voltage for this case is the same as that of the
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parallel-plane junction. This corresponds to the multiplication coefficient becoming
infinitely large.

When the width (WN) of the N-base region becomes shorter than the depletion
width for breakdown for the parallel-plane junction, the breakdown voltage for the
P-N-P transistor is reduced due to the reach-through effect. Open-base transistor
breakdown is precipitated by the injection of holes from the forward biased junction
J2 with the current flow amplified by the gain of the bipolar transistor. The current
due to the injected holes is indicated by the arrow labeled (γEαTIE) at the depletion
boundary and (αPNPIE) at the collector junction J1. Here, the emitter injection
efficiency (γE) is close to unity, and the base transport factor (αT) is less than
unity, while the common emitter current gain (αPNP) of the P-N-P transistor becomes
larger than unity due to the onset of carrier multiplication at high bias voltages. In
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addition, the current due to the generation of carriers in the depletion region and the
neutral region is indicated by the arrow labeled IL in the figure. Using Kirchhoff’s
law:

IC ¼ αPNP:IE þ IL ¼ IE ð3:82Þ
leading to

IC ¼ IE ¼ IL
1� αPNPð Þ ð3:83Þ

Based upon this equation, it can be concluded that the current will become large
when the current gain of the transistor approaches unity. The criterion for breakdown
for the open-base transistor can therefore be written as:

αPNP ¼ γEαTM ¼ 1 ð3:84Þ
where M is the multiplication coefficient. These terms are discussed in detail in the
chapter on bipolar power transistors. Due to the low doping concentration in the
N-base region in symmetric blocking devices like thyristors and IGBTs to enable the
support of high voltages, the injection efficiency can be assumed to be equal to unity.
The base transport factor is less than unity as determined by the undepleted base
width (WN – WD) and the minority carrier diffusion length (Lp):
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Fig. 3.60 Open-base transistor breakdown analysis
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αT ¼ cosh�1 WN �WD

Lp

� �
ð3:85Þ

whereWD is the width of the depletion layer. The depletion region width is related to
the applied reverse bias voltage by Eq. (3.15). The multiplication coefficient is also a
function of the applied reverse bias as given by Eq. (3.9) for the case of a P+/N diode.
The breakdown voltage for the open-base transistor can therefore be determined by
evaluation of the current gain as a function of the applied reverse bias to determine
the voltage at which it becomes equal to unity.

As an example, the breakdown voltage for the open-base transistor is plotted in
Fig. 3.61 for the case of an N-base width of 200 μm. Three values for the minority
carrier (hole) lifetime are taken into consideration. In addition, the boundaries
defined by pure avalanche breakdown (BVPP) and the reach-through breakdown
are included for comparison. The reach-through limit is defined as the voltage at
which the depletion region width becomes equal to the width of the N-base region.
This voltage is given by:

BVRT ¼ qNDW
2
N

2εS
ð3:86Þ

where ND is the doping concentration in the N-base region. It is worth pointing
out that the reach-through breakdown limit does not take into consideration ava-
lanche multiplication at the reverse biased junction. Instead, it is assumed that when

Fig. 3.61 Open-base transistor breakdown voltage
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the depletion region extends through the entire N-base region, any further applied
bias produces the injection of minority carriers from the forward biased junction
leading to the onset of high current flow.

From the figure, it can be observed that, on the one hand, when the doping
concentration in the N-base region is low (less than 3 � 1013 cm�3 in the example),
the open-base transistor breakdown voltage is limited by the reach-through phenom-
enon. On the other hand, when the doping concentration of the N-base region is high
(more than 3 � 1014 cm�3 in the example with a low minority carrier lifetime), the
open-base transistor breakdown voltage is limited by the avalanche multiplication
phenomenon. The highest breakdown voltage is observed at a doping concentration
of about 7� 1013 cm�3 for this case with an N-base width of 200 μm. The open-base
transistor breakdown voltage is always lower than the avalanche breakdown voltage
with a greater reduction for cases with larger values for the minority carrier lifetime.
For a minority carrier lifetime of 1 μs, the highest open-base breakdown voltage is
1670 V at an N-base doping concentration of 7 � 1013 cm�3 compared with an
avalanche breakdown voltage of 2200 V at this doping concentration. This reduction
must be taken into account during the design of devices, such as thyristors, which
must exhibit both high forward and reverse blocking capability.

Simulation Example
The results of two-dimensional numerical simulations are provided in this section for
the case of an N-base width of 200 μm to gain further insight into the operation of the
open-base transistor. The breakdown voltages obtained using the two-dimensional
numerical simulations are plotted in Fig. 3.62 as a function of the doping concen-
tration in the N-base region for the case of a minority carrier lifetime of 10 μs. The
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open-base transistor breakdown voltages predicted by the analytical model are in
excellent agreement with the results of the simulations providing confidence in the
model. The maximum breakdown voltage was found to be 1420 V at a doping
concentration of 8 � 1013 cm�3 with the simulations compared with 1380 V
obtained using the analytical model at a doping concentration of 7 � 1013 cm�3.
When the minority carrier lifetime was decreased to 1 μs in the simulations, the
breakdown voltage was found to increase to 1600 V at a doping concentration of 8�
1013 cm�3 compared with 1670 V obtained using the analytical model. When the
minority carrier lifetime was increased to 100 μs in the simulations, the breakdown
voltage was found to decrease to 1190 V at a doping concentration of 8� 1013 cm�3

compared with 1110 V obtained using the analytical model.

3.7.1 Composite Bevel Termination

Power devices designed to support high voltages in the first and third quadrant of
operation contain an open-base transistor structure with two back-to-back junctions.
It is necessary to provide an edge termination for both of these junctions simulta-
neously. One approach to achieving a reduction of the surface electric field at both
the junctions is by combining a positive bevel with a negative bevel as illustrated in
Fig. 3.63. The depletion region boundary for the case of a positive bias applied to the
anode, for operation in the first quadrant, is indicated in the figure by the dotted lines.
In this case, the upper P-N junction J1 becomes reverse biased leading to the
extension of the depletion region downward toward junction J2. This results in
open-base transistor breakdown in the bulk region of the thyristor, which is smaller
than the breakdown voltage at the negative bevel termination. In contrast, the
depletion region boundary for the case of a negative bias applied to the anode, for
operation in the third quadrant, is indicated in the figure by the dashed lines. In this
case the lower P-N junction J2 becomes reverse biased leading to the extension of the
depletion region upward toward junction J1. This also results in open-base transistor

Fig. 3.63 Composite positive/negative bevel termination
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breakdown in the bulk region of the thyristor, which is smaller than the breakdown
voltage at the positive bevel termination. The design of the thyristor structure must
take this into consideration.

3.7.2 Double-Positive Bevel Termination

Another approach to providing the edge termination for devices, such as thyristors
designed to support high voltages in the first and third quadrant of operation with
two back-to-back junctions, is by using a double-positive bevel. This concept relies
on creating a local positive bevel for both of the high-voltage junctions. Two shapes
for the double-positive bevel have been explored. The V-shape shown on the left-
hand side of Fig. 3.64 can be produced by grit blasting at various angles to the edge
of the wafer. The rounded shape shown on the right-hand side of the figure can be
produced by using slurry on a wire that contacts the wafer edge, while the wafer is
rotated about its center.

The depletion region boundary for the case of a negative bias applied to the
anode, for operation in the third quadrant, is indicated in Fig. 3.65 by the dashed
lines for the V-shaped double-positive bevel termination. In this case, the lower P-N
junction J2 becomes reverse biased leading to the extension of the depletion region
upward toward junction J1. At lower reverse bias voltages, the edge termination
behaves as a positive bevel termination with the depletion region expanding at the
edges. This reduces the electric field at the bevel surface. However, with increasing
reverse bias, the depletion region eventually extends past the corner of the bevel
(point A). Beyond this voltage, the angle of the bevel is reversed producing a local
negative bevel. This alters the depletion region shape as indicated in the figure. In
spite of this change in the bevel angle, the double-positive bevel termination has

Fig. 3.64 Double-positive bevel terminations
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been found [25] to suppress the surface electric field enabling breakdown to occur in
the bulk. Two manufacturing difficulties that had to be overcome while developing
this edge termination were to avoid breakage of the thin wafer edges created by the
bevel and the passivation of the surface due to its concave topography.

Simulation Example
The results of two-dimensional numerical simulations are provided in this section for
the case of the V-shaped edge termination to gain further insight into the operation of
the double-positive bevel termination. The structure had an N-base width of 300 μm
with a doping concentration of 5� 1013 cm�3. The diffused P+ region had a junction
depth of 50 μm. When a minority carrier lifetime of 1 μs was used, the open-base
transistor breakdown voltage for the parallel-plane structure was found to be just
above 2500 V for both polarities of the bias voltage. The double-bevel termination
had a bevel angle of 45� in both directions. As expected, the breakdown voltages
obtained for the double-bevel termination with both polarities of bias was found to
be the same as that for the parallel-plane junction.

The electric field distribution within the double-positive bevel termination is
shown in Fig. 3.66 at a bias of 2500 V. The electric field in the bulk exhibits the
triangular shape with a maximum value of 1.85 � 105 V/cm located at the junction.
The electric field along the bevel edge has a much lower value of 0.85� 105 V/cm at
the junction. The maximum electric field occurs in the vicinity of the corner of the
bevel because of the change in the bevel angle from a positive value to a negative
value. However, this electric field is also much lower than in the bulk ensuring a
breakdown voltage equal to that for the open-base transistor with parallel-plane
junctions. A much less reduction of the surface electric field has been reported for the
rounded bevel termination [16].

Fig. 3.65 Depletion layer
extension in the double-
positive bevel termination
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3.8 Surface Passivation

The leakage current and breakdown voltage of power devices can be compromised
by poor surface passivation. The presence of mobile charge close to the semicon-
ductor surface can lead to alterations of the electric fields at the edges during device
operation producing changes in the breakdown voltage. Inadequate surface prepa-
ration of the silicon surface can lead to the presence of defects, such as dislocations,
which adversely impact the leakage current due to a high density of deep levels in the
bandgap. These defects can also initiate premature breakdown due to localized
enhancements of the electric field.

For very high-voltage power devices, such as thyristors with bevel edge termi-
nations, the commonly used surface passivation is with rubberized coatings or
organic polymers [26]. The surface damage produced by the beveling process
must be first removed by chemical etching of the surface, immediately followed
by coating with silicone rubber or polyimide layers. The passivation layer is then
cured. The devices are enclosed in a hermetically sealed package to minimize the
presence of mobile ions and moisture.

For planar devices, it is commonplace to use silicon dioxide as the passivation
layer at the edges. However, sodium and potassium ions are known to migrate
through the oxide creating instability in the breakdown voltage. This can be
prevented by covering the oxide with a silicon nitride or oxynitride film using
plasma-enhanced chemical vapor deposition [27]. Another approach used for planar
power devices is to utilize semi-insulating polycrystalline silicon (SIPOS) films
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[28]. The resistivity of these films can be controlled by adjusting their oxygen
content. Power bipolar transistors with breakdown voltages as high as 10,000 V
have been fabricated using the SIPOS passivation method.

3.9 Silicon Carbide Edge Terminations

Silicon carbide rectifiers and power MOSFETs have been recently commercialized.
Edge terminations that produce close to 100% of the ideal breakdown voltage had to
be developed to maximize the performance of these devices. At first, the same edge
termination concepts described in the previous sections of this chapter as used for
silicon devices were utilized [29, 30]. Subsequently, improved edge terminations
were created with breakdown voltages close to the ideal value. These types of edge
terminations are discussed here.

3.9.1 Argon-Implanted Edge Termination

The argon-implanted edge termination for silicon carbide power devices is based up on
creation of a high-resistivity region by the implantation of argon to generate deep levels
within the bandgap. The high concentration of deep levels located near midgap forces
the Fermi level away from the conduction band making the carrier concentration low
within the argon-implanted portion. It was found that a dose of about 1 � 1015 cm�2

was able to raise the breakdown voltage very close to the ideal value corresponding to
the doping concentration of the silicon carbide drift region [31, 32].

A larger leakage current is generated by this edge termination. This can be
mitigated by using a finite length for the argon-implanted zone (LAIZ in Fig. 3.67).
A length (LAIZ) of about five times the ideal depletion width at breakdown is
sufficient to achieve close to the ideal breakdown voltage [33]. Since the leakage
current is observed to continue to increase with the length of the zone, it is prudent to
utilize a length of this magnitude.
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Fig. 3.67 Argon-implanted
edge termination
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3.9.2 Multiple-Floating-Zone Junction Termination
Extension

Multiple floating field rings were initially used as edge terminations for high-voltage
silicon carbide devices [34]. This approach yields breakdown voltages below 80% of
the ideal value [35]. Significantly larger breakdown voltages (90% of ideal value)
can be achieved by using a two- or three-zone junction edge termination [36]. How-
ever, this approach requires two to three masking and ion implantation steps that add
considerable cost to device fabrication.

An elegant solution is the fabrication of multiple floating zones with optimized
dose for the P-type dopant similar to that used for the junction termination concept.
This method, called multiple-floating-zone junction termination extension
(MFZ-JTE) [37], is illustrated in Fig. 3.68. As illustrated in the figure, the sum of
the width of each zone and the spacing (e.g.,W + S) is kept constant while the width
of the zone (W ) is reduced by a constant factor α when proceeding away from the
main junction. This creates a gradual reduction of the charge toward the edge of the
termination resulting in the best electric field distribution and the highest breakdown
voltage. A α value of 1.02 has been shown to produce nearly ideal breakdown
voltage for the case of 36 and 72 zones if an optimum dose of 2� 1013 cm�2 is used
for the aluminum implant. This value corresponds to the optimum analytical dose
obtained for 4H-SiC using the product of the dielectric constant and the critical
electric field for breakdown.

3.9.3 Hybrid Junction Termination Extension

The hybrid junction termination extension is formed by combining a single-zone
JTE region, floating field rings, and the multiple-zone JTE termination. The
multiple-zone JTE termination described in the previous section is used for the
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outer portion of this hybrid termination. A single-zone JTE zone is added between
the main junction and the MFZ-JTE portion. The single-zone JTE region is aug-
mented with floating field rings as shown in Fig. 3.69 to create a ring-assisted JTE
(RA-JTE) zone.

The spacing between the floating field rings in the RA-JTE zone is gradually
increased (S1 < S2 < S3. . . .). An optimum dose of 1 � 1013 cm�2 is used for the JTE
zone. A breakdown voltage of 5450 V was achieved with the hybrid JTE design for
an epitaxial drift layer with doping concentration of 2 � 1015 cm�3 and thickness of
40 μm [38]. This is 99% of the ideal breakdown voltage of a parallel-plane junction.
In comparison, the breakdown voltage for an optimized floating field ring design
with 35 rings was only 4160 V.

3.9.4 Multiple Floating Field Ring Design

One of the commonly used edge termination designs for silicon carbide high-voltage
devices makes use of a large number of floating field rings [39]. It is important to
estimate the number floating field rings required to achieve a breakdown voltage
close to the ideal parallel-plane value and to then obtain the space taken by the edge
termination on the periphery of devices. A simplified analysis is provided here based
up on the assumption of an approximately constant electric field (EM) between the
individual floating field rings as illustrated in Fig. 3.70. It is necessary to keep the
value of this field significantly below the critical electric field (ECS) for breakdown to
avoid premature breakdown at the edge termination.

The voltage at the last (nth) floating field ring can be related to the voltage applied
to the main junction (VM) by:

Vn ¼ VM � nδECSWSð Þ ð3:87Þ

N

Main Junction

P+ P+ P+ P+ P+ P+

S1 S2 S3

RA-JTE Zone MFZ-JTE Zone

SZ-JTEFFR

Fig. 3.69 Hybrid junction termination extension
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where ECS is the electric field for impact ionization-induced breakdown at the
surface, δ is desired reduction in the surface electric field, and WS is the spacing
between the floating field rings. The device breaks down at a main junction voltage
of BVFFR when the last ring has a voltage equal to the breakdown voltage of a
cylindrical junction (BVCYL). Using Eq. (3.88):

BVFFR ¼ BVCYL þ nδECSWSð Þ ð3:88Þ
The number of floating field rings obtained from this equation is:

n ¼ BVFFR � BVCYL

δWSECS
ð3:89Þ

Consider the case of a diode with breakdown voltage of 10 kV. Due to the shallow
junction possible in SiC technology, the cylindrical breakdown voltage will be
limited to only 20% of the parallel-plane breakdown voltage. The surface electric
field for breakdown for SiC is about 1 � 106 V/cm. The number of rings is then
found to be 80 under the assumption that the maximum electric field must be reduced
to 50% of the critical electric field for breakdown at the surface and a space (WS) of
2 μm between the rings.

The total width of the floating field ring edge termination is given by:

WFFR ¼ n WS þWPð Þ ð3:90Þ
where WP is the width of each floating field ring. For the 10 kV design with
80 floating field ring, a total edge termination width is found to be 560 μm in this
case. This is much greater than the parallel-plane breakdown depletion width of
about 80 μm. Devices with 10 kV breakdown voltage have been reported using
100 floating field rings with a total width of 900 μm for the termination region [39].

Fig. 3.70 Multiple floating field ring edge termination design
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3.9.5 Orthogonal Positive Bevel Termination

Silicon carbide devices with symmetric blocking capability are needed for AC
circuit applications such as circuit breakers. A high blocking voltage can be achieved
for these devices in the first quadrant of operation by using the designs described
above. An elegant method to achieve high blocking voltage capability in the third
quadrant has been demonstrated by using the orthogonal positive bevel edge
termination [40].

The positive bevel edge termination has been used to make silicon high-voltage
thyristors with large reverse blocking capability. For these devices, the positive
bevel is formed by cutting the edge of the entire silicon wafer that comprises
single-power devices at a positive bevel angle as previously discussed in Sect.
3.6.6. This method cannot be implemented for silicon carbide devices which have
a small size with many devices located on a single wafer. The orthogonal positive
bevel is formed for the SiC devices by cutting the wafers using a V-shaped sawing
blade in orthogonal directions [40] similar to the usual sawing of dies apart using a
vertical cut. A top view of the wafer at the edge of single chip is illustrated in
Fig. 3.71 together with the cross section at the bottom of the figure. It has been
demonstrated that the positive bevel increases the breakdown voltage close to the
ideal parallel-plane breakdown voltage if the surface of the bevel is etched to remove
the saw damage. The orthogonal positive bevel edge termination was subsequently
used to create the first symmetric blocking SiC GTO with reverse blocking capabil-
ity of 8 kV [41].

The orthogonal bevel has been used to create an edge termination that occupies
less chip area by formation of the junction termination extension along the beveled
edge surface [42]. A 1-min RTA anneal at 1000 �C in N2O ambient after the
aluminum JTE ion implant was necessary to reduce the leakage current. Breakdown

Fig. 3.71 Orthogonal
positive bevel edge
termination
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voltage of 95% of the ideal parallel-plane value was experimentally obtained with a
45� bevel angle. The width of the edge termination on the top surface is reduced by
three times compared with the conventional JTE edge termination. A detailed
comparison of the beveled edge-based terminations with other edge termination
approaches has been quantified by numerical simulations and experimental
confirmation [43].

3.10 Summary

A relatively high breakdown voltage is the most distinguishing feature for a power
device. This chapter has provided the criteria for the design of the breakdown
voltage for typical P-N junction diodes that are representative of the internal
structure of power devices. In practical structures, the breakdown voltage can be
drastically reduced by the enhancement of the electric field at the edges of the
devices. Various methods to suppress this electric field enhancement have been
analyzed in this chapter. For devices with areas that are a small fraction of the wafer
area, the most attractive edge terminations utilize planar junctions. For high-current
devices fabricated using an entire wafer, it is possible to bevel the edge to reduce the
electric field and ensure bulk breakdown.

Problems

3.1 Compare the impact ionization coefficient obtained using Baliga’s formula to
that for electrons and holes in silicon at an electric field of 2 � 105 V/cm.

3.2 Compare the impact ionization coefficient obtained using Baliga’s formula to
that for holes in 4H-SiC at an electric field of 2 � 106 V/cm.

3.3 Calculate the parallel-plane breakdown voltage for silicon abrupt P-N junc-
tions at drift region doping concentrations of 1 � 1013 cm�3, 1 � 1014 cm�3,
1 � 1015 cm�3, and 1 � 1016 cm�3.

3.4 Calculate the parallel-plane breakdown voltage for 4H-SiC abrupt P-N junc-
tions at drift region doping concentrations of 1 � 1014 cm�3, 1 � 1015 cm�3,
1 � 1016 cm�3, and 1 � 1017 cm�3.

3.5 Calculate the maximum depletion layer width at breakdown for silicon abrupt
P-N junctions at drift region doping concentrations of 1 � 1013 cm�3, 1 � 10
14 cm�3, 1 � 1015 cm�3, and 1 � 1016 cm�3.

3.6 Calculate the maximum depletion layer width at breakdown for 4H-SiC
abrupt P-N junctions at drift region doping concentrations of 1� 1014 cm�3,
1 � 1015 cm�3, 1 � 1016 cm�3, and 1 � 1017 cm�3.

3.7 Compare the critical electric field at breakdown for silicon and 4H-SiC abrupt
P-N junctions with the same breakdown voltage of 1000 V.

3.8 Compare the ideal specific on-resistance for the drift region in silicon and
4H-SiC devices with the same breakdown voltage of 1000 V.
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3.9 Calculate the width of the drift region for a silicon punch-through diode to
achieve a breakdown voltage of 1000 V if the drift region doping concentration
is 2 � 1013 cm�3.

3.10 Calculate the width of the drift region for a 4H-SiC punch-through diode to
achieve a breakdown voltage of 1000 V if the drift region doping concentration
is 1 � 1015 cm�3.

3.11 Calculate the breakdown voltage for a cylindrical junction termination with a
depth of 3 μm for a silicon drift region with doping concentration of 1 � 1014

cm�3.
3.12 Calculate the breakdown voltage for a spherical junction termination with a

depth of 3 μm for a silicon drift region with doping concentration of 1 � 1014

cm�3.
3.13 Calculate the breakdown voltage for a junction termination using the single

optimally located floating field ring with a depth of 3 μm for a silicon drift
region with doping concentration of 1 � 1014 cm�3.

3.14 Determine the spacing for the single optimally located floating field ring in the
previous problem. What is the mask dimension required for this design?

3.15 Determine the normalized surface electric field for a positive bevel termination
with an angle of 45�.

3.16 Determine the normalized surface electric field for a negative bevel termination
with an angle of 3� if the ratio of the depletion layer widths on the lightly doped
side to the heavily doped side of the junction is 10.

3.17 Determine the optimum charge for the junction termination extension in a
silicon device.

3.18 Determine the optimum charge for the junction termination extension in a
4H-SiC device.

3.19 Calculate the breakdown voltage for an open-base silicon transistor with a drift
region doping concentration of 5 � 1013 cm�3 and thickness of 300 μm if the
low-level lifetime is 10 μs. Compare this value to the avalanche breakdown
voltage and the reach-through breakdown voltage.

3.20 Determine the impact of changing the drift region doping concentration to 2 �
1013 cm�3 in the previous problem.
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Chapter 4
Schottky Rectifiers

A Schottky rectifier is formed by making a nonlinear contact between a metal and the
semiconductor drift region. The Schottky rectifier is an attractive unipolar device for
power electronics applications due to its relatively low on-state voltage drop and its
fast switching behavior. It has been widely used in power supply circuits with low
operating voltages due to the availability of excellent devices based upon silicon
technology. In the case of silicon, the maximum breakdown voltage of Schottky
rectifiers has been limited by the increase in the resistance of the drift region.
Commercially available devices are generally rated at breakdown voltages of less
than 100 V. Novel silicon structures that utilize the charge-coupling concept have
allowed extending the breakdown voltage to the 200 V range [1, 2].

Many applications described in Chap. 1 require fast switching rectifiers with low
on-state voltage drop that can also support over 500 V. The much lower resistance of
the drift region for silicon carbide enables the development of such Schottky
rectifiers with very high breakdown voltages [3]. These devices not only offer fast
switching speed but also eliminate the large reverse recovery current observed in
high-voltage silicon P-i-N rectifiers. This reduces switching losses not only in the
rectifier but also in the IGBTs used within the power circuits [4].

In this chapter, the basic structure of the power Schottky rectifier is first intro-
duced to define its constituent elements. The chapter then provides a discussion of
the basic principles of operation of the metal-semiconductor contact. The current
transport mechanisms that are pertinent to power devices are elucidated for both the
forward and reverse mode of operation. In the first quadrant of operation, the
thermionic emission process is dominant for power Schottky rectifiers. In the third
quadrant of operation, the influence of Schottky barrier lowering has a strong impact
on the leakage current for silicon devices. In the case of silicon carbide devices, the
influence of tunneling current must also be taken into account when performing the
analysis of the reverse leakage current.

The trade-off between reducing power dissipation in the on-state and the off-state
for Schottky rectifiers is also analyzed in this chapter. This trade-off requires taking
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into account the maximum operating temperature for the application. The power
dissipation in the Schottky rectifier is shown to depend upon the barrier height as
well as the duty cycle.

4.1 Power Schottky Rectifier Structure

The basic one-dimensional structure of the metal-semiconductor or Schottky rectifier
structure is shown in Fig. 4.1 together with electric field profile under reverse bias
operation. The applied voltage is supported by the drift region with a triangular
electric field distribution if the drift region doping is uniform. The maximum electric
field occurs at the metal contact. The device undergoes breakdown when this field
becomes equal to the critical electric field for the semiconductor.

When a negative bias is applied to the cathode, current flow occurs in the
Schottky rectifier by the transport of electrons over the metal-semiconductor contact
and through the drift region as well as the substrate. The on-state voltage drop is
determined by the voltage drop across the metal-semiconductor interface and the
ohmic voltage drop in the resistance of the drift region, the substrate, and its ohmic
contact.

At typical on-state operating current density levels, the current transport is
dominated by majority carriers. Consequently, there is insignificant minority carrier
stored charge within the drift region in the power Schottky rectifier. This enables
switching the Schottky rectifier from the on-state to the reverse blocking off-state in

Fig. 4.1 Electric field distribution in a Schottky rectifier
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a rapid manner by establishing a depletion region within the drift region. The fast
switching capability of the Schottky rectifier enables operation at high frequencies
with low power losses making this device popular for high-frequency switch-mode
power supply applications. With the advent of high-voltage Schottky rectifiers based
upon silicon carbide, they are being utilized in motor control and solar inverter
applications as well.

4.2 Metal-Semiconductor Contact

Nonlinear current transport across a metal-semiconductor contact has been known
for a long time. The potential barrier responsible for this behavior was ascribed to the
presence of a stable space-charge layer by Walter Schottky in 1938. In this section,
the principles for the formation of a rectifying contact between a metal and an N-type
semiconductor region are described. This enables relating the Schottky barrier height
between the metal and the semiconductor to their fundamental properties.

The energy band diagram for a metal and an N-type semiconductor are shown in
Fig. 4.2 when they are isolated from each other. In general, the position of the Fermi
level in the metal and the semiconductor will have different energy values. In the
example shown in the figure, the Fermi level in the semiconductor lies above the
Fermi level for the metal. The work function for the metal (ϕM) is defined as the
energy required to move an electron from the Fermi level position in the metal (EFM)
to a state of rest in free space outside the surface of the metal. In the same manner, the
work function for the semiconductor (ϕS) is defined as the energy required to move
an electron from the Fermi level position in the semiconductor (EFS) to a state of rest
in free space outside the surface of the semiconductor. Since no electrons are located
at the Fermi level position in the semiconductor, it is useful to define an electron
affinity for the semiconductor (χS) as the energy required to move an electron from

Fig. 4.2 Energy band
diagram for a metal and a
semiconductor in isolation
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the bottom of the conduction band in the semiconductor (EC) to a state of rest in free
space outside the surface of the semiconductor. The work function and electron
affinity for the semiconductor are related by:

ΦS ¼ χS þ EC � EFSð Þ ð4:1Þ
The potential difference between the Fermi level in the semiconductor and the Fermi
level in the metal is called the contact potential (VCP) which is given by:

qVCP ¼ EFS � EFMð Þ ¼ ΦM �ΦS ¼ ΦM � χS þ EC � EFSð Þ ð4:2Þ
The contact potential is also the built-in voltage for a Schottky barrier diode.

When an electrical connection is provided between the metal and the semicon-
ductor, electrons are transferred from the semiconductor to the metal due to their
greater energy until thermal equilibrium is established. This transfer of electrons
creates a negative charge in the metal and a positive charge within a depletion region
formed at the semiconductor surface. The resulting band structure is illustrated in
Fig. 4.3 for the case of a separation “d” between the metal and the semiconductor
surfaces. When the metal and the semiconductor surfaces are brought into contact by
reducing the separation “d” to zero, the band structure for the metal-semiconductor
contact is obtained as illustrated in Fig. 4.4. The entire contact potential is now
supported within the depletion region formed at the surface of the semiconductor.
This voltage is therefore also referred to as the built-in potential (Vbi) of the metal-
semiconductor contact.

The Schottky barrier height (ϕBN) is related to the built-in potential by:

ΦBN ¼ qVbi þ EC � EFSð Þ ð4:3Þ
Another useful relationship for obtaining the Schottky barrier height is:

ΦBN ¼ ΦM � χS ð4:4Þ

Fig. 4.3 Energy band
diagram for the metal and
semiconductor after making
an electrical connection
between them
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because these properties for the materials can be measured. The built-in potential
creates a depletion region within the semiconductor whose width is given by:

W0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSVbi

qND

s
ð4:5Þ

4.3 Forward Conduction

Current flow across the metal-semiconductor junction can be produced by the
application of a negative bias to the N-type semiconductor region. This produces a
shift in the energy band structure as illustrated in Fig. 4.5. Current flow across the
interface then occurs mainly due to majority carriers – electrons for the case of an
N-type semiconductor. The current transport across the contact can take place via
four basic processes [5] that are schematically shown in the figure:

(a) The transport of electrons from the semiconductor into the metal over the
potential barrier – referred to as thermionic emission current

(b) The transport of electrons by quantum mechanical tunneling through the poten-
tial barrier – referred to as tunneling current

(c) The transport of electrons and holes into the depletion region followed by their
recombination – referred to as recombination current

(d) The transport of holes from the metal into the neutral region of the semiconduc-
tor followed by recombination – referred to as the minority carrier current

In the case of power rectifiers, the doping concentration in the semiconductor
must be relatively low in order to support the reverse bias (or blocking) voltage. This
spreads the depletion region over a substantial distance. Consequently, the potential
barrier is not sharp enough to allow substantial current via the tunneling process. The
recombination current in the space-charge region is observable only at very low
on-state current levels. The current transport due to the injection of holes is usually

Fig. 4.4 Energy band
diagram for the metal-
semiconductor junction after
making an intimate contact
of their surfaces
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negligible unless the Schottky barrier height is large. In power Schottky rectifiers,
the barrier height is intentionally reduced to lower the on-state voltage drop making
the minority carrier current small. Consequently, the current flow via the thermionic
emission process is the dominant current transport mechanism in silicon and silicon
carbide Schottky power rectifiers.

In the case of high-mobility semiconductors, such as silicon, gallium arsenide,
and silicon carbide, and for power rectifiers with low doping concentrations in the
semiconductor, the thermionic emission theory can be used to describe the current
flow across the Schottky barrier interface [6]:

J ¼ AT2e� qΦBN=kTð Þ e qV=kTð Þ � 1
h i

ð4:6Þ

where A is the effective Richardson’s constant, T is the absolute temperature, k is
Boltzmann’s constant, and V is the applied bias. An effective Richardson’s constant
of 110, 140, and 146 A/cm2-oK2 can be used for N-type silicon [6], gallium arsenide
[6], and 4H silicon carbide [3], respectively. This expression, based upon the
superimposition of the current flux from the metal and the semiconductor [7]
which balance out at zero bias, holds true for both positive and negative voltages
applied to the metal contact.

When a forward bias is applied (positive values for V in Eq. (4.6)), the first term in
the square brackets of the equation becomes dominant allowing calculation of the
forward current density using:

JF ¼ AT2e� qΦBN=kTð Þe qVFS=kTð Þ ð4:7Þ
where VFS is the forward voltage drop across the Schottky contact.

Fig. 4.5 Energy band diagram for a metal-semiconductor junction after the application of a
forward bias voltage (electrons are shown as red circles and holes as blue squares)
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In the case of power Schottky rectifiers, a thick lightly doped drift region must be
placed below the Schottky contact as illustrated in Fig. 4.1 to allow supporting the
reverse blocking voltage. A resistive voltage drop (VR) occurs across this drift region
which increases the on-state voltage drop of the power Schottky rectifier beyond VFS.
In case of current transport by the thermionic emission process, there is no modu-
lation of the resistance of the drift region because minority carrier injection is
neglected. Due to the small thickness (typically less than 50 μm) of the drift region
for power Schottky diodes, it is grown on top of a heavily doped N+ substrate as a
handle during processing and packaging of the devices. The resistance contributed
by the substrate (RSUB) must be included in the analysis because it can be compa-
rable to that of the drift region especially for silicon carbide devices. In addition, the
resistance of the ohmic contact (RCONT) to the cathode may make a substantial
contribution to the on-state voltage drop.

The on-state voltage drop (VF) for the power Schottky rectifier, after including the
resistive voltage drop, is given by:

VF ¼ VFS þ VR ¼ kT

q
ln

JF
JS

� �
þ RS,SPJF ð4:8Þ

where JF is the forward (on-state) current density, JS is the saturation current density,
and RS,SP is the total series-specific resistance. In this expression, the saturation
current is given by:

JS ¼ AT2e� qΦBN=kTð Þ ð4:9Þ
and the total series-specific resistance is given by:

RS,SP ¼ RD,SP þ RSUB þ RCONT ð4:10Þ
The saturation current is a strong function of the Schottky barrier height and the
temperature as shown in Fig. 4.6 for silicon devices. (A corresponding plot for
4H-SiC is provided in Ref. [3] for the range of barrier heights typical for this
material.) The barrier heights chosen for this plot are in the range for typical metal
contacts with silicon. The saturation current density increases with increasing
temperature and reduction of the barrier height. This has an influence not only on
the on-state voltage drop but an even greater impact on the reverse leakage current as
discussed in the next section.

As discussed in Chap. 1, the specific on-resistance of the drift region is given by:

Ron�ideal ¼ 4BV2

εSμnE
3
C

ð4:11Þ

The specific on-resistance of the drift region for 4H-SiC is approximately 2000 times
smaller than for silicon devices for the same breakdown voltage (around 1000 V) as
shown earlier in Fig. 3.6. Their values are given by:
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RD,SP ¼ Ron-ideal Sið Þ ¼ 8:4� 10�9BV2:5 ð4:12Þ
and

RD,SP ¼ Ron-ideal 4H� SiCð Þ ¼ 2:07� 10�12BV2:5 ð4:13Þ
if a constant mobility of 1360 cm2/V-s is used for silicon and 1140 cm2/V-s for
4H-SiC. This approximation works well for silicon but not for 4H-SiC because the
doping levels are much larger resulting in reduced mobility.

In addition, it is important to include the resistance associated with the thick,
highly doped N+ substrate because this is comparable to that for the drift region in
some instances. The specific resistance of the N+ substrate can be determined by
taking the product of its resistivity and thickness. For silicon, N+ substrates with
resistivity of 1 mΩ-cm are available. If the thickness of the substrate is 200 μm, the
specific resistance contributed by the N+ substrate is 2 � 10�5 Ω-cm2. For silicon
carbide, the available resistivity of the N+ substrates is substantially larger. For the
available substrates with a typical resistivity of 0.02 Ω-cm and thickness of 200 μm,
the substrate contribution is 4 � 10�4 Ω-cm2. The specific resistance of the ohmic
contact to the N+ substrate can be reduced to less than 1 � 10�6 Ω-cm2 with
adequate attention to increasing the doping concentration at the contact and by
using ohmic contact metals with low barrier heights as discussed in Sect. 2.4.

The calculated forward conduction characteristics for silicon Schottky rectifiers
are shown in Fig. 4.7 for various breakdown voltages. For this figure, a Schottky
barrier height of 0.7 eV was chosen because this is a typical value used in actual
power devices. It can be seen that the series resistance of the drift region does not

Fig. 4.6 Saturation current density for silicon Schottky barrier rectifiers
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adversely impact the on-state voltage drop for the device with a breakdown voltage
of 50 V at a nominal on-state current density of 100 A/cm2. However, this resistance
becomes significant when the breakdown voltage exceeds 100 V, limiting the
application of silicon Schottky rectifiers to systems, such as switch-mode power
supply circuits, operating at voltages below 100 V.

The significantly smaller resistance of the drift region enables scaling of the
breakdown voltage of silicon carbide Schottky rectifiers to much larger voltages
typical of medium and high power electronic systems, such as those used for motor
control. The forward characteristics of high-voltage 4H-SiC Schottky rectifiers are
shown in Fig. 4.8 for the case of a Schottky barrier height of 1.1 eV. The N+ substrate
resistance used for these calculations was 4 � 10�4 Ω-cm2. It can be seen that the
drift region resistance does not produce a significant increase in on-state voltage drop
until the breakdown voltage exceeds 3000 V. From these results, it can be concluded
that silicon carbide Schottky rectifiers are excellent companion diodes for medium
and high power electronic systems that utilize insulated gate bipolar transistors
(IGBTs). Their fast switching speed and absence of reverse recovery current can
reduce power losses and improve the efficiency in motor control applications [4].

The choice of the Schottky barrier height has an impact on the on-state voltage
drop. In order to illustrate this, the calculated forward conduction characteristics for
silicon Schottky rectifiers are shown in Fig. 4.9 for various Schottky barrier heights.
For this figure, a breakdown voltage of 50 V was chosen because this is a typical
value for power devices. It can be seen that an increase in the on-state voltage drop
occurs in proportion to the magnitude of the Schottky barrier height. It is therefore
attractive to use a low Schottky barrier height for power rectifiers in order to reduce
the on-state voltage drop.

Fig. 4.7 Forward characteristics of silicon Schottky rectifiers

4.3 Forward Conduction 179



As discussed above, the on-state voltage drop for silicon Schottky power recti-
fiers designed to support low voltages is determined mainly by the voltage drop
across the metal-semiconductor contact. By using Eqs. (4.8 and 4.9) and neglecting
the resistive voltage drop, the on-state voltage drop is given by:

Fig. 4.8 Forward characteristics of 4H-SiC Schottky rectifiers

Fig. 4.9 Forward characteristics of silicon Schottky rectifiers
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VF ¼ ΦBN þ kT

q
ln

JF
AT2

� �
ð4:14Þ

Since the logarithmic term in this expression has a negative value, the forward
voltage drop for the Schottky diode decreases with increasing temperature. Exam-
ples of the variation of the on-state voltage drop for Schottky rectifiers with
temperature are shown in Fig. 4.10 for various cases of the Schottky barrier height.
The observed decrease in the on-state voltage drop with temperature is favorable for
reducing power losses but can cause current localization within devices.

Simulation Example
The results of one-dimensional numerical simulations are provided in this section for
the case of a device with a breakdown voltage of 50 V to gain further insight into the
physics of operation for the Schottky rectifier. This is a typical breakdown voltage
for commercially available silicon power Schottky rectifiers. This breakdown volt-
age was obtained with a drift region with doping concentration of 8� 1015 cm�3 and
thickness of 3 μm. The forward conduction characteristics were obtained by sweep-
ing the cathode voltage in the negative direction. Simulations were performed for
various values for the Schottky barrier height to examine the impact on the injection
of minority carriers (holes) into the drift region. The minority carrier lifetimes (τp0
and τn0) were assigned a value of 10 μs during these simulations.

The forward characteristics obtained with the simulations for these Schottky
rectifiers are shown in Fig. 4.11 for various Schottky barrier heights. These charac-
teristics are in excellent agreement with those shown in Fig. 4.9 based upon the
analytical model. For example, the on-state voltage drop obtained at a current

Fig. 4.10 Temperature dependence of the on-state voltage drop for silicon Schottky rectifiers
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density of 100 A/cm2 is 0.41 V for both the simulation and the analytical case when
the barrier height is 0.7 eV. The analytical model is therefore sufficient for the
analysis of the silicon Schottky rectifier.

The on-state current flow in the Schottky rectifier was discussed earlier with the
aid of Fig. 4.5. It was pointed out that one of the current flow mechanisms is by
minority carrier injection into the drift region. The simulations allow analysis of this
contribution by examination of the hole concentration in the drift region. Since the
injection process is known to be sensitive to the barrier height [8], the hole concen-
tration in the drift region is shown in Fig. 4.12 for various barrier heights. In all
cases, the on-state voltage drop was chosen as 0.5 V, which is the typical operating
value for silicon rectifiers because it produces an on-state current density of about
100 A/cm2. It can be observed that the injected hole concentration increases with
increasing barrier height as expected. However, even for the largest barrier height of
0.8 eV, the injected hole density is less than 1013 cm�3 in the drift region, which is
1000 times smaller than the doping concentration. This confirms that the on-state
operation of the silicon Schottky rectifier can be performed while neglecting the
injection of minority carriers. It also confirms that the stored charge in the silicon
Schottky rectifier is small allowing rapid switching from the on-state to the off-state
during circuit operation.
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4.4 Reverse Blocking

When a reverse bias is applied to the Schottky rectifier, the voltage is supported
across the drift region with the maximum electric field located at the metal-
semiconductor contact as shown in Fig. 4.1. The energy band diagram
corresponding to this condition is illustrated in Fig. 4.13. Since no voltage can be
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supported within the metal, the reverse blocking capability of the Schottky rectifier is
governed by the physics for the abrupt P-N junction that was discussed in Chap. 3. If
a parallel-plane breakdown voltage is assumed, the drift region doping and width for
a silicon device are given by:

ND ¼ 1:577� 1018 BVPPð Þ�4=3 ð4:15Þ
and

WD ¼ 2:87� 10�6 BVPPð Þ7=6 ð4:16Þ
In the case of actual power Schottky rectifiers, the breakdown voltage is constrained
by breakdown at the edges. Edge terminations that have been used to raise the
breakdown voltage of Schottky rectifiers close to the parallel-plane value are
discussed in a later section of the chapter.

4.4.1 Leakage Current

The leakage current for Schottky rectifiers is comprised of three components:

(a) Space-charge generation current arising from the depletion region
(b) Diffusion current arising from carrier generation in the neutral region
(c) Thermionic emission current across the metal-semiconductor contact

Due to the relatively small barrier height utilized in silicon Schottky rectifiers, the
thermionic emission component is dominant. The leakage current for the Schottky
rectifier can be obtained by using Eq. (4.6) and substituting a negative bias of
magnitude VR applied to the diode:

JL ¼ AT2e� qΦBN=kTð Þ e� qVR=kTð Þ � 1
h i

ð4:17Þ

Since the typical reverse bias voltages (VR) are much greater than the thermal energy
(kT/q), the exponential term in the square brackets becomes very small under reverse
blocking conditions. Consequently, the leakage current is determined by the satura-
tion current:

JL ¼ �AT2e� qΦBN=kTð Þ ¼ �JS ð4:18Þ
As previously discussed with reference to Fig. 4.6 for the saturation current, the

leakage current due to the thermionic emission process is a strong function of the
Schottky barrier height and the temperature. In order to reduce the leakage current
and minimize power dissipation in the blocking state, a large Schottky barrier height
is required. Further, a very rapid increase in leakage current occurs with increasing
temperature, as shown in Fig. 4.14. If the power dissipation due to the leakage
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current becomes dominant, the resulting increase in the device temperature produces
a positive feedback mechanism which can lead to unstable operation of the Schottky
rectifier due to thermal runaway. This destructive failure mechanism for power
Schottky rectifiers must be avoided by sufficiently increasing the Schottky barrier
height even though this increases the on-state voltage drop. A larger Schottky barrier
height is warranted for power Schottky rectifiers that must operate at higher ambient
temperatures. This trade-off is discussed in more detail later in the chapter.

4.4.2 Schottky Barrier Lowering

Based upon the above analysis, the leakage current of the Schottky rectifier should
be independent of the magnitude of the applied reverse bias voltage. However, actual
power Schottky rectifiers exhibit a significant increase in the leakage current with
increasing reverse bias voltage. This increase in the leakage current is far greater than
the space-charge generation current within the expanding depletion region with
increasing reverse bias voltage.

Under reverse blocking operation, it has been found that there is a reduction of the
Schottky barrier height due the image force lowering phenomenon [9]. In order to
analyze this phenomenon, consider the energy band diagram for the metal-
semiconductor contact shown in Fig. 4.15. When an electron in the semiconductor
approaches the metal at a distance x from the interface, a positive mirror image
charge of the same magnitude occurs in the metal at a distance –x from the interface.
This produces an electrostatic force on the electron given by:

Fig. 4.14 Temperature dependence of the leakage current for silicon Schottky rectifiers
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F xð Þ ¼ q2

4πεS 2xð Þ2 ð4:19Þ

This attractive force between the particles creates a negative potential energy for the
electron inside the semiconductor, which is the work done to move the electron from
position x to infinity. The corresponding image force potential (VI) is given by:

qV I ¼
ð1
x
F xð Þdx ¼ � q2

16πεS

ð1
x

dx

x2
¼ � q2

16πεSx
ð4:20Þ

The negative image force potential combines with the positive potential due to the
Schottky barrier producing a maximum at a distance XM from the interface. At this
location, the image force potential is equal to the potential drop across the depletion
region due to the prevailing electric field indicated by the arrow in the figure. Since
the maximum is located close to the interface, it can be assumed that the electric field
at this location is approximately equal to the maximum electric field (EM) at the
Schottky contact. The illustration exaggerates the change in barrier height and the
distance XM to clarify the physics. Equating the image force potential (VI) at location
XM to the potential drop (EM.XM) in the depletion region:

q

16πεSXM
¼ EMXM ð4:21Þ

The reduction of the barrier height due to the image force lowering phenomenon,
indicated as ΔΦBN in Fig. 4.15, is then given by:

ΔφBN ¼ 2EMXM ð4:22Þ
Using Eq. (4.21) to eliminate XM, the barrier lowering is found to be determined by
the maximum electric field (EM) at the metal-semiconductor interface:

Fig. 4.15 Band diagram illustrating the image force lowering of the Schottky barrier height
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ΔφBN ¼
ffiffiffiffiffiffiffiffiffiffi
qEM

4πεS

r
ð4:23Þ

For a one-dimensional structure, the maximum electric field is related to the applied
reverse bias voltage (VR) by:

EM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qND

εS
VR þ VCPð Þ

r
ð4:24Þ

where VR is the reverse bias voltage and VCP is the contact potential.
As an example, the reduction of the barrier height for a 60-V silicon Schottky

rectifier is shown in Fig. 4.16. The reduction of the Schottky barrier height is
0.065 eV at the maximum reverse bias voltage. Although this change in barrier
height may appear to be small, it can lead to a substantial increase in the leakage
current with increasing reverse bias voltage.

The leakage current for the Schottky rectifier including the effect of Schottky
barrier lowering is given by:

JL ¼ �AT2e�q φBN�ΔφBNð Þ=kT ð4:25Þ
The leakage currents calculated with and without the Schottky barrier lowering
effect are compared for the case of a silicon device with a breakdown voltage of
60 V in Fig. 4.17. In making these plots, the leakage current due to space-charge
generation was neglected because it is much smaller than the leakage current across
the metal-semiconductor contact. It can be seen that the leakage current is enhanced
by a factor of five times due to the barrier lowering phenomenon as the reverse
voltage increases and approaches the breakdown voltage.

Fig. 4.16 Schottky barrier lowering for silicon and 4H-SiC Schottky rectifiers
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4.4.3 Pre-breakdown Avalanche Multiplication

The actual reverse leakage current for silicon Schottky rectifiers has been found to
increase by an even greater degree than predicted by the Schottky barrier lowering
phenomenon. This increase in leakage current can be accounted for by including the
effect of pre-breakdown avalanche multiplication of the large number of free carriers
being transported through the Schottky rectifier structure at the high electric fields
associated with reverse bias voltages close to the breakdown voltage [10]. This
impact ionization process can be treated as a purely electron initiated process due to
the relatively large thermionic emission current across the metal-semiconductor
contact. The total number of electrons that reach the edge of the depletion region
will be larger than those crossing the metal-semiconductor contact by a factor Mn,
which is the electron multiplication factor. An analytical expression for the electron
multiplication factor can be derived by using a power series approximation for the
impact ionization coefficients αn and αp:

αn ¼ 6:6 � 10�24E4:93 ð4:26Þ
and

αp ¼ 2:3 � 10�24E4:93 ¼ 0:344αn ð4:27Þ
It has been assumed that the ratio of the impact ionization coefficients for electrons
and holes remains independent of the electric field. The multiplication coefficient

Fig. 4.17 Leakage current density for a 60V silicon Schottky rectifier
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(Mn) is then determined from the maximum electric field (EM) at the metal-
semiconductor contact:

Mn ¼ 1� 1:52 1� exp �7:22 � 10�25E4:93
m WD

� �� �	 
�1 ð4:28Þ
where WD is the depletion layer width. The leakage current density for a silicon
Schottky rectifier with drift region doping concentration of 1 � 1016 cm�3 is shown
in Fig. 4.15 after including the influence of the pre-breakdown multiplication
coefficient. The effect of including the multiplication coefficient is apparent at
high voltages when the electric field approaches the critical electric field for break-
down. The leakage currents obtained, after including the effects of Schottky barrier
lowering and pre-breakdown multiplication, are consistent with the characteristics of
commercially available silicon devices, which exhibit an order of magnitude
increase in leakage current from low reverse bias voltages to the rated voltage
(about 80% of the breakdown voltage).

4.4.4 Silicon Carbide Rectifiers

Since the low specific on-resistance of the drift region in silicon carbide devices is
associated with the much larger electric field in the material before the onset of
impact ionization, the Schottky barrier lowering in silicon carbide rectifiers can be
expected to be significantly larger than in silicon devices. For the case of a drift
region doping level of 1� 1016 cm�3, the barrier lowering is found to be three times
larger in silicon carbide at the corresponding breakdown voltage as shown in
Fig. 4.14. In preparing this graph, the reverse voltage was normalized to the
breakdown voltage because of the different breakdown voltages for the silicon
(50 V) and silicon carbide devices (3000 V).

The enhanced Schottky barrier lowering in silicon carbide devices leads to a more
rapid increase in leakage current with increasing reverse bias as shown in Fig. 4.18.
The leakage current is predicted by this model to increase by about three orders of
magnitude when the reverse voltage approaches the breakdown voltage. The
observed increase in leakage current with applied reverse bias voltage for high-
voltage silicon carbide Schottky rectifiers is much greater than can be accounted for
with the Schottky barrier lowering model [11–13] despite the much larger barrier
lowering effect. The experimentally observed increase in leakage current is about six
orders of magnitude with increase in reverse bias voltage.

Tunneling Current
In order to explain the more rapid increase in leakage current observed in silicon
carbide Schottky rectifiers, it is necessary to include the field emission (or tunneling)
component of the leakage current [14]. The thermionic field emission model for the
tunneling current leads to a barrier lowering effect proportional to the square of the
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electric field at the metal-semiconductor interface. When combined with the therm-
ionic emission model, the leakage current density can be written as:

JS ¼ AT2exp � qφBN

kT

� �
:exp

qΔφBN

kT

� �
:exp CTE

2
M

� � ð4:29Þ

where CT is a tunneling coefficient. A tunneling coefficient of 8� 10�13 cm2/V2 was
found to yield an increase in leakage current by six orders of magnitude as shown in
Fig. 4.18 consistent with the experimental observations. Thus, the inclusion of the
tunneling model enhances the leakage current by another three orders of magnitude
beyond that due to the Schottky barrier lowering phenomenon.

As discussed above, the leakage current in silicon carbide Schottky rectifiers
increases much more rapidly with reverse voltage than in silicon devices. Fortu-
nately, larger barrier heights can be utilized in silicon carbide devices when com-
pared with silicon devices to reduce the absolute magnitude of the leakage current
density because an on-state voltage drop of 1–1.5 V is acceptable for such high-
voltage structures. This enables maintaining an acceptable level of power dissipation
in the reverse blocking mode. For example, in the case of the 3 kV 4H-SiC Schottky
diode discussed above, the reverse power dissipation at room temperature is less than
1 W/cm2 compared with an on-state power dissipation of 100 W/cm2. The expected
increase in leakage current with temperature must of course be taken into account in
order to ensure that the reverse power dissipation remains below the on-state power
dissipation for stable operation. The leakage current can be suppressed by shielding
the Schottky contact [3] using the JBS rectifier structure [15] originally proposed for
silicon devices.

Fig. 4.18 Leakage current density for a 3 kV 4H-SiC Schottky rectifier
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4.5 Device Capacitance

The reverse blocking voltage is supported across a depletion region in the power
Schottky rectifier as shown in Fig. 4.11. The thickness of the depletion region (WD)
is related to the applied reverse bias voltage (VR) by:

WD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εS
qND

VR þ VCPð Þ
s

ð4:30Þ

where VCP is the contact potential. The specific capacitance (capacitance per unit
area) associated with this depletion region is given by:

CSBD,SP ¼ εS
WD

ð4:31Þ

where εS is the dielectric constant of the semiconductor.
The specific capacitance calculated using the above relationships is plotted in

Fig. 4.19 for silicon Schottky rectifiers with breakdown voltages of 30, 50, and
100 V. For these plots, the contact potential was assumed to be 0.7 V. The specific
capacitance decreases with increasing reverse bias voltage due to the expansion of
the depletion region into the drift region. At any given reverse bias voltage, the
specific capacitance is smaller for the higher breakdown voltage structure due to the
smaller doping concentration in the drift region. A typical value for the specific
capacitance for silicon Schottky rectifiers is 10�8 F/cm2.

Fig. 4.19 Specific capacitance for silicon Schottky rectifiers
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The specific capacitance for the 4H-SiC Schottky rectifiers calculated using the
above relationships is plotted in Fig. 4.20. In this case, a slightly larger contact
potential of 1.0 V was used due to the larger Schottky barrier heights utilized in
silicon carbide devices. Larger values for the breakdown voltages for the silicon
carbide Schottky diodes, of interest for their applications, were selected for this
figure. The behavior of the specific capacitance is similar to that for silicon devices.
A typical value for the specific capacitance for these higher breakdown voltage
4H-SiC Schottky rectifiers is also 10�8 F/cm2.

4.6 Thermal Considerations

The Schottky power rectifier is used to control the direction of current flow in power
circuits, such as switch-mode power supplies, operating at high frequencies. The
device operates for a part of the cycle in the on-state and in the off-state for the rest of
the cycle with rapid switching transients between these modes. A typical set of
current-voltage waveforms for the Schottky rectifier are shown in Fig. 4.21 under the
assumption that the switching intervals can be neglected. As discussed earlier in the
chapter, the minority carrier stored charge is very small in the silicon Schottky
rectifier allowing the device to rapidly switch between the on-state and the
off-state. In practical circuit boards, care must be taken to ensure that current ringing
due to the stray inductance of the board and the diode capacitance is minimized.

The power dissipation incurred in the power Schottky rectifier can be calculated
by adding the power loss during the on-state with the power dissipated in the

Fig. 4.20 Specific capacitance for 4H-SiC Schottky rectifiers
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off-state [16]. Unlike most power devices, the off-state power loss in the Schottky
rectifier becomes significant, especially at elevated temperatures, due to the rela-
tively large leakage current. If the power loss due to the leakage current becomes
greater than the power loss due to the on-state current flow, the Schottky rectifier can
undergo thermal runaway leading to destructive failure.

As shown in Fig. 4.21, typical Schottky rectifiers exhibit a voltage drop (VF)
during current conduction in the forward direction. This results in power dissipation
per unit area in the on-state given by:

PL onð Þ ¼ δJFVF ð4:32Þ
where JF is the on-state current density. In this expression, δ is referred to as the duty
cycle given by:

δ ¼ tON=T ð4:33Þ
where tON is the on-state duration and T is the time period (the reciprocal of the
operating frequency). The on-state power dissipation decreases with increasing
temperature because the on-state voltage drop decreases as shown in Fig. 4.10.

The power dissipation per unit area in the off-state is given by:

PL offð Þ ¼ 1� δð ÞJLVR ð4:34Þ
where JL is the leakage current exhibited by the device in its off-state due to
supporting a reverse bias (VR). The power dissipation in the off-state increases
rapidly with temperature due to an increase in the leakage current as shown in
Fig. 4.14.

Fig. 4.21 Typical
switching waveforms for a
Schottky rectifier
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The total power dissipation incurred in the diode is obtained by combining these
terms:

PL totalð Þ ¼ PL onð Þ þ PL offð Þ ð4:35Þ
As the temperature of the diode is increased from room temperature, the on-state
power dissipation decreases resulting in a reduction of the total power dissipation
because the leakage current is small. However, the leakage current increases rapidly
at high temperatures resulting in an increase in the power dissipation with temper-
ature. Consequently, the power dissipation in the Schottky rectifier goes through a
minimum with increasing temperature as illustrated in Fig. 4.22 for the case of a
device with breakdown voltage of 50 V. A duty cycle of 50%, a Schottky barrier
height of 0.7 eV, a reverse bias voltage of 30 V, and an on-state current density of
100 A/cm2 were chosen for this example.

The maximum stable operating temperature for the Schottky rectifier is limited by
the thermal impedance of the package and heat sink. If a tangent is drawn from the
ambient temperature to the power dissipation curve as shown in Fig. 4.22, the
maximum stable operating temperature is obtained as shown in the figure. Although
stable operation is theoretically predicted below this temperature point, it is prudent
to keep the maximum operating temperature below the point of minimum power
dissipation indicated in the figure.

The Schottky barrier height has a strong influence on the maximum operating
temperature and the minimum power dissipation. This is illustrated in Fig. 4.23 for
the case of a silicon Schottky rectifier with a breakdown voltage of 50 V. Here, a
duty cycle of 50% was chosen with a reverse bias voltage of 30 V and an on-state
current density of 100 A/cm2 for these diodes. As the barrier height is increased from

Fig. 4.22 Typical power dissipation for a silicon Schottky rectifier
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0.5 to 0.9 eV, the temperature at which the minimum power dissipation occurs shifts
from 300 �K to above 500 �K. Thus, it becomes necessary to use a larger Schottky
barrier height when designing silicon Schottky rectifiers for high temperature oper-
ation. It can be observed from the figure that this is accompanied by an increase in
the power dissipation within the rectifier.

The maximum operating temperature is also dependent on the duty cycle. This is
illustrated in Fig. 4.24 for the case of 50 V silicon Schottky rectifiers with a barrier
height of 0.7 eV. Here, a reverse bias voltage of 30 V and an on-state current density
of 100 A/cm2 were assumed for these diodes. It can be seen that at room temperature,
the power dissipation is reduced for smaller duty cycles because the on-state power
dissipation is dominant. However, the temperature at which the minimum power
dissipation occurs, indicated by the red arrows in the figure, is also smaller for
smaller duty cycles. It becomes necessary to raise the barrier for low duty cycle
operation to enable operation at high temperatures leading to an increase in the
power dissipation.

It is worth pointing out that all the power dissipation curves cross one another at
the same temperature. This implies that there is a temperature at which the power
dissipation becomes independent of the duty cycle. This temperature can be deter-
mined by using Eq. (4.35) with:

dPL

dδ
¼ 0 ð4:36Þ

By using Eqs. (4.14 and 4.17) for the on-state voltage drop and the leakage current,
this condition is defined by:

Fig. 4.23 Power dissipation for silicon Schottky rectifiers

4.6 Thermal Considerations 195



JF φBN þ kT

q
ln

JF
AT2

� �
 �
� AT2e� qϕBN=kTð ÞVR ¼ 0 ð4:37Þ

Iterative solution of this equation with the previously defined device parameters
yields a temperature of 466 �K, which is in agreement with the plots in Fig. 4.24.

4.7 Fundamental Trade-Off Analysis

As demonstrated in the previous section, it is necessary to adjust the barrier height in
order to minimize the power losses for applications. Low barrier heights should be
chosen for power Schottky rectifiers that are intended for applications with large
duty cycles where the power losses due to forward conduction are dominant.
However, the leakage current increases resulting in a low maximum operating
temperature if a small Schottky barrier height is chosen. Similarly, large barrier
heights are required for Schottky rectifiers used in applications with high reverse bias
stress and elevated ambient temperatures. It is therefore necessary to make a trade-
off between reducing the forward voltage drop and minimizing the leakage current
by appropriate choice of the barrier height.

In the case of low voltage (< 50 V) Schottky rectifiers, it is possible to neglect the
influence of the series resistance on the on-state voltage drop. In this case, the
on-state voltage drop is given by:

Fig. 4.24 Power dissipation for silicon Schottky rectifiers
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VF ¼ ΦBN þ kT

q
ln

JF
AT2

� �
ð4:38Þ

If the impact of Schottky barrier lowering and pre-breakdown avalanche multipli-
cation is neglected, then the leakage current for the Schottky rectifier is equal to the
saturation current density:

JL ¼ JS ¼ AT2e� qΦBN=kTð Þ ð4:39Þ
A fundamental trade-off relationship that is useful during the design of Schottky
power rectifiers can be derived by combining the above equations with the elimina-
tion of the barrier height:

JL ¼ JFe
� qVF=kTð Þ ð4:40Þ

The calculated trade-off curves for Schottky rectifiers operating at various junc-
tion temperatures are shown in Fig. 4.25. It is worth pointing out that these trade-off
curves are fundamental in nature because they are independent of the semiconductor
material (not accounting for the small difference in the Richardson’s constant). This
implies that the performance of silicon Schottky rectifiers with low breakdown
voltages cannot be improved by replacement with other semiconductors, such as
gallium arsenide or silicon carbide. Thus, the plots in Fig. 4.25 establish the
minimum expected leakage current in Schottky rectifiers for any given on-state
voltage drop and operating temperature. For example, the trade-off curve for
400 �K indicates that the minimum leakage current for a Schottky rectifier will be

Fig. 4.25 Fundamental trade-off curves for Schottky rectifiers
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1 mA/cm2 if the barrier height is chosen to obtain an on-state voltage drop of 0.4 V.
The performance of actual devices can be expected to be worse than this due to the
impact of the series resistance on increasing the on-state voltage drop and the
influence of Schottky barrier lowering and pre-breakdown avalanche multiplication
on increasing the leakage current.

4.8 Device Technology

A variety of metals have been used to manufacture silicon Schottky barrier rectifiers.
As previously pointed out, it is necessary to use a metal with low barrier height to
reduce the power dissipation. This is satisfactory if the operating ambient tempera-
ture for the diode is low. As the ambient temperature increases, it becomes necessary
to use metals with larger barrier heights to suppress the leakage current. The
Schottky barrier height depends upon the work function of the metal. The work
functions and corresponding barrier heights [17] are tabulated in Fig. 4.26 for
cleaved silicon surfaces with metal deposited in an ultrahigh vacuum environment.
As expected, the barrier height increases with increasing work function for the metal.
These values for the barrier height are consistent with an electron affinity of about
4.0 eV for silicon.

When the metal-silicon interface is subjected to an anneal process at elevated
temperatures, the metal reacts with the silicon producing a metal silicide which has a
different work function. The measured barrier heights for various metal silicides on
N-type silicon are provided in Fig. 4.27. Platinum silicide is commonly used for
power Schottky rectifiers that must be designed to operate at high temperatures.

Metal Cr W Mo Pt

Work Function (eV) 4.50 4.60 4.60 5.30

Barrier Height (eV) 0.57 0.61 0.59 0.81

Fig. 4.26 Work functions and Schottky barrier heights for metals on silicon

Metal-Silicide CrSi2 WSi2 MoSi2 PtSi2

Barrier Height
(eV) 0.57 0.65 0.55 0.78

Fig. 4.27 Schottky barrier
heights for metal silicides on
silicon
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4.9 Barrier Height Adjustment

The barrier height is usually decided by the choice of the metal when manufacturing
power Schottky rectifiers. An alternative approach to adjusting the barrier height is
by employing a shallow ion implant at the surface of the semiconductor. The
addition of a surface layer, whose thickness is less than the electron mean free
path of about 100 angstroms, with a carefully controlled dose, can change the
effective barrier height between the metal and the semiconductor [18]. For an
N-type drift region, the addition of an N-type surface layer will reduce the effective
barrier height, while it will be increased by the incorporation of a P-type surface
layer. This method is attractive because it allows the selection of the metal based
upon the metallurgical properties of the interface with the semiconductor for stable
operation while simultaneously tailoring the barrier height using the ion-implanted
layer for the intended application. The optimization of the barrier height for power
Schottky rectifiers can be achieved by starting with a large barrier height and then
reducing the barrier by ion implantation of an N-type surface layer into the N-type
drift region.

In order to analyze the reduction of the barrier height, the doping profile for this
case is shown in Fig. 4.28 under the assumption of a uniform concentration in the
surface layer and the drift region. The electric field profile for this doping profile is
also shown in the figure. The slope of the electric field profile in the zone from x¼ 0
to x ¼ a is determined by the larger doping concentration of the surface layer while
that in the drift region from x ¼ a to x ¼ W is determined by its lower doping
concentration. It can be seen from the band diagram in Fig. 4.28 that a narrow

Fig. 4.28 Metal-
semiconductor contact with
a thin, highly doped, n-type
surface layer
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potential barrier is formed at the metal-semiconductor interface. As indicated in the
figure, electrons can pass through this barrier creating a tunneling current. This
additional current component can be analyzed as a reduction in the barrier height
producing an enhancement of the thermionic emission current.

The electric field profile obtained by solving Poisson’s equation with the doping
profile shown in Fig. 4.28 is given by the following equations:

E xð Þ ¼ �EM þ qNSx

εS
ð4:41Þ

from x ¼ 0 to x ¼ a and

E xð Þ ¼ �qND

εS
W � xð Þ ð4:42Þ

from x ¼ a to x ¼ W. The maximum electric field (EM) at the metal-semiconductor
contact is given by:

EM ¼ q

εS
NSaþ ND W � að Þ½ � ð4:43Þ

The reduction of the Schottky barrier height can be obtained by substitution of this
expression into Eq. (4.23). If the dose (NS.a) of the ion implant to create the N-type
surface layer is much greater than the charge in the depletion region at zero bias, the
reduction of the barrier height is given by:

ΔφBN ¼ q

εS

ffiffiffiffiffiffiffiffi
aNS

4π

r
ð4:44Þ

The effective barrier height (ϕBE) can be calculated by subtracting this barrier
reduction from the metal-semiconductor barrier height (ϕBN).

The reduction of the Schottky barrier height that can be achieved with a shallow
N-type ion implant is shown in Fig. 4.29. It is possible to obtain a barrier reduction in
the range of 0.05–0.15 eV by using a dose of between 1012 and 1013 cm�2. This has
been experimentally confirmed by using antimony implanted into an N-type drift
region [19]. Antimony was chosen as the N-type dopant because of its large mass
and low diffusion coefficient in silicon. The large atomic mass for antimony ensures
that the dopant is located close to the silicon surface for ion implant energies of
5–10 keV, the lowest energies available in commercial ion implanters. Its low
diffusion coefficient ensures that the dopant does not get redistributed during the
post-implant annealing step to activate the dopant and remove the implant damage. It
has been found that the damage from ion implantation can also alter the barrier
height as well as contribute to leakage current by the generation of current at the
metal-semiconductor interface via deep levels in the bandgap. Consequently, appro-
priate annealing steps are required after the ion implant to produce good Schottky
diode characteristics.
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4.10 Edge Terminations

The power Schottky barrier rectifier can be fabricated without the need for the
additional processing steps that are required for creating P-N junctions. A Schottky
rectifier with a metal field plate structure is illustrated in Fig. 4.30(a) with thermally
grown silicon dioxide as the passivation at the edges. With this edge termination, a
high electric field develops at the edges of metal (at point A). This not only degrades
the breakdown voltage but contributes to the enhancement of the leakage current due
to Schottky barrier lowering. The extension of Schottky contact metal over the oxide
reduces the electric field at point A as discussed for field plates in Chap. 3. Care must
be taken to design the field plate termination so that premature breakdown is not
initiated at point B.

An improved field plate structure, illustrated in Fig. 4.30(b), can be created by
using the LOCOS (Local Oxidation of Silicon) process. In the LOCOS process, a
tapered field oxide is grown at the edges by utilizing a silicon nitride mask in the
active area of the diode. This produces a tapered oxide at the edges due to formation
of the “birds-beak” effect, as illustrated in the figure, which assists in reducing the
electric field at Schottky metal contact.

A more commonly used approach for providing the edge termination for silicon
Schottky power rectifiers is by incorporation of a P+ guard ring, as illustrated in
Fig. 4.30(c), even though this entails extra processing steps. The guard rings overlap
the edges of the Schottky contact metal completely screening it from high electric
fields. The breakdown voltage of this edge termination is the same as that of the
cylindrical junction discussed in Chap. 3 if the corners of the diode are sufficiently
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Fig. 4.29 Reduction of the Schottky barrier height with a thin, highly doped, N-type surface layer
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rounded to avoid formation of spherical junctions. The presence of the P+ guard ring
creates a P-N junction in parallel with the Schottky diode. If the Schottky rectifier is
designed to operate with an on-state voltage drop below 0.6 V, as is typical for
silicon Schottky rectifiers with low breakdown voltages, the P-N junction does not
get sufficiently forward biased to inject minority carriers into the drift region under
normal operating conditions. This preserves the fast switching properties of the
Schottky rectifiers essential for their application in high-frequency power circuits.
Under surge current levels, where the diode is subjected to a very high on-state
current density, the injection from the P-N junction is beneficial for reducing the
on-state voltage drop and power dissipation.

4.11 Reverse Recovery Current

It will be shown in Chap. 5 that P-i-N rectifiers exhibit a large reverse recovery
current flow due to stored charge inside the drift region produced by the on-state
current flow. There is no stored charge in Schottky rectifiers due to majority carrier
transport in the on-state. Despite this, a reverse recovery current is observed in
Schottky rectifiers due to the capacitance of the device.

Fig. 4.30 Edge terminations for Schottky barrier rectifiers
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Consider the case of a Schottky rectifier which undergoes switching from the
on-state to the off-state with a constant rate of change (δ) of the anode voltage. The
reverse voltage across the device is then given by:

VR tð Þ ¼ Vbi þ δ tð Þ ð4:45Þ
where Vbi is the built-in voltage of the Schottky contact. The reverse current
produced by this [dV/dt] applied to the Schottky diode can be obtained using its
capacitance C(V ):

JR tð Þ ¼ C Vð Þ dV

dt


 �
¼ εS

WD Vð Þ δ ð4:46Þ

where WD(V ) is the width of the depletion region. The width of the depletion region
is given by:

WD tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εS VR tð Þ þ Vbi½ �

qND

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εS δ t þ Vbið Þ

qND

s
ð4:47Þ

where ND is the doping concentration of the drift region. Using this expression in
Eq. (4.46):

JR tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qND εS δ

2

2 δ t þ Vbið Þ

s
ð4:48Þ

As an example, the reverse recovery current density is shown in Fig. 4.31 for case
of a drift region doping concentration of 1� 1016 cm�3 corresponding to a Schottky
diode with breakdown voltage of about 50 V. A reverse voltage ramp rate of 1� 107

V/s was assumed here with the resulting waveform shown in Fig. 4.31. The largest
reverse current density occurs at zero crossing because of the largest capacitance
with a maximum value of about 0.3 A/cm2. This is a relatively small reverse
recovery current when compared with P-i-N rectifiers.

4.12 Summary

The physics of operation of the Schottky rectifier has been described in this chapter.
For power devices with relatively high breakdown voltages, the dominant current
conduction mechanism is by the thermionic emission process. This process governs
the fundamental relationship between the on-state voltage drop and the leakage
current for power Schottky rectifiers. For power Schottky rectifiers, it is necessary
to include the impact of the series resistance of the drift region on the on-state
voltage drop. This series resistance limits the performance of silicon rectifiers to a
breakdown voltage of less than 200 V. In addition, the Schottky barrier lowering and
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pre-breakdown avalanche multiplication must be taken into consideration when
analyzing the leakage current for silicon devices because they can enhance the
leakage current by an order of magnitude for high reverse bias voltages. In the
case of silicon carbide Schottky rectifiers, it is possible to extend the breakdown
voltage to at least 3000 V due to the much smaller resistance in the drift region.
However, the reverse leakage current in silicon carbide devices is significantly
enhanced by the tunneling current at high reverse bias voltages.

The leakage current in silicon and silicon carbide Schottky rectifiers can be
suppressed by using the junction-barrier controlled Schottky (JBS) rectifier structure
[1–3]. A detailed analysis of these structures is beyond the scope of this textbook due
to space limitations. In addition, the performance of silicon Schottky rectifiers has
been greatly improved by using the Trench MOS Barrier Schottky (TMBS) charge-
coupling concept. The JBS and TMBS structures are discussed in detail in other
recently published books [20, 21].

Problems

4.1 Calculate the barrier height for a Schottky contact to silicon made using a
metal with a work function of 4.6 eV.

4.2 Calculate the specific resistance for the ideal drift region for a silicon Schottky
barrier rectifier designed to block 100 V.

4.3 Calculate the on-state voltage drop for a Silicon Schottky barrier rectifier
designed to block 100 V under the following assumptions: (a) parallel-plane
breakdown voltage, (b) on-state current density of 100 A/cm2, (c) barrier
height of 0.8 eV, (d) operation at room temperature (300 �K), and (e) zero

Fig. 4.31 Reverse recovery waveforms for Schottky barrier rectifiers
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substrate and ohmic contact resistance. Provide the voltage drop across the
Schottky barrier and the drift region.

4.4 Calculate the specific resistance for the ideal drift region for a silicon Schottky
barrier rectifier designed to block 1000 V.

4.5 Calculate the on-state voltage drop for a silicon Schottky barrier rectifier
designed to block 1000 V under the following assumptions: (a) parallel-
plane breakdown voltage, (b) on-state current density of 100 A/cm2,
(c) barrier height of 0.8 eV, (d) operation at room temperature (300 �K),
and (e) zero substrate and ohmic contact resistance. Provide the voltage drop
across the Schottky barrier and the drift region.

4.6 Calculate the specific resistance for the ideal drift region for a 4H-SiC
Schottky barrier rectifier designed to block 1000 V.

4.7 Calculate the on-state voltage drop for a 4H-SiC Schottky barrier rectifier
designed to block 1000 V under the following assumptions: (a) parallel-plane
breakdown voltage, (b) on-state current density of 100 A/cm2, (c) barrier
height of 1.1 eV, (d) operation at room temperature (300 �K), and (e) zero
substrate and ohmic contact resistance. Provide the voltage drop across the
Schottky barrier and the drift region.

4.8 A Silicon Schottky barrier rectifier is designed to block 100 V.

(a) Calculate the leakage current density without Schottky barrier lowering.
(b) Calculate the leakage current density with Schottky barrier lowering.
(c) What is the barrier reduction in eV due to the image force?

Use the following assumptions: (a) parallel-plane breakdown voltage,
(b) reverse bias voltage of 80 V, (c) barrier height of 0.8 eV, (d) no impact
ionization, and (e) no generation or diffusion current.

4.9 A 4H-SiC Schottky barrier rectifier is designed to block 1000 V.

(a) Calculate the leakage current density without Schottky barrier lowering
and tunneling.

(b) Calculate the leakage current density with Schottky barrier lowering but
without tunneling.

(c) Calculate the leakage current density with Schottky barrier lowering and
tunneling.

(d) What is the barrier reduction in eV due to the image force?
Use the following assumptions: (a) parallel-plane breakdown voltage,

(b) reverse bias voltage of 800 V, (c) barrier height of 1.1 eV, (d) no
impact ionization, and (e) no generation or diffusion current.

4.10 Calculate the specific capacitance for a silicon Schottky barrier rectifier
designed to block 100 V at reverse bias voltages of 10, 20, 40, and 80 V.

4.11 Calculate the specific capacitance for a 4H-SiC Schottky barrier rectifier
designed to block 1000 V at reverse bias voltages of 100, 200, 400, and 800 V.

4.12 Calculate the power dissipation for a silicon Schottky barrier rectifier designed
to block 100 V at 300, 350, 400, 450, and 500 �K. Use the following
assumptions: (a) parallel-plane breakdown voltage, (b) reverse bias voltage
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of 80 V, (c) barrier height of 0.8 eV, (d) duty cycle of 50%, and (e) on-state
current density of 100 A/cm2. Estimate the temperature at which minimum
power dissipation is observed.
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Chapter 5
P-i-N Rectifiers

Power rectifiers are needed in power electronic circuits to control the direction for
current flow. In the case of silicon Schottky barrier rectifiers, it was demonstrated in
Chap. 4 that their on-state voltage drop becomes large when the device is designed to
support more than 200 V in the reverse blocking mode. Power device applications,
such as motor control, require rectifiers with blocking voltages ranging from 300 to
5000 V. Silicon P-i-N rectifiers have been developed for these high-voltage
applications.

In a P-i-N rectifier, the reverse blocking voltage is supported across a depletion
region formed with a P-N junction structure. The voltage is primarily supported
within the N-type drift region with the properties of the P-type region optimized for
good on-state current flow. In Chap. 3, it was established that any given reverse
blocking voltage can be supported across a thinner drift region by utilizing the
punch-through design. It is beneficial to use a low doping concentration for the
N-type drift region in this design. It is therefore referred to as an i-region (implying
that the drift region is intrinsic in nature).

The silicon P-i-N rectifiers that are designed to support large voltages rely upon
the high-level injection of minority carriers into the drift region. This phenomenon
greatly reduces the resistance of the thick, very lightly doped drift region necessary
to support high voltages in silicon. Consequently, the on-state current flow is not
constrained by the low doping concentration in the drift region. A reduction of the
thickness of the drift region, by utilizing the punch-through design, is beneficial for
decreasing the on-state voltage drop.

In the case of silicon carbide rectifiers, it was demonstrated in Chap. 3 that the
drift region doping level is relatively large and its thickness is much smaller than for
silicon devices to achieve very high breakdown voltages. This enables the design of
4H-SiC-based Schottky rectifiers with reverse blocking capability of up to at least
3000 V with low on-state voltage drop. Based upon the inherent fast switching
capability of Schottky rectifiers, it is anticipated that silicon carbide-based Schottky
rectifiers will displace silicon P-i-N rectifiers for applications with reverse blocking
capability of up to 3000 V [1]. Silicon carbide JBS rectifiers with blocking voltages
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of 600–1200 V have become commercially available during the last 5 years and are
being utilized as flyback rectifiers with silicon IGBTs in inverters. The complete
displacement of silicon P-i-N rectifiers will require further progress with reducing
the cost of silicon carbide technology. Meanwhile, silicon P-i-N rectifiers will
continue to play an important role in applications.

5.1 One-Dimensional Structure

The basic one-dimensional P-i-N rectifier structure is illustrated in Fig. 5.1. As
previously discussed in Chap. 3, the thickness of the drift region must be designed
to sustain the reverse breakdown voltage under the assumption that the depletion
region punches through the drift region to the N+ region. The voltage drop across the
structure during on-state current flow depends upon the voltage drop across this drift
region in addition to the voltage drop across the P-N junction.

The on-state current flow in the P-i-N rectifier is governed by three current
transport mechanisms:

(a) At very low current levels, the current transport is dominated by the recombi-
nation process within the space-charge layer of the P-N junction – referred to as
the recombination current.

(b) At low current levels, the current transport is dominated by the diffusion of
minority carriers injected into the drift region – referred to as the diffusion
current.

(c) At high current levels, the current transport is dictated by the presence of a high
concentration of both electrons and holes in the drift region – referred to as high-
level injection current.

These current transport phenomena are discussed in this section of the chapter.
The impact of current flow due to injection into the heavily doped P+ and N+ regions
(often referred to as end regions) is then taken into account. The role of Auger
recombination on the effective lifetime for the carriers in the drift region at high

Fig. 5.1 Carrier
distribution and current flow
under low-level injection
conditions for a P-i-N
rectifier
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injection levels must also be considered to accurately account for the behavior of the
on-state characteristics of P-i-N rectifiers at very high (surge) current levels.

5.1.1 Recombination Current

When the current flowing across the P-N junction is very small, the current transport
is dominated by the recombination of carriers within the depletion region of the
junction. For an applied bias Va across the diode, the minority carrier concentration
on the P-side of the junction is given by the Shockley boundary condition (also
called the “Law of the Junction”):

nP 0ð Þ ¼ n2i
NA

e
qVa
kT ð5:1Þ

where ni is the intrinsic carrier concentration, NA is acceptor doping concentration,
q is the electron charge, k is Boltzmann’s constant, and T is the absolute temperature.
Consequently, the p-n product on the P-side of the junction is given by:

pP 0ð Þ:nP 0ð Þ ¼ n2i e
qVa
kT ð5:2Þ

because the majority carrier concentration [pP(0)] is equal to the doping concentra-
tion (NA). The p-n product on the N-side of the P-N junction is also given by the
same expression based upon a similar analysis for this region. This allows making
the assumption that the p-n product must be given by the same equation throughout
the depletion region.

The recombination rate governed by the Shockley-Read-Hall theory for a single
recombination center is given by [2]:

U ¼ pn� n2i
τp0 nþ n1ð Þ þ ζ pþ p1ð Þ½ � ð5:3Þ

where ζ is the ratio of the minority carrier lifetime in heavily doped P-type material
(τn0) to the minority carrier lifetime in heavily doped N-type material (τp0) and n1
and p1 are the electron and hole concentrations if the Fermi level is located at the
recombination center. These concentrations are equal to the intrinsic carrier concen-
tration (ni) if the recombination center is located at the mid-gap position. From
Eq. (5.2), under the assumption that the electron and hole concentrations are equal
within the depletion region:

n ¼ p ¼ nie
qVa
2kT ð5:4Þ

Using this concentration for the carriers in Eq. (5.3):
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U ¼ n2i e
qVa
kT � n2i

τp0 nie
qVa
2kT þ ni

� �
þ ζ nie

qVa
2kT þ ni

� �h i ð5:5Þ

Since the applied bias is much greater than the thermal voltage (kT/q), this equation
can be written as:

U ¼ ni
τp0 1þ ζ½ � e

qVa
2kT ð5:6Þ

From Eq. (2.80) with the recombination center located at the mid-gap position:

τSC ¼ τp0 1þ ζ½ � ð5:7Þ
Thus, the recombination rate under forward current flow is given by:

U ¼ ni
τSC

e
qVa
2kT ð5:8Þ

The forward current density produced by this recombination process within the
depletion region of width WD is then given by:

JFR ¼ qUWD ¼ qniWD

τSC
e
qVa
2kT ð5:9Þ

At very low on-state current levels, the forward current density in P-i-N rectifiers has
been observed to follow this dependence on the on-state voltage drop.

5.1.2 Low-Level Injection Current

When the forward bias across the P-i-N rectifier is increased, the current flow
becomes dominated by the diffusion current associated with the injection of minority
carriers into the neutral regions on either side of the P-N junction. The profile for the
injected minority carriers on the N-side of the junction is illustrated in Fig. 5.1. The
concentration of holes at the edge of the depletion region is related to the applied
forward bias by the “Law of the Junction” (also referred to as the Shockley boundary
conditions) derived under Boltzmann quasi-equilibrium assumptions:

pN 0ð Þ ¼ p0Ne
qVa
kT ð5:10Þ

where p0N is the hole concentration in equilibrium on the N-side of the junction.
Note that the x-axis is defined to begin at the edge of the depletion region on the
N-side of the junction. The excess minority carrier density (ΔpN) at the edge of the
depletion region is then given by:
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ΔpN ¼ pN 0ð Þ � p0N ¼ p0N e
qVa
kT � 1

� �
ð5:11Þ

The injected carriers diffuse away from the edge of the depletion region with a
characteristic length [referred to as the minority carrier diffusion length (Lp)],
producing an exponential reduction of the excess minority carrier density:

δpN xð Þ ¼ ΔpNe
� x

Lp ð5:12Þ
At the edge of the depletion region, the total current flow due to injection into the
N-side of the junction is entirely due to the diffusion current [3] given by:

JTN ¼ Jp 0ð Þ ¼ qDp
dδpN
dx

� �
x¼0

ð5:13Þ

where Dp is the diffusion coefficient for holes. Using Eqs. (5.11) and (5.12) to
describe the excess minority carrier distribution:

JTN ¼ qDpp0N
Lp

e
qVa
kT � 1

� �
ð5:14Þ

As indicated in the lower part of Fig. 5.1, this minority carrier diffusion current
decreases when proceeding away from the junction. The same total current flow is
maintained by a small electric field developed in the neutral region to create a
majority carrier drift component (JN). This majority carrier current increases when
proceeding away from the junction as shown in Fig. 5.1.

During forward bias, injection of minority carriers (electrons) also occurs into the
P-side of the junction. Based upon an exponential decay of this carrier concentration
in the P-side of the junction when proceeding away from the edge of the depletion
region with a characteristic length Ln, the total current flow due to injection on the
P-side of the junction can be shown to be given by:

JTP ¼ qDnn0P
Ln

e
qVa
kT � 1

� �
ð5:15Þ

where Dn is the diffusion coefficient for electrons and n0P is the minority carrier
concentration in equilibrium on the P-side of the junction. Power P-i-N rectifiers are
always designed with a high doping concentration (NA) on the P-side of the junction
in comparison to the doping concentration (ND) on the N-side, which serves as the
drift region. Consequently:

p0N ¼ n2i
ND

� n0P ¼ n2i
NA

ð5:16Þ

Based upon this difference in the minority carrier density on the two sides of the
junction, the current (JTP) due to injection into the P-side of the junction can be
assumed to be negligible when compared with the current (JTN) due to injection into
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the N-side of the junction. The total current flow across the P-N junction under
low-level injection conditions is therefore given by Eq. (5.14). It is worth pointing
out that the rate of increase in current with forward bias voltage predicted by this
equation is more rapid than that for the recombination current.

In deriving the above relationship, the width of the drift region was assumed to be
very large when compared with the diffusion length for holes. If this does not hold
true, the minority carrier distribution in the drift region is altered because its
concentration is reduced to the minority carrier density in the N+ region at the
boundary between the drift region and the N+ region. Since the doping concentration
in the N+ region is large, the minority carrier concentration can be assumed to be zero
at the boundary. Using this boundary condition, it can be shown [4] that the current
flow due to injection into the N-drift region is given by:

JTN ¼ qDpp0N
Lptanh WN=Lp

� � e
qVa
kT � 1

� �
ð5:17Þ

where WN is the width of the N-drift region.

5.1.3 High-Level Injection Current

The N-drift region in the P-i-N rectifier must be lightly doped in order to support
high voltages in the reverse blocking mode. When the on-state voltage drop
increases, the injected minority carrier concentration also increases in accordance
with Eq. (5.10). Ultimately, the concentration of the minority carriers exceeds the
background doping concentration (ND) in the drift region. This is defined as high-
level injection. When the injected hole concentration in the drift region becomes
much greater than the background doping concentration, charge neutrality requires
that the concentrations for electrons and holes become equal:

n xð Þ ¼ p xð Þ ð5:18Þ
The large concentration of free carriers reduces the resistance of the drift region. This
phenomenon is referred to as conductivity modulation of the drift region. Conduc-
tivity modulation of the drift region is beneficial for allowing the transport of a high
current density through lightly doped drift regions with a low on-state voltage drop.
The carrier distribution within the drift region n(x) can be obtained by solving the
continuity equations for the N-region [5–7]:

∂n
∂t

¼ � n

τHL
þ Dn

∂2n

∂x2
þ μn

∂
∂x

nEð Þ ð5:19Þ
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∂p
∂t

¼ � p

τHL
þ Dp

∂2p

∂x2
� μp

∂
∂x

pEð Þ ð5:20Þ

where Dn and Dp are the diffusion coefficients for electrons and holes, respectively,
and τHL is the high-level lifetime in the drift region. Combining these equations after
multiplying Eq. (5.19) by (μp.p) and Eq. (5.20) by (μn.n) gives:

∂n
∂t

¼ � n

τHL
þ μppDn þ μnnDp

μppþ μnn

 !
∂2n

∂x2
ð5:21Þ

In deriving this equation, it has been assumed that the transport of carriers due to the
electric field can be neglected when compared with the current due to the diffusion of
the carriers. The Einstein relationship between the diffusion coefficient and the
mobility gives:

D ¼ kT

q
μ ð5:22Þ

Since the carrier density for electrons and holes is equal in accordance with
Eqs. (5.18), (5.21) can be written under steady-state conditions as:

∂n
∂t

¼ 0 ¼ � n

τHL
þ Da

∂2n

∂x2
ð5:23Þ

where τHL is the high-level lifetime in the drift region, and Da is the ambipolar
diffusion coefficient given by:

Da ¼ pþ n
p
Dn

þ n
Dp

¼ 2DnDp

Dn þ Dp
ð5:24Þ

due to charge neutrality (See Eq. (5.18)). The general solution for the carrier
concentration governed by Eq. (5.23) is given by:

n xð Þ ¼ Acosh
x

La

� �
þ Bsinh

x

La

� �
ð5:25Þ

with the constants A and B determined by the boundary conditions for the N-drift
region. The parameter La in this equation, referred to as the ambipolar diffusion
length, is given by:

La ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
DaτHL

p ð5:26Þ
At the junction between the N-drift region and the N+ cathode region (located at

x ¼ þd in Fig. 5.2), the total current flow occurs exclusively by electron transport:
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JT ¼ Jn þdð Þ ð5:27Þ
and

Jp þdð Þ ¼ 0 ð5:28Þ
Similarly, at the junction between the N-drift region and the P+ anode region (located
at x ¼ �d in Fig. 5.2), the total current flow occurs exclusively by hole transport:

JT ¼ Jp �dð Þ ð5:29Þ
and

Jn �dð Þ ¼ 0 ð5:30Þ
Using Eq. (5.28), the hole current due to drift and diffusion can be written as:

Jp þdð Þ ¼ qμpp þdð ÞE þdð Þ � qDp
dp

dx

� �
x¼þd

¼ 0 ð5:31Þ

Combining this equation with Eq. (5.18) and the Einstein relationship:

E þdð Þ ¼ kT

qn þdð Þ
dn

dx

� �
x¼þd

ð5:32Þ

Equation (5.27) for the total current flow due to electron transport at this boundary
can be written as:

JT ¼ qμnn þdð ÞE þdð Þ þ qDn
dn

dx

� �
x¼þd

ð5:33Þ

Using Eq. (5.32) for the electric field E(+d ):

JT ¼ 2qDn
dn

dx

� �
x¼þd

ð5:34Þ

In the same manner:

JT ¼ 2qDp
dn

dx

� �
x¼�d

ð5:35Þ

Based upon these equations:

dn

dx

� �
x¼þd

¼ JT
2qDn

<
dn

dx

� �
x¼�d

¼ JT
2qDp

ð5:36Þ
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This indicates that the slope of the carrier concentration is smaller at the cathode side
when compared with the anode side.

The above boundary conditions can be used to obtain the constants A and B in
Eq. (5.25) resulting in:

n xð Þ ¼ p xð Þ ¼ τHLJT
2qLa

cosh x=Lað Þ
sinh d=Lað Þ �

Bsinh x=Lað Þ
cosh d=Lað Þ

	 

ð5:37Þ

The value for B is given by [(μn + μp)/(μn � μp)]. It has a value of 2.14 for silicon.
The catenary carrier distribution described by this equation was schematically
illustrated in Fig. 5.2. As a particular example, the carrier distributions calculated
by using Eq. (5.37) are shown in Fig. 5.3 for the case of three values for the high-
level lifetime for a diode with drift region thickness of 200 μm. The largest
concentrations for the electrons and holes in the drift region occur at its boundary
with the P+ and N+ end regions. The droop in the carrier density toward the center of
the drift region is determined by the ambipolar diffusion length. A larger droop in
concentration occurs with the smallest diffusion length, and a smaller average carrier
concentration is observed when the lifetime is reduced.

The reduction of the average carrier density injected into the drift region with
reduction of the lifetime can be deduced from charge control considerations. Under
steady-state conditions, the current flow in the P-i-N rectifier can be related to
sustaining the recombination of holes and electrons within the drift region if the
recombination within the end regions is neglected. Consequently:

JT ¼
ðþd

�d

qUdx ð5:38Þ

where U is the recombination rate (see Sect. 2.3) given by:

Fig. 5.2 Carrier and
potential distribution under
high-level injection
conditions for a P-i-N
rectifier
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U ¼ n xð Þ
τHL

ð5:39Þ

Using an average carrier density (na) within the drift region, these equations can be
combined to yield:

JT ¼ 2qnad
τHL

ð5:40Þ

The average carrier density in the drift region is then given by:

na ¼ JTτHL
2qd

ð5:41Þ

From this relationship, it can be concluded that the average carrier density in the drift
region will increase with the on-state current density and decrease with reduction of
the lifetime. This behavior is exhibited by the carrier distribution in Fig. 5.3. For the
case of an on-state current density of 100 A/cm2 and a drift region thickness (2d ) of
200 μm with a high-level lifetime of 1 μs, the average carrier concentration obtained
by using the above equation is 3 � 1016 cm�3, which is consistent with the carrier
distribution shown in Fig. 5.3.

The specific resistance of the drift region can be calculated from the average
carrier density with the acknowledgement that both electrons and holes are available
for current transport:

Fig. 5.3 Carrier distribution under high-level injection conditions for a P-i-N rectifier with various
high-level lifetime values
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Ri, SP ¼ 2d

q μn þ μp
� �

na
ð5:42Þ

Using Eq. (5.41) for the average carrier density:

Ri,SP ¼ 4d2

μn þ μp
� �

JTτHL
ð5:43Þ

The voltage drop across the drift region (middle region) is then given by:

VM ¼ JT:Ri,SP ¼ 4d2

μn þ μp
� �

τHL
ð5:44Þ

From this equation, it can be concluded that the voltage drop across the drift region is
independent of the current density flowing through it. This unusual behavior occurs
due to the presence of a high concentration of minority carriers, contrary to Ohm’s
law for drift regions without the conductivity modulation. Thus, the conductivity
modulation phenomenon at high injection levels enables maintaining a low voltage
drop across the drift region, which is extremely beneficial for obtaining a low
on-state voltage drop in power P-i-N rectifiers.

A more accurate analysis of the voltage drop across the drift region can be
performed by integration of the electric field. The electric field in the drift region
can be obtained from the carrier distribution given by Eq. (5.37). The hole and
electron currents flowing in the drift region are given by:

Jp ¼ qμp pE � kT

q

dp

dx

� �
ð5:45Þ

and

Jn ¼ qμn nE þ kT

q

dn

dx

� �
ð5:46Þ

The total current at any location in the drift region is constant and given by:

JT ¼ Jp þ Jn ð5:47Þ
Combining these relationships:

E xð Þ ¼ JT
q μn þ μp
� �

n
� kT

2qn
dn

dx
ð5:48Þ

Here, the charge neutrality condition n(x) ¼ p(x) was also utilized. The first term in
this expression takes into account the ohmic voltage drop due to current flow through
the drift region. The second term in the expression is associated with the asymmet-
rical carrier gradient produced by the difference in the mobility for electrons and
holes.
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The integration of the electric field distribution given in Eq. (5.48) yields the
voltage drop across the drift (or middle) region [5–7]:

VM

kT=q
¼

8b

bþ 1ð Þ2
sinh d=Lað Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� B2tanh2 d=Lað Þ
q

:arctan
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� B2tanh2 d=Lað Þ

q
sinh d=Lað Þ

	 

8>>><
>>>:

9>>>=
>>>;

þB ln
1þ Btanh2 d=Lað Þ
1� Btanh2 d=Lað Þ

	 
 ð5:49Þ

where b ¼ (μn/μp) and B ¼ (μn � μp)/(μn + μp). This complex equation can be
approximated by using two asymptotes as illustrated in Fig. 5.4. For d/La ratios of up
to 2, the asymptote A given by:

VM ¼ 2kT
q

d

La

� �2

ð5:50Þ

provides a good fit. For d/La ratios of greater than 2, the asymptote B given by:

VM ¼ 3πkT
8q

e d=Lað Þ ð5:51Þ

Fig. 5.4 Normalized voltage drop in the drift (middle) region of a P-i-N rectifier
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provides a good fit. As discussed earlier in connection with Eq. (5.44), all these terms
for the voltage drop across the drift region are independent of the on-state current
density. The voltage drop across the drift region increases rapidly with increasing d/
La ratio. When this ratio is 0.1, the middle region voltage drop is only 0.5 mV. It
increases to a voltage drop of about 50 mV for a d/La ratio of unity and becomes
0.7 V when the d/La ratio increases to 3. Thus, the increase in the voltage drop across
the middle region degrades the on-state voltage drop when the lifetime is reduced in
order to enhance the switching speed.

The on-state voltage drop in the P-i-N rectifier consists of the voltage drop across
the P+/N junction, the middle region, and the N/N+ interface. The voltage drop across
the P+/N junction can be determined from the injected minority carrier density:

p �dð Þ ¼ p0Ne
qVPþ
kT ð5:52Þ

where p0N is the minority carrier density in the N-type drift region in equilibrium and
VP+ is the voltage drop across the P+/N junction. Relating the minority carrier
concentration in equilibrium to the doping level ND in the drift region:

VPþ ¼ kT

q
ln

p �dð ÞND

n2i

	 

ð5:53Þ

Similarly, applying the “Law of the Junction” on the cathode side:

n þdð Þ ¼ n0Ne
qVNþ
kT ð5:54Þ

where n0N is the majority carrier density in the N-type drift region in equilibrium and
VN+ is the voltage drop across the N+/N junction. Since the majority carrier concen-
tration in equilibrium is equal to the doping level ND in the drift region:

VNþ ¼ kT

q
ln

n þdð Þ
ND

	 

ð5:55Þ

The voltage drop associated with the two end regions is therefore given by:

VPþ þ VNþ ¼ kT

q
ln

n þdð Þn �dð Þ
n2i

	 

ð5:56Þ

In deriving this expression, the charge neutrality condition n(x) ¼ p(x) under high-
level injection was assumed.

The voltage drop across the end regions has been combined with the voltage drop
across the middle region to derive a relationship between the on-state current density
(JT) and the total on-state voltage drop (VON) for the P-i-N rectifier [5–7]:
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JT ¼ 2qDani
d

F
d

La

� �
e
qVON
2kT ð5:57Þ

where

F
d

La

� �
¼ d=Lað Þtanh d=Lað Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 0:25tanh4 d=Lað Þ
q e�

qVM
2kT ð5:58Þ

From Eq. (5.57), it is apparent that, for a fixed on-state current density, the on-state
voltage drop will be smaller if the function F(d/La) is large.

The variation of the function F(d/La) with increasing (d/La) ratio is plotted in
Fig. 5.5. It can be seen that this function has a maximum value when d/La¼ 1 for the
case of silicon P-i-N rectifiers. In the case of 4H-SiC P-i-N rectifiers, the values for
the function F(d/La) change due to the difference in electron and hole mobility and
the peak for the function shifts to a (d/La) ratio of 1.2. Thus, in order to minimize the
on-state voltage drop, the lifetime should be adjusted until the diffusion length is
equal to about one-half of the width of the drift region. It is worth pointing out that
the function F(d/La) decrease very rapidly when the (d/La) ratio increases beyond a
value of 3. This leads to a very rapid increase in the on-state voltage drop when the
diffusion length is less than one-sixth of the drift region width.The on-state voltage
drop for a P-i-N rectifier can be derived from Eq. (5.57) for a device with its half-
width (d ) determined by the punch-through breakdown voltage capability:

Fig. 5.5 Function F(d/La) for a silicon and 4H-SiC P-i-N rectifier
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VON ¼ 2kT
q

ln
JTd

2qDaniF d=Lað Þ
	 


ð5:59Þ

The calculated on-state voltage drop for a silicon P-i-N rectifier with a drift region
width of 200 μm is shown in Fig. 5.6 at an on-state current density of 100 A/cm2.
As expected, the on-state voltage drop exhibits a minimum at a (d/La) ratio of unity
for silicon devices and increases rapidly when the (d/La) ratio exceeds 3.

5.1.4 Injection into the End Regions

The high-level injection conditions within the drift region described above determine
the on-state voltage drop at typical current densities in the range of 100–200 A/cm2.
At even greater on-state current densities, the injection of minority carriers into the
end regions must be taken into account [8, 9]. The total current flow must therefore
accommodate not only the recombination of carriers in the drift region but also the
recombination of carriers in the end regions. Thus:

JT ¼ JPþ þ JM þ JNþ ð5:60Þ
Consequently, the current density associated with the middle region (JM) is no longer
equal to the total on-state current density (JT) as assumed in the previous section but
has a smaller value. This reduces the injection level in the drift region corresponding

Fig. 5.6 On-state voltage drop for a silicon P-i-N rectifier
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to any given total current density resulting in an increase in the voltage drop across
the middle region.

Due to the high doping concentrations in the end regions, the injected minority
carrier density in these regions is well below the majority carrier density even during
operation at very high on-state current densities. The current corresponding to the
end regions can therefore be analyzed using low-level injection theory under the
assumption of a uniform doping concentration in these regions. Based upon
Eq. (5.17) derived in Sect. 5.1.2:

JPþ ¼ qDnPþn0Pþ
LnPþtanh WPþ=LnPþð Þ e

qVPþ
kT ¼ JSPþe

qVPþ
kT ð5:61Þ

where WP+ is the width of the P
+ region, LnP+ is the minority carrier diffusion length

in the P+ region, DnP+ is the minority carrier diffusion coefficient in the P+ region,
n0P+ is the minority carrier concentration in the P+ region, and VP+ is the voltage drop
at the P+/N junction. In a similar manner:

JNþ ¼ qDpNþp0Nþ
LpNþtanh WNþ=LpNþ

� � eqVNþ
kT ¼ JSNþe

qVNþ
kT ð5:62Þ

whereWN+ is the width of the N
+ region, LpN+ is the minority carrier diffusion length

in the N+ region, DpN+ is the minority carrier diffusion coefficient in the N+ region,
p0N is the minority carrier concentration in the N+ region, and VN+ is the voltage drop
at the N+/N interface. In these equations, JSP+ and JSN+ are referred to as the
saturation current densities for the heavily doped P+ anode and N+ cathode regions,
respectively. They are a measure of the quality of the end regions as determined by
their doping profiles and processing conditions. Typical values for the saturation
current density are in the range from 1 � 10�13 to 4 � 10�13 A/cm2 for silicon
devices.

The injected carrier concentrations on the two sides of the P+/N junction are
related under quasi-equilibrium conditions by:

pPþ �dð Þ:nPþ �dð Þ ¼ p �dð Þ:n �dð Þ ð5:63Þ
Under low-level injection conditions within the P+ anode region:

pPþ �dð Þ ¼ p0Pþ ð5:64Þ
and

nPþ �dð Þ ¼ n0Pþe
qVPþ
kT ð5:65Þ

Using these relationships in Eq. (5.63):

p �dð Þ:n �dð Þ ¼ p0Pþ:n0Pþe
qVPþ
kT ¼ n2iePþe

qVPþ
kT ð5:66Þ
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where niePþ is the effective intrinsic carrier concentration in the P+ anode region
including the influence of bandgap narrowing as discussed in Chap. 2. Due to charge
neutrality considerations p(�d ) ¼ n(�d ), leading to:

e
qVPþ
kT ¼ n �dð Þ

niePþ

	 
2
ð5:67Þ

Using this expression in Eq. (5.61):

JPþ ¼ JSPþ
n �dð Þ
niePþ

	 
2
ð5:68Þ

A similar derivation performed for the N+ cathode side yields:

JNþ ¼ JSNþ
n þdð Þ
nieNþ

	 
2
ð5:69Þ

where nieNþ is the effective intrinsic carrier concentration in the N+ cathode region
including the influence of bandgap narrowing. From these equations, it can be
concluded that the carrier concentration in the drift region will increase as the square
root of the current density if the end-region recombination becomes dominant.
Under these circumstances, the middle region voltage drop is no longer independent
of the current density resulting in an increase in the total on-state voltage drop. The
influence of end-region recombination can be mitigated by optimization of the
doping profile to minimize the saturation current densities.

5.1.5 Carrier-Carrier Scattering Effect

The current flow through the drift region in the P-i-N rectifier is accomplished with
the injection of a high concentration of holes and electrons. As discussed in Chap. 2,
the presence of a high concentration of both electrons and holes increases the
probability for mutual Coulombic interaction about a common center of mass.
This carrier-carrier scattering phenomenon produces a reduction of the mobility
for both electrons and holes as shown in Fig. 2.16. The concomitant reduction of
the diffusion length produces a decrease in the carrier concentration in the central
portion of the drift region. This phenomenon increases the on-state voltage drop of
the P-i-N rectifier, especially at surge current levels.

5.1.6 Auger Recombination Effect

At high on-state current densities, the carrier concentration in the drift region
becomes sufficiently large to favor the Auger recombination process. As discussed
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in Chap. 2, Auger recombination occurs by the transfer of energy due to the
recombination of an electron-hole pair to a third mobile particle. The rate of
recombination is then given by

R ¼ n xð Þ
τHL

þ CAΔn: n xð Þ½ �2 ð5:70Þ

where CAΔn is the Auger coefficient for the high-level injection case. This change in
the recombination rate can be taken into account by re-writing Eq. (5.23):

Da
∂2n

∂x2
¼ n xð Þ

τHL
þ CAΔn n xð Þ½ �2 ð5:71Þ

A solution for this differential equation is:

n xð Þ ¼ n x0ð Þ cn
x� x0
L

jm
� �h i�1

ð5:72Þ

where cn(u/m) is a Jacobian elliptic function of argument u. In this equation, x0 is the
value for x at which dn/dx ¼ 0. The parameter m is given by:

m ¼ 0:5CAΔnτHL n x0ð Þ½ �2 þ 1

CAΔnτHL n x0ð Þ½ �2 þ 1
ð5:73Þ

and

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DaτHL 2m� 1ð Þ

p
ð5:74Þ

is the modified ambipolar diffusion length. The onset of Auger recombination in the
drift region depresses the carrier concentration in the central portion leading to an
increase in the on-state voltage drop at very high current densities. Auger recombi-
nation can also be a factor when determining the current flow into the end regions.
The high doping concentrations in the P+ anode and N+ cathode regions favors the
Auger recombination process due to the large majority carrier density. This reduces
the minority carrier diffusion length in the end regions which enhances the
end-region current levels.

When only the recombination within the drift region is taken into account, it is
found that the on-state voltage drop goes through a minimum when the (d/La) ratio
becomes equal to unity as shown in Fig. 5.6. However, with the inclusion of
end-region recombination, including the bandgap narrowing and Auger recombina-
tion effects, the forward drop becomes nearly independent of the (d/La) ratio when its
value is below unity. This is illustrated in Fig. 5.6 by the red dashed line. During the
fabrication of P-i-N rectifiers, it is important to optimize the doping profile for the
end regions. Although a high doping concentration favors high injection efficiency,
the onset of bandgap narrowing and Auger recombination can counteract the benefits
of higher doping levels. This has led to the speculation that an optimum doping
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profile exists for minimizing the adverse impact of recombination in the end regions.
However, the measured saturation current densities for end regions fabricated using
a variety of techniques (including alloying and diffusion) indicate a weak depen-
dence of the saturated current density upon the processing conditions and the doping
profile.

5.1.7 Forward Conduction Characteristics

The analysis of current flow in a P-i-N rectifier in the previous sections indicates that
the relationship between the current density and the voltage drop across the rectifier
depends upon the injection level. At very low current levels, space-charge generation
controls the current flow with the current proportional to (qVON/2kT). When the
current is controlled by minority carrier injection into the drift region with the
minority carrier concentration well below the background doping concentration,
the current flow occurs by diffusion under low-level injection conditions. The
current flow is then proportional to (qVON/kT). With further increase in the forward
current density, the injected carrier density in the drift region exceeds the back-
ground doping concentration leading to high-level injection conditions. The current
flow then once again becomes proportional to (qVON/2kT). In this mode of operation,
the injected carrier concentration in the drift region increases in proportion to the
current density resulting in a constant voltage drop across the drift region. At even
larger on-state current densities, the influence of the recombination in the end
regions reduces the injected carrier density in the drift region. This produces a
more rapid increase in the on-state voltage drop. This overall behavior is captured
in Fig. 5.7 where a typical on-state characteristic is shown for a silicon P-i-N rectifier
under the various modes of operation.

Simulation Example
The results of two-dimensional numerical simulations are provided in this section in
order to gain further insight into the physics of operation for the P-i-N rectifier. For
this case, a drift region with doping concentration of 4.6� 1013 cm�3 was used with
a thickness of 300 μm. The P+ and N+ end regions had a surface concentration of 1�
1019 cm�3 and a depth of about 5 μm. The on-state characteristics were obtained for
various values for the lifetime (τp0 and τn0). In all cases, it was assumed that τp0¼ τn0.
The influence of bandgap narrowing, Auger recombination, and carrier-carrier
scattering was included during the numerical simulations.

The on-state characteristics obtained from the numerical simulations are shown in
Fig. 5.8 for the case of lifetime (τp0 and τn0) of 10 μs in the drift region. Several
distinct regimes of operation are apparent in the shape of the characteristics. At
current densities ranging between 10�7 and 10�3 A/cm2, the device operates in the
low-level injection regime. Here, the slope of the i-v characteristic exhibits the
expected (qVON/kT) behavior with the forward voltage drop increasing at the rate
of 60 mV per decade of increase in the on-state current density. At larger current
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densities ranging between 10�3 and 101 A/cm2, the device operates in the high-level
injection regime. Here, the slope of the i-v characteristic exhibits the expected
(qVON/2kT) behavior with the forward voltage drop increasing at the rate of
120 mV per decade of increase in the on-state current density. This behavior
validates the analytical theory described in the previous sections for current conduc-
tion in the P-i-N rectifier.

The carrier distribution within the P-i-N rectifier is shown in Fig. 5.9 for the case
of a lifetime (τp0 and τn0) of 1 μs in the drift region at an on-state current density of
100 A/cm2. Here, the hole concentration is shown with a solid line, while the
electron concentration is shown by a dashed line. It can be seen that high-level
injection conditions prevail in the drift region because the injected carrier concen-
tration is far greater than the background doping concentration. The hole and
electron concentrations are equal in magnitude throughout the drift region and
exhibit the expected catenary shape derived in the previous sections of this chapter.
The average carrier concentration (4 � 1016 cm�3) calculated by using Eq. (5.41) is
in good agreement with the carrier density obtained from the simulations.

The impact of changing the lifetime in the silicon P-i-N rectifier structure with a
drift region thickness of 300 μm is shown in Fig. 5.10. It can be seen that the on-state
voltage drop is low for a lifetime of 100 μs. This is consistent with the small value of

Fig. 5.7 On-state
characteristics for a silicon
P-i-N rectifier
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Fig. 5.8 On-state
characteristics for a silicon
P-i-N rectifier

Fig. 5.9 Carrier
distribution within a silicon
P-i-N rectifier
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about 0.3 for the (d/La) ratio. When the lifetime is reduced to 10 μs, the on-state
voltage drop increases only slightly because the (d/La) ratio is still close to unity.
However, the on-state voltage drop increases substantially when the lifetime is
reduced to 1 μs because the (d/La) ratio has become significantly greater than one.
The on-state voltage drop obtained with the simulations is close to that obtained
using the analytical model, as shown in Fig. 5.11 by the square symbols, providing
further credence to the model. In addition, the results obtained by varying the
lifetime in a P-i-N rectifier with an N-drift region width of 60 μm are shown by
the triangular symbols.

The numerical simulations provide a convenient tool for examination of the
impact of the various physical processes that influence the on-state i-v characteristics
for P-i-N rectifiers. In Fig. 5.12, the i-v characteristics are shown for a silicon P-i-N
rectifier with drift region thickness of 300 μmwhen various models are progressively
removed during the simulations. It can be seen that the carrier-carrier scattering
phenomenon alters the shape of the characteristics due to its impact on carrier
distribution in the drift region. The impact of the removal of the bandgap narrowing
phenomenon is especially strong resulting in a reduction of the on-state voltage drop
at surge current levels (current density of 103 A/cm2 and greater). Auger recombi-
nation has its greatest impact at current densities in excess of 104 A/cm2.

The net influence of the carrier-carrier scattering, bandgap narrowing, and Auger
recombination phenomena on the free carrier distribution within the drift region is
shown in Fig. 5.13. A lifetime of 10 μs was used in the drift region during the
simulations. As discussed in the previous sections, these phenomena enhance the

Fig. 5.10 On-state
characteristics for silicon P-
i-N rectifiers
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Fig. 5.11 On-state voltage drop for silicon P-i-N rectifiers

Fig. 5.12 On-state
characteristics for a silicon
P-i-N rectifier models:
(a) all; (b) without carrier-
carrier scattering;
(c) without carrier-carrier
scattering and bandgap
narrowing; (d) without
carrier-carrier scattering,
bandgap narrowing, and
Auger recombination
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recombination current in the end regions producing a reduction of the carrier
concentration in the drift region. It can be observed from the simulations that the
inclusion of the models results in depressing the free carrier concentration in the
central portion of the drift region by a factor of about 2�.

In order to increase the blocking voltage capability of the P-i-N rectifier, it is
necessary to increase the thickness of the drift region and reduce its doping concen-
tration. The on-state voltage drop of the P-i-N rectifier can be expected to increase
with increasing blocking voltage capability if the lifetime in the drift region is held
constant. This is illustrated in Fig. 5.14 for the case of a lifetime (τp0 and τn0) of 1 μs
when the cathode was biased in the negative direction to forward bias the diode.
Here, the on-state voltage drop is increasing with blocking voltage rating due to the
increase in the width (2d ) of the drift region, while the diffusion length (La) is held
constant. The drift region widths used during these simulations were 36, 81,
183, 294, 530, and 1200 μm for the blocking voltages of 550 V, 1200 V, 2500 V,
3900 V, 6000 V, and 7500 V, respectively. The on-state voltage drop begins to
increase very rapidly when the blocking voltage exceeds 3500 V because the (d/La)
ratio becomes much larger than unity at this point. The on-state voltage drops for
these P-i-N rectifiers are also shown in Fig. 5.11 with the diamond symbols.
The good agreement with the analytical model provides further confirmation of its
ability to accurately predict the behavior of P-i-N rectifiers.

The i-v characteristics shown in Fig. 5.14 indicate that the lifetime is too short for
obtaining conductivity modulation for the case of a 10 kV P-i-N rectifier when a
lifetime of 1 μs is prevailing in the drift region. Conductivity modulation of the drift
region can be achieved for this diode if the lifetime is increased to above 10 μs as

Fig. 5.13 Influence of
carrier-carrier scattering,
bandgap narrowing, and
Auger recombination on the
free carrier distribution
within a silicon P-i-N
rectifier
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shown in Fig. 5.15. With adequate conductivity modulation with a lifetime of
100 μs, the on-state characteristics are greatly improved as shown in Fig. 5.16
resulting in an on-state voltage drop of 1.8 V at a forward current density of
100 A/cm2.

Fig. 5.14 Forward
conduction characteristics of
silicon P-i-N rectifiers

Fig. 5.15 Conductivity
modulation within 10 kV
silicon P-i-N rectifiers
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During operation in power circuits, the junction temperature in the P-i-N rectifiers
increases due to power dissipation. It is therefore important to evaluate the influence of
the temperature upon the i-v characteristics in the forward conduction mode of oper-
ation. As an example, these characteristics are shown in Fig. 5.17 for the case of the
silicon P-i-N rectifierwith drift region thickness of 300 μm for the case of a lifetime (τp0
and τn0) of 10 μs in the drift region. The on-state voltage drop at a forward current
density of 100 A/cm2 is observed to reduce slightly with temperature. This is due to a
reduction of the voltage drop at the junctions. Unfortunately, this behavior favors the
development of “hot spots”within devices where the current density can become large.
However, the positive temperature coefficient for the on-state voltage drop for current
densities above 300 A/cm2 indicates stable operation is possible with only moderate
nonuniformities in the current distribution within silicon P-i-N rectifiers.

The free carrier concentration within the drift region of the silicon P-i-N rectifier
increases with increasing temperature as shown in Fig. 5.18 based upon the numer-
ical simulations. This behavior is consistent with the analytical model due to a
reduction in the diffusion length with temperature. The resulting increase in the
stored charge within the drift region prolongs the reverse recovery during turn-off
and increases the power losses in applications for P-i-N rectifiers.

Fig. 5.16 Forward
conduction characteristics of
7.5 kV silicon P-i-N
rectifiers
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Fig. 5.17 Forward i-v
characteristics of a silicon P-
i-N rectifier: temperature
dependence

Fig. 5.18 Free carrier
concentration within a
silicon P-i-N rectifier with
increasing temperature
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5.2 Silicon Carbide P-i-N Rectifiers

Due to the much larger electric field that can be supported in silicon carbide, the
width of the drift region is much smaller than that for the corresponding silicon
device with the same breakdown voltage. This implies that the stored charge in the
silicon carbide P-i-N rectifier will be much smaller than for the silicon device
providing an improvement in the switching behavior. Unfortunately, the improved
switching performance is accompanied by a substantial increase in the on-state
voltage drop associated with the larger energy bandgap for silicon carbide.

The physics of operation of the silicon carbide P-i-N rectifier is the same as that
described in the previous sections. However, the parameters for the silicon carbide
device defer from the silicon device. This has a strong impact on the voltage drop
associated with the junctions. It was previous demonstrated that the junction voltage
drop is given by:

VPþ þ VNþ ¼ kT

q
ln

n þdð Þn �dð Þ
n2i

	 

ð5:75Þ

Although the injected carrier concentrations n(+d ) and n(�d ) can be assumed to
be similar in magnitude to those in a silicon P-i-N rectifier, the intrinsic carrier
concentration for 4H-SiC is only 2.5 � 10�10 cm�3 at 300 �K, due to its larger
energy bandgap, when compared with 1.4� 1010 cm�3 for silicon. This produces an
increase in the junction voltage drop from 0.82 V for the silicon diode to 3.24 V for
the 4H-SiC diode if the free carrier concentration in the drift region is assumed to be
1 � 1017 cm�3. The power dissipation in the 4H-SiC P-i-N rectifier is therefore four
times greater than in the silicon device. The expected improvement in the switching
behavior is mitigated by the large on-state power loss. Consequently, it is preferable
to develop silicon carbide Schottky diodes for voltage ratings of up to 5000 V and P-
i-N diodes for voltage ratings above 10,000 V.

Simulation Example
In order to illustrate the reduction in the stored charge within silicon carbide P-i-N
rectifiers, consider the case of a 4H-SiC P-i-N rectifier designed to support 10,000 V.
The thickness of the drift region for this device is only 80 μm when compared with
1200 μm required for the silicon structure. The drift region also has relatively high
doping level of 2 � 1015 cm�3. Due to the smaller thickness, good conductivity
modulation of the drift region is observed even for a very small lifetime (τp0 and τn0)
value of 100 ns as shown in Fig. 5.19. However, poor conductivity modulation
occurs for a typical lifetime (τp0 and τn0) value of 10 ns in the drift region observed in
4H-SiC. Methods for improving the minority carrier lifetime in 4H-SiC have been
recently developed. The plot in Fig. 5.19 was obtained at a forward bias of 4 V
because of the larger junction potential for 4H-SiC as discussed above. Thus, the
improved switching performance is obtained at the significant disadvantage of high
on-state power loss.
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The forward i-v characteristics for the 10 kV 4H-SiC P-i-N rectifiers obtained
from the numerical simulations are shown in Fig. 5.20 for various lifetime values. It
can be observed that the on-state voltage drop is determined by the unmodulated
resistance of the drift region when the lifetime is at 5 or 10 ns. When the lifetime is
increased to 100 ns, the conductivity modulation of the drift region reduces the

Injected Holes

100 nsec

1 msec

Doping

Vf = 4 V

10 nsec

C
ar

rie
r C

on
ce

nt
ra

tio
n 

(c
m

-3
)

4H-SiC PiN Rectifier: BV = 10 kV

Distance (microns)
20 40 60 80 1000

105

1017

107

109

1011

1013

1015

1019
Fig. 5.19 Conductivity
modulation within 10 kV
4H-SiC P-i-N rectifiers

1 msec

4H-SiC PiN Rectifier: BV = 10 kV

JF = 100 A/cm2

100 nsec

5, 10 nsec

-5 -3 -1 0-2-4
Forward Bias (V)

10-4

Fo
rw

ar
d 

C
ur

re
nt

 D
en

si
ty

 (A
/c

m
2 )

10-2

100

102

104

Fig. 5.20 Forward conduction characteristics of 10 kV 4H-SiC P-i-N rectifiers

5.2 Silicon Carbide P-i-N Rectifiers 235



on-state voltage drop. The results of numerical simulations of the forward charac-
teristics of 4H-SiC P-i-N rectifiers with various breakdown voltage capabilities are
shown in Fig. 5.21 for the case of a lifetime of 5 ns. The influence of conductivity
modulation of the drift region can be observed even for the case of a breakdown
voltage of 5000 V. However, the on-state voltage drop for all the devices is relatively
high (more than 3 V) when compared to silicon devices. For this reason, Schottky
barrier rectifiers fabricated from 4H-SiC offer much superior performance in terms
of both the on-state voltage drop and switching behavior until the blocking voltage
exceeds 5000 V.

5.3 Reverse Blocking

The reverse blocking voltage capability of the P-i-N rectifier is determined by the
punch-through electric field distribution profile as described in Sect. 3.4. The punch-
through design enables reduction of the thickness of the drift region which is
beneficial for reducing the on-state voltage drop as discussed in the previous sections
of this chapter. Since the doping concentration of the drift region is small in the
punch-through design, the drift region becomes completely depleted at a relatively
low reverse bias voltage given by:
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VPT ¼ qND 2dð Þ2
2εS

ð5:76Þ

Beyond this voltage, the depletion region volume for the P-i-N rectifier remains
independent of the reverse bias voltage under the assumption that the end regions are
heavily doped.

The leakage current for a reverse biased P-N junction is produced by a combina-
tion of the space-charge generation current and the diffusion current as illustrated in
Fig. 5.22. Any electron-hole pairs generated within the depletion region are swept
out as indicated in the figure due to the prevailing electric field. The generation of
electron-hole pairs in a semiconductor is governed by the generation rate:

U ¼ ni
τSC

ð5:77Þ

where τSC is the space-charge generation lifetime discussed in Chap. 2. This
generation occurs throughout the volume of the space-charge region. Consequently,
the space-charge generation current is given by:

JSC ¼ qWDni
τSC

ð5:78Þ

where WD is the width of the depletion region.
An additional component of the leakage current is associated with the generation

of electron-hole pairs in the neutral regions. Any minority carriers generated far from
the junction will recombine without contributing to the current flow. However, any
minority carriers generated in the proximity of the junction can diffuse to the
depletion region boundary and get swept to the opposite side of the junction by
the electric field. An expression for the diffusion current was already derived in Sect.
5.1.2 for current flow across a P-N junction:

P+ N RegionSpace
Charge
Generation
Current

Diffusion
Current

Diffusion
Current

Depletion
Region

Fig. 5.22 Leakage current components in a P-N junction (electrons, circles; holes, squares)
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JTN ¼ qDpp0N
Lp

e
qVa
kT � 1

� �
ð5:79Þ

for the hole current component in the N-region and

JTP ¼ qDnn0P
Ln

e
qVa
kT � 1

� �
ð5:80Þ

for the electron component in the P-region. Since a large negative bias is applied
under reverse blocking conditions, the diffusion components of the leakage current
are given by:

JLN ¼ qDpp0N
Lp

¼ qDpn
2
i

LpND
ð5:81Þ

and

JLP ¼ qDnn0P
Ln

¼ qDnn
2
i

LnNA
ð5:82Þ

In the case of the P-i-N rectifier, the entire drift region is depleted at a relatively
small reverse bias voltage due to its low doping concentration. The space-charge
generation current can therefore be assumed to arise from the entire width (2d ) of the
drift region, while the diffusion currents are generated in the P+ and N+ end regions.
The total leakage current for the P-i-N rectifier is then given by:

JLT ¼ qDnn
2
i

LnNAPþ
þ q 2dð Þni

τSC
þ qDpn

2
i

LpNDNþ
ð5:83Þ

The influence of heavy doping effects on the intrinsic carrier concentration and the
diffusion lengths can enhance the leakage current arising from the end regions.
However, the leakage current in the P-i-N rectifier, under reverse blocking condi-
tions, is determined primarily by the space-charge generation current. The contribu-
tions due to the diffusion currents from the end regions become comparable to the
space-charge generation current only at elevated temperatures.

As an example, consider the case of a P-i-N rectifier with a drift region with width
(2d ) of 100 μm and a space-charge generation lifetime of 10 μs. The leakage current
components calculated using Eq. (5.83) are plotted in Fig. 5.23 between 300 and
500 �K under the assumption that the P+ and N+ end regions have a doping
concentration of 1 � 1019 cm�3 and minority carrier lifetime of 1 ns. It is obvious
that the leakage current due to the space-charge generation process is dominant over
this temperature range. It will therefore determine the total leakage current density.

Simulation Example
In order to validate the above model for the leakage current in the P-i-N rectifier, the
results of numerical simulations on the 3000 V silicon P-i-N rectifier structure,
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whose forward characteristics were discussed a previous section, are described here.
A reverse bias of 1000 V was chosen to completely deplete the drift region. The
leakage current was extracted over a temperature range of 300–500 �K. A lifetime
(τp0 and τn0) value of 10 μs was used in the drift region. The end regions had a
Gaussian doping profile with a surface concentration of 1 � 1019 cm�3 and depth of
about 10 μm. A leakage current density obtained using the simulations is compared
with that calculated using the model in Fig. 5.24. The excellent agreement between

Fig. 5.23 Leakage current components in a silicon P-i-N rectifier
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the calculated values and those obtained with the numerical simulations provides
confirmation that the analytical model can be utilized for the analysis of the leakage
current in P-i-N rectifiers.

5.4 Switching Performance

Power rectifiers control the direction of current flow in circuits used in various power
conditioning applications. They operate for part of the time in the on-state when the
bias applied to the anode is positive and for the rest of the time in the blocking state
when the bias applied to the anode is negative. During each operating cycle, the
diode must be rapidly switched between these states to minimize power losses. The
transition of the diode from the blocking state to the on-state is accompanied by an
overshoot in the anode voltage which increases the power dissipation. This phenom-
enon is referred to as forward recovery. Even greater power losses are incurred when
the diode switches from the on-state to the reverse blocking state. The stored charge
within the drift region of the power rectifier must be extracted before it is able to
support high voltages. This produces a large reverse current for a short time duration.
This phenomenon is referred to as reverse recovery.

5.4.1 Forward Recovery

When a P-i-N rectifier is switched from the reverse blocking mode to the forward
conduction mode, the voltage drop across the diode in the forward direction can be
substantially larger than the on-state voltage drop under steady-state operation. This
is especially true if the anode current is increased at a rapid rate. Unlike in the steady-
state case that was previously analyzed in Sect. 5.1.3, the drift region does not get
modulated in proportion to the current density in the transient case due to the finite
rate for the diffusion of minority carriers. Consequently, the voltage drop across the
middle region of the P-i-N rectifier is no longer independent of the current density. If
the current increases at a rapid rate, a portion of the drift region can remain without
conductivity modulation. Since this portion of the drift region will have a high
resistance due to its low doping concentration, the voltage drop across the diode is
much greater than under steady-state operation.

The increase in the forward voltage drop when the P-i-N rectifier is turned on with
a high ramp rate for the anode current can be analyzed by solving for the injected
carrier distribution as a function of both time and position in the drift region. The
excess majority carrier density is of interest here in order to determine the conduc-
tivity modulation of the drift region. The excess majority carrier concentration (δn)
injected into the drift region is governed by the continuity equation:
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∂δn
∂t

¼ 1
q

∂Jn
∂x

� ∂n
τn

ð5:84Þ

If the current flow is dominated by diffusion, the electron current density is given by:

Jn ¼ qDn
∂δn
∂x

ð5:85Þ

leading to the diffusion equation [10] for electrons:

∂δn
∂t

¼ Dn
∂2δn

∂x2
� ∂n

τn
ð5:86Þ

Since the forward voltage overshoot occurs only under high ramp rates for the
current within a time duration which is small compared with the recombination
lifetime, the recombination process can be neglected leading to:

∂δn x; tð Þ
∂t

¼ Dn
∂2δn x; tð Þ

∂x2
ð5:87Þ

This equation governs the distribution of the excess electrons in the drift region as a
function of both space and time. The solution for the excess electron concentration is
of the form:

δn x; tð Þ ¼ A tð Þe� x=
ffiffiffiffiffiffiffi
4Dnt

pð Þ ð5:88Þ
where the term A(t) is determined by the current density, which is increasing as a
function of time. The current density at the edge of the P-N junction (at x¼ 0) under
high-level injection conditions is given by (see derivation for Eq. (5.34)):

J ¼ Jn 0ð Þ ¼ 2qDn
dδn

dx

� �
x¼0

ð5:89Þ

Using the carrier distribution in Eq. (5.88):

J ¼ 2qDn
A tð Þffiffiffiffiffiffiffiffiffiffi
4Dnt

p ¼ qA tð Þ
ffiffiffiffiffiffi
Dn

t

r
ð5:90Þ

During the forward recovery transient, the current density increases at a constant
rate (a). Thus:

J ¼ a:t ð5:91Þ
From these equations, the coefficient A(t) is obtained:

A tð Þ ¼ at3=2

q
ffiffiffiffiffiffi
Dn

p ð5:92Þ
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This provides the excess electron concentration at the edge of the P-N junction,
which is increasing as a function of time due to the increase in the current density.
The excess electron concentration then decays away from the P-N junction with a
diffusion length given by:

L tð Þ ¼
ffiffiffiffiffiffiffiffiffiffi
4Dnt

p
ð5:93Þ

The evolution of the excess electron concentration within the drift region is then
given by:

δn x; tð Þ ¼ at3=2

q
ffiffiffiffiffiffi
Dn

p e� x=
ffiffiffiffiffiffiffi
4Dnt

pð Þ ð5:94Þ

The total electron concentration within the drift region can then be obtained by
adding the electron concentration due to the donor dopant atoms to the excess
electron concentration:

n x; tð Þ ¼ δn x; tð Þ þ ND ¼ at3=2

q
ffiffiffiffiffiffi
Dn

p e� x=
ffiffiffiffiffiffiffi
4Dnt

pð Þ þ ND ð5:95Þ

This total electron concentration is plotted in Fig. 5.25 for three instances of time in
the case of a ramp rate of 1� 1010 A/(cm2.s). This P-i-N rectifier structure had a drift
region thickness of 60 μm with a doping concentration of 5 � 1013 cm�3. As time
progresses from 3 to 6 to 9 ns, the electron concentration at the P-N junction (x ¼ 0)
increases due to the increase in the current density from 30 to 60 to 90 A/cm2.

Fig. 5.25 Electron concentration in a silicon P-i-N rectifier during the forward recovery process
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Concurrently, the electrons are distributed further into the drift region by the
diffusion process.

The voltage drop across the drift region can be calculated by taking the product of
the current density at any time and the resistance of the drift region. Based upon the
above electron concentration distribution, it can be concluded that the drift region
resistance reduces with time because a larger proportion of the drift region becomes
conductivity modulated as the current ramps up. In order to analyze the reduction of
the resistance of the drift region, consider a segment at distance x from the P-N
junction with a small thickness dx. The resistivity at this location is given by:

dR ¼ ρ xð Þdx ¼ dx

qμn x; tð Þn x; tð Þ ð5:96Þ

where the electron mobility is a function of position and time because the electron
concentration depends on these parameters. (It is necessary to account for carrier-
carrier scattering for the determination of the mobility due to the relatively large
concentration of both minority and majority carriers). The resistance of the drift
region during the forward recovery transient is then given by:

RD tð Þ ¼
ð WD

0
dR ¼

ðWD

0

dx

qμn x; tð Þn x; tð Þ ð5:97Þ

A simple analytical solution for this resistance cannot be derived due to the depen-
dence of the mobility on the electron carrier concentration.

An alternative approach for the analysis of the drift region resistance is based
upon defining a “modulation concentration” (NM) as indicated in Fig. 5.26 and
assuming that the resistance of the drift region with electron concentration above
this value is negligible when compared with rest of the drift region, where no
modulation is assumed to occur. The conductivity modulated portion of the drift
region then has a distance xM as shown in the figure. This distance can be obtained
by using Eq. (5.95):

Electron
Density

x

n(0,t)

n0N = ND

0

NM

xM

N- Drift (i) RegionP+Fig. 5.26 Electron
concentration in a silicon P-
i-N rectifier during the
forward recovery process
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xM tð Þ ¼
ffiffiffiffiffiffiffiffiffiffi
4Dnt

p
: ln

A tð Þ þ ND

NM

	 

ð5:98Þ

The expansion of this conductivity-modulated region with time during the ramp up
of the current is shown in Fig. 5.27 for three cases of the ramp rates when a value of
2 � 1014 cm�3 was used for the “modulation concentration” (NM). In each case, the
conductivity-modulated region is formed after a time delay during which the current
increases to the level required to achieve high-level injection in the drift region. This
time delay is therefore shorter for the faster ramp rates. The conductivity-modulated
region then grows as shown in the figure. A faster rate of growth occurs with
increasing ramp rates.

The resistance of the drift region decreases, as shown in Fig. 5.28 for the three
cases of the ramp rate, as the modulated portion expands with time. In this structure,
the drift region had a width of 60 μm with a doping concentration of 5 � 1013 cm�3

resulting in an unmodulated specific resistance of 0.55 Ω-cm2. The voltage drop
across the drift region [vD(t)] can be obtained by multiplying the specific resistance
of the unmodulated region and the current density pertaining to each time instant:

vD tð Þ ¼ RD tð Þ:JF tð Þ ð5:99Þ
The total voltage drop across the P-i-N rectifier during the forward recovery

transient consists of the junction voltage drop plus the voltage drop across the
unmodulated portion of the drift region. The evolution of the forward voltage drop
across the P-i-N rectifier with time during the transient as described by the analytical

Fig. 5.27 Growth of the conductivity-modulated region during the forward recovery process
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model is shown in Fig. 5.29. The portion of the transient below 1 V is not shown
because the model is based upon high-level injection in the drift region. The maximum
forward voltage drop (or overshoot voltage) can be observed to become larger with
increasing rate of rise of the current density. For this rectifier structure, the maximum

Fig. 5.28 Decrease of the drift region resistance during the forward recovery process

Fig. 5.29 Voltage drop across the P-i-N rectifier during the forward recovery process
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forward voltage drop increases from 4.6 V to 6.6 V to 17.4 V as the ramp rate increases
from 1� 109 A/(cm2.s) to 2� 109 A/(cm2.s) to 1� 1010 A/(cm2.s). The time at which
the maximum forward voltage drop is observed for each of these cases decreases from
13.5 ns to 10 ns to 6.5 ns. According to the model, the voltage overshoot is not a
function of the minority carrier lifetime.

Simulation Example
In order to validate the above model for the forward recovery transient in the P-i-N
rectifier, the results of numerical simulations for a 1000 V silicon P-i-N rectifier
structure are described here. The structure had a drift region thickness of 60 μm with
a doping concentration of 5 � 1013 cm�3. The lifetime (τp0 and τn0) in the drift
region was 1 μs. The cathode current was ramped from zero to a steady-state value of
100 A/cm2 using ramp rates of 1� 109, 2� 109 and 1� 1010 A/(cm2.s). The voltage
drop across the rectifier during the transient is shown in Fig. 5.30 for the three cases.
The maximum forward voltage drops observed for the ramp rates of 1� 109, 2� 109

and 1� 1010 A/(cm2.s) are 4.9, 6.9 and 16.7 V, respectively. The peak in the voltage
overshoot occurs at 13, 10, and 6 ns for the three cases. The predictions of the
analytical model are in excellent agreement with these values providing validation of
the model.

The electron carrier concentration in the drift region can be extracted from the
transient simulations at various points in time. As an example, the electron concen-
tration profiles are shown in Fig. 5.31 for the case of a ramp rate of 1� 1010 A/(cm2.s).
The electron concentration exhibits an exponential decrease when proceeding away
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from the P-N junction with the carrier concentration increasing with time. As time
progresses during the turn-on transient, the electron density modulates a greater
portion of the drift region. The electron distribution predicted by the analytical
model (see Fig. 5.25) is consistent with that observed with the numerical simulations.

The numerical simulations of the forward recovery process for the above 1000 V
P-i-N rectifier structure were repeated with a lifetime of 10 μs in the drift region. The
resulting waveform for the forward voltage overshoot is shown in Fig. 5.32. It is
obvious that there is no difference between the voltage overshoot for a minority
carrier lifetime of 1 and 10 μs. The predictions of the analytical model are consistent
with this behavior.

5.4.2 Reverse Recovery

The presence of a large concentration of free carriers in the drift region during
on-state current flow is responsible for the low on-state voltage drop of high-voltage
silicon P-i-N rectifiers. In order to switch the diode from its on-state mode to the
reverse blocking mode, it is necessary to remove these free carriers to enable the
formation of a depletion region that can support a high electric field. The process of
switching the P-i-N rectifier from the on-state to the blocking state is referred to as
reverse recovery.
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When the voltage applied to the anode of the P-i-N rectifier is reversed from
positive to negative, the current does not monotonically reduce to zero. If the
reversal in the voltage is performed with a circuit comprising a voltage source and
a series resistance, a constant reverse current is observed immediately after the
voltage changes from its positive value to a negative value [11]. This current persists
until the stored charge is sufficiently removed to allow the P-N junction to support
the voltage by the formation of a depletion layer. This reverse recovery process
pertains to a resistive load.

In power electronic circuits, it is commonplace to use power rectifiers with an
inductive load. In this case, the current reduces at a constant ramp rate (“a”) as
illustrated in Fig. 5.33 until the diode is able to support voltage. Consequently, a
large peak reverse recovery current (JPR) occurs due to the stored charge followed
by the reduction of the current to zero. The power rectifier remains in its forward-
biased mode with a low on-state voltage drop until time t1. The voltage across the
diode then rapidly increases to the supply voltage with the rectifier operating in its
reverse bias mode. The current flowing through the rectifier in the reverse direction
reaches a maximum value (JPR) at time t2 when the reverse voltage becomes equal to
the reverse bias supply voltage (VS).

The simultaneous presence of a high current and voltage produces large instan-
taneous power dissipation in the power rectifier. The peak reverse recovery current
also flows through the power switch that is controlling the switching event. This
increases the power losses in the transistor. In the case of typical motor control PWM
circuits that utilize IGBTs as power switches, a large reverse recovery current can
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trigger latch-up failure that can destroy both the transistor and the rectifier. It is
therefore desirable to reduce the magnitude of the peak reverse recovery current and
the time duration of the recovery transient. This time duration is referred to as the
reverse recovery time (trr). The waveforms and power losses for a typical motor
control circuit are discussed in the concluding chapter of this book.

An analytical model for the reverse recovery process for the turn-off of a P-i-N
rectifier under a constant rate of change of the current (current ramp rate) can be
created by assuming that the concentration of the free carriers in the drift region can
be linearized as illustrated in Fig. 5.34. This approach was first proposed for the step-
recovery process [12]. It is extended to the ramp-recovery process here. As shown in
the figure, the catenary carrier distribution established by the on-state current flow is
approximated by an average value in the middle of the drift region and a linearly
varying portion with a concentration of n(�d ) at x ¼ 0 to the average concentration
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Fig. 5.33 Anode current
and voltage waveforms for
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reverse recovery process
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of na at a distance x ¼ b. These carrier concentrations can be obtained from
Eqs. (5.37) and (5.41):

n �dð Þ ¼ τHLJF
2qLa

cosh �d=Lað Þ
sinh d=Lað Þ � sinh �d=Lað Þ

2cosh d=Lað Þ
	 


ð5:100Þ

and

na ¼ JFτHL
2qd

ð5:101Þ

where JF is the forward (or on-state) current density.The current flowing through the
rectifier at any time during the turn-off transient is determined by the rate of diffusion
of the carriers at the P+/N junction boundary as described earlier during the discus-
sion of on-state operation in Sect. 5.1.3:

JF ¼ 2qDa
dn

dx

� �
x¼�d

ð5:102Þ

In this equation, the ambipolar diffusion coefficient is used to take into account
carrier-carrier scattering effects.

In the first phase of the turn-off process, the current density in the P-i-N rectifier
changes from the on-state current density (JF) to zero at time t0. The distance ‘b’ in
Fig. 5.34 can be obtained by relating the charge Q1 removed during the first phase to
the current flow. At the end of the first phase, the carrier profile becomes flat at time
t0, as indicated by the dashed line in Fig. 5.34, because the current is zero at this time.
The change in the stored charge within the drift region during the first phase can then
be obtained from the blue area, indicated by Q1, in the figure:

Q1 ¼
qb

2
n �dð Þ � na½ � ð5:103Þ

This charge can be related to the current flow during the turn-off transient from t¼ 0
to t ¼ t0:

Q1 ¼
ð t0

0
J tð Þdt ¼

ð t0

0
JF � atð Þdt ¼ JFt0 � at20

2
ð5:104Þ

The time t0 at which the current crosses zero is given by:

t0 ¼ JF
a

ð5:105Þ

Combining the above relationships:
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b ¼ J2F
qa n �dð Þ � na½ � ð5:106Þ

The carrier concentration n(�d ) in Eq. (5.100) can be written as:

n �dð Þ ¼ JFτHL
2qLa

K ð5:107Þ

where

K ¼ cosh �d=Lað Þ
sinh d=Lað Þ � sinh �d=Lað Þ

2cosh d=Lað Þ
	 


ð5:108Þ

Using Eq. (5.107), in conjunction with Eq. (5.101), in Eq. (5.106):

b ¼ 2dLaJF
aτHL Kd � Lað Þ ð5:109Þ

The distance “b” can therefore be calculated from the device parameters (d and τHL),
the on-state current density, and the ramp rate “a.”

The second phase of the turn-off process occurs from the time t0 at which the
current crosses zero up to the time t1 when the P+/N junction can begin to support
voltage. The carrier profile at time t1 is shown in Fig. 5.34 as extending from a zero
concentration at the junction (located at x ¼ 0) and the average concentration na at a
distance “b” from the junction. After time t1, a depletion region forms at the P+/N
junction with the zero carrier concentration at some distance away from the junction.
The time t1 can be obtained by analysis of the charge removal during the turn-off
transient from t ¼ t0 to t ¼ t1. In Fig. 5.34, the charge removed during this time
interval is indicated by the green area marked Q2. This area is given by:

Q2 ¼
1
2
qnab ð5:110Þ

This charge can be related the current flow during the turn-off transient from t¼ t0 to
t ¼ t1:

Q2 ¼
ð t1

t0

J tð Þdt ¼
ð t1

t0

JF � atð Þdt ¼ a

2
t1 � t0ð Þ2 ð5:111Þ

Using Eq. (5.105) for t0:

Q2 ¼
a

2
t1 � JF

a

� �2

ð5:112Þ

Combining Eqs. (5.110) and (5.112):
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t1 ¼
ffiffiffiffiffiffiffiffiffi
qnab

a

r
þ JF

a
ð5:113Þ

Making use of the Eq. (5.101) for the average carrier concentration na and
Eq. (5.106) for the distance “b”:

t1 ¼ JF
a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
La

Kd � Lað Þ

s
þ 1 ð5:114Þ

Based upon this expression, the end of the second phase occurs earlier when the
ramp rate is increased. This accelerates the point at which the rectifier can begin to
support a reverse bias voltage.

During the entire time from t¼ 0 until time t¼ t1, the P
+/N junction within the P-

i-N rectifier remains forward biased because the minority carrier density in the drift
region at the junction [p(�d,t)] is above the equilibrium minority carrier concentra-
tion ( p0N). Under the assumptions of high-level injection conditions in the drift
region, the minority carrier density [p(�d,t)] is equal to the majority carrier density
[n(�d,t)] that is illustrated in Fig. 5.34. Based upon Eq. (5.102), the current density
at any point in time is given by:

J tð Þ ¼ 2qDa
dn

dx

� �
x¼�d

¼ 2qDa
n �d; tð Þ � na½ �

b
ð5:115Þ

The carrier concentration in the drift region at the junction is therefore related to the
current density by:

p �d; tð Þ ¼ n �d; tð Þ ¼ na þ J tð Þb
2qDa

¼ na þ JF � atð Þb
2qDa

ð5:116Þ

This expression is valid for both positive and negative values for the current density
during the turn-off transient until time t1. The voltage drop across the forward-biased
junction during this time interval can be obtained using the Boltzmann relationship:

VF tð Þ ¼ kT

q
ln

p �dð Þ
p0N

	 

¼ kT

q
ln

JF � atð Þb
2qDap0N

þ na
p0N

	 

ð5:117Þ

This expression describes the change in the voltage drop across the P-i-N rectifier
during the turn-off transient until it is able to support a reverse bias voltage.

During the third phase of the turn-off transient, the P-i-N rectifier begins to
support an increasing voltage. This requires the formation of a space-charge region
WSC(t) at the P+/N junction that expands with time as illustrated in Fig. 5.34. The
expansion of the space-charge region is achieved by further extraction of the stored
charge in the drift region resulting in the reverse current continuing to increase after
time t1. The growth of the reverse bias voltage across the P-i-N rectifier can be
analytically modeled under the assumption that the sweep out of the stored charge is
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occurring at an approximately constant current. In this case, the slope of the carrier
distribution profile remains constant as shown in Fig. 5.34.

In Fig. 5.34, the charge removed at a time t, after the P+/N junction is reverse
biased at time t1, is indicated by the pink area marked Q3. The area of this
parallelogram is given by:

Q3 ¼ qnaWSC tð Þ ð5:118Þ
This charge can be related the current flow during the turn-off transient from time t1
to time t:

Q3 ¼
ð t

t1

J tð Þdt ¼
ð t

t1

JF � atð Þdt ¼ JF t � t1ð Þ � a

2
t2 � t21
� � ð5:119Þ

Combining these relationships for the charge Q3 provides an expression for the
growth of the space-charge region as a function of time:

WSC tð Þ ¼ a

2qna
t2 � t21
� �� JF

qna
t � t1ð Þ ð5:120Þ

The voltage supported across this space-charge region can be obtained by solving
Poisson’s equation:

d2V

dx2
¼ �dE

dx
¼ �Q xð Þ

εS
ð5:121Þ

where Q(x) is the charge in the space-charge region. Unlike the blocking mode of
operation, where the charge in the depletion region consists of the ionized donor
charge, during the turn-off process, an additional charge is contributed by the large
reverse current flow. This charge is due to the holes that are transiting through the
space-charge region due to the removal of the stored charge. Since the electric field
within the space-charge region is large, it can be assumed that these holes are moving
at the saturated drift velocity (vsat,p). The concentration of the holes within the space-
charge region is then related to the current density (JR) by:

pSC tð Þ ¼ JR tð Þ
qvsat, p

¼ at � JFð Þ
qvsat, p

ð5:122Þ

The voltage supported by the space-charge region is then given by:

VR tð Þ ¼ q ND þ pSC tð Þ½ �
2εS

WSC tð Þ½ �2 ð5:123Þ

This expression, in conjunction with Eq. (5.120) for the expansion of the space-
charge width, indicates a rapid rise in the voltage supported by the P-i-N rectifier
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after time t1. The end of the third phase occurs when the reverse bias across the P-i-N
rectifier becomes equal to the supply voltage (VS). Using this value in Eq. (5.123)
together with Eq. (5.120), the time t2 (and hence JPR) can be obtained.

During the fourth phase of the turn-off process, the reverse current rapidly
reduces at approximately a constant rate as illustrated in Fig. 5.33, while the voltage
supported by the P-i-N rectifier remains constant at the supply voltage. The stored
charge within the drift region after the end of the third phase is illustrated in Fig. 5.35
by the ochre area marked Q4. At the end of the third phase of the turn-off process
(t ¼ t2), the peak reverse recovery current JPR is flowing through the structure. This
current can be related to the free carrier profile by:

JPR ¼ 2qDa
dn

dx
¼ 2qDa

na
h

ð5:124Þ

where the dimension “h” is shown in the Fig. 5.35. Using this equation:

h ¼ 2qDana
JPR

ð5:125Þ

The stored charge remaining in the drift region at time t2 is then given by:

Q4 ¼ qna 2d �WSC t2ð Þ � h½ � ð5:126Þ
This charge must be removed during the fourth phase of the turn-off process.

During the fourth phase, the current reduces to zero at an approximately constant rate,
indicated as [dJ/dt]R in Fig. 5.33, over a time period tB extending from time t2 to t3.
The charge removed due to the current flow during this time is given by:

QR ¼ 1
2
JPRtB ð5:127Þ

This can be equated to the charge left in the drift region at the end of the third
phase if recombination during this time is neglected due to the short duration of this
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time interval relative to the minority carrier lifetime. The time interval (tB) for the
reduction of the reverse current is then obtained:

tB ¼ t3 � t2ð Þ ¼ 2qna
JPR

2d �WSC t2ð Þ � h½ � ð5:128Þ

The reverse ramp rate is obtained by dividing the peak reverse recovery current by
this time interval:

dJ

dt

	 

R

¼ JPR
tB

¼ J2PR
2qna 2d �WSC t2ð Þ � h½ � ð5:129Þ

A smaller value for the reverse [di/dt] is desirable to reduce voltages developed
across stray inductances in the circuit. These voltages cause an increase in the
voltage supported by all the devices in the circuit making it necessary to enhance
their breakdown voltages. This is detrimental to system performance due to an
overall increase in power dissipation in the semiconductor components.

The utility of the analytical model can be illustrated by performing the analysis of
the reverse recovery for a specific P-i-N rectifier structure. Consider the case of a P-i-
N rectifier designed to support 1000 V with a drift region thickness of 60 μm and
doping concentration of 5 � 1013 cm�3 that was previously analyzed in Sect. 5.4.1
for the forward recovery process. The reverse recovery process in this structure is
analyzed here using the analytical solutions for various ramp rates, lifetime values,
and reverse supply voltages. In all cases, the reverse recovery is assumed to begin
with on-state operation at a current density of 100 A/cm2.

The voltage waveform calculated using the analytical solutions are shown in
Fig. 5.36 for the case of a high-level lifetime of 0.5 μs. With this lifetime, the average

Fig. 5.36 Analytically calculated voltage waveforms for a 1000 V P-i-N rectifier during the reverse
recovery process using various ramp rates
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free carrier concentration in the drift region was found to be 5.2� 1016 cm�3 for this
structure at the on-state current density of 100 A/cm2. According to the analytical
model (see Eq. (5.114), the time t1 at which the junction becomes reverse biased
increases from 51 ns to 80 ns to 134 ns as the ramp rate decreases from 4� 109 A/cm
2-s to 2 � 109 A/cm2-s to 1 � 109 A/cm2-s. Before this time, the voltage across the
rectifier is slightly positive with a value given by Eq. (5.117). The voltage then
increases rapidly and reaches 300 V (indicated by the dashed line in the figure) at
145, 230, and 370 ns, respectively, for the three cases. This point in the voltage
waveforms defines the end of the third phase.

The peak reverse recovery current occurs at the end of the third phase. The peak
reverse recovery current densities predicted by the analytical model are 480, 360,
and 270 A/cm2, respectively, for the three cases of the ramp rate as can be observed
in Fig. 5.37 which shows the current waveforms obtained using the analytical model.
After the third phase, the reverse current reduces to zero at a constant rate. The time
duration (tB), during which the reverse current reduces to zero, becomes smaller with
a reduction in the ramp rate. The values for tB predicted by the analytical model
decrease from 70 to 60 to 28 ns as the ramp rate decreases from 4 � 109 A/cm2-s to
2 � 109 A/cm2-s to 1 � 109 A/cm2-s. These combinations of the peak reverse
recovery current and period tB produce a reverse [dJ/dt] ranging from 6 to 9.5 � 109

A/cm2-s.
The analytical model can also be utilized to examine the influence of the minority

carrier lifetime on the reverse recovery process. Consider the case of the same 1000-
V P-i-N rectifier structure switched off from an on-state current density of 100 A/cm2

at a ramp rate of 2� 109 A/cm2-s. The voltage waveforms predicted by the analytical

Fig. 5.37 Analytically calculated current waveforms for a 1000 V P-i-N rectifier during the reverse
recovery process using various ramp rates
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model for the reverse recovery process with lifetime values of 0.25, 0.5, and 1 μs in
the drift region are shown in Fig. 5.38. The model predicts no change in the time t1
for the end of the first phase and a faster rate of increase in the anode voltage during
the second phase when the lifetime is reduced.

The current flow during the reverse recovery process is shown in Fig. 5.39 for the
case of the three lifetime values. The peak reverse recovery current density predicted
by the analytical model reduces from 480 to 360 to 270 A/cm2, respectively, when the
lifetime is reduced from 1 to 0.5 to 0.25 μs as can be observed in Fig. 5.39. The time
duration (tB) for the fourth phase, during which the reverse current reduces to zero,
also becomes smaller with a reduction in the lifetime. The values for tB predicted by
the analytical model are 38 ns, 60 ns, and 84 ns for lifetime values of 0.25 μs, 0.5 μs,
and 1 μs, respectively. These combinations of the peak reverse recovery current and
period tB produce a reverse [dJ/dt] ranging from 5.4 to 7.6 � 109 A/cm2-s.

The analytical model also enables analysis of the impact of changing the reverse
recovery voltage on the reverse recovery process. Consider the case of the same
1000 V P-i-N rectifier structure switched off from an on-state current density of
100 A/cm2 at a ramp rate of 2 � 109 A/cm2-s. The voltage waveform predicted by
the analytical model is shown in Fig. 5.40 with dashed lines indicating the point at
which the reverse bias voltage reaches values of 90, 300, and 600 V during the
reverse recovery transient. As the reverse voltage is increased, it takes a longer time
interval to produce the wider space-charge region that is needed to support the
voltage. This is accompanied by a larger value for the peak reverse recovery current
as shown in Fig. 5.41. The larger space-charge region, formed at larger reverse bias
voltages, removes a greater fraction of the stored charge as well. This produces a
substantial reduction of the period tB resulting in very high reverse [dJ/dt] as
observed in the figure.

Fig. 5.38 Analytically calculated voltage waveforms for a 1000 V P-i-N rectifier during the reverse
recovery process for various lifetime values
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The peak reverse recovery current density predicted by the analytical model
increases from 280 to 360 to 420 A/cm2, when the voltage is increased from 90 to
300 to 600 V, respectively, as can be observed in Fig. 5.41. The time duration (tB) for
the fourth phase, during which the reverse current reduces to zero, also becomes

Fig. 5.39 Analytically calculated current waveforms for a 1000 V P-i-N rectifier during the reverse
recovery process for various lifetime values

Fig. 5.40 Analytically calculated voltage waveforms for a 1000 V P-i-N rectifier during the reverse
recovery process for various supply voltages
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smaller with an increase in the reverse voltage. The values for tB predicted by the
analytical model are 153 ns, 60 ns, and only 1 ns for reverse voltages of 90, 300, and
600 V, respectively. The tB value for the 600 V case indicates that almost all the
stored charge has been extracted by the extension of the space-charge region at this
large reverse voltage. These combinations of the peak reverse recovery current and
period tB produce a drastic increase in the reverse [dJ/dt] ranging from 1.8 to 6 to
440 � 109 A/cm2-s when the reverse voltage is increased from 90 to 300 to 600 V,
respectively.

Simulation Example
In order to validate the above model for the reverse recovery transient in the P-i-N
rectifier, the results of numerical simulations on a 1000 V silicon P-i-N rectifier
structure are described here. The structure had a drift region thickness of 60 μm with
a doping concentration of 5 � 1013 cm�3. The cathode current was ramped from
100 A/cm2 in the on-state using various values of negative ramp rates. In addition,
the impact of changing the lifetime and the reverse supply voltage was examined for
comparison with the analytical model.

First consider the case of varying the negative ramp rate from 1 � 109 to 2 � 109

to 4 � 109 A/cm2-s. For these cases, a lifetime (τp0 and τn0) value of 1 μs was used
during the numerical simulations. The average carrier concentration in the drift
region under steady-state conditions with an on-state current density of 100 A/cm2

was found to be about 5 � 1016 cm�3 as shown in Fig. 5.42. This value is obtained
by using a high-level lifetime of 0.5 μs in Eq. (5.101) indicating that end-region
recombination currents are significant in this structure. The carrier concentration

Fig. 5.41 Analytically calculated current waveforms for a 1000 V P-i-N rectifier during the reverse
recovery process for various supply voltages
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profile exhibits a zero slope at time t ¼ 40 ns, corresponding to time t ¼ t0 in the
analytical model (see Fig. 5.34]. The slope of the carrier profile then becomes
positive, as shown for the time t ¼ 80 ns. During this time, the carrier concentration
at the junction is well above the equilibrium value indicating that the P+/N junction is
still forward biased. At time t ¼ 140 ns, the carrier concentration at the junction
becomes close to zero, corresponding to the time t ¼ t1 in the analytical model (see
Fig. 5.33). The value for t1 obtained using the analytical model is about 120 ns in
good agreement with the simulations.

The carrier profiles for subsequent time instances of 160, 180, 210, and 230 ns are
also shown in Fig. 5.42. It can be observed that the space-charge region expands
from the P+/N junction during this time interval. The analytical model predicts a
space-charge region width of 38 μm, when the reverse bias voltage reaches 300 V, in
excellent agreement with the simulations. The analytical model also predicts the end
of phase 3 at time t2 ¼ 230 ns in very good agreement with the simulations.
Consequently, the peak reverse recovery current predicted by the model also agrees
with the simulations.

The diode voltage and current waveforms obtained with the aid of the numerical
simulations are shown in Figs. 5.43 and 5.44, respectively. These waveforms have
the same features predicted by the analytical model (see Figs. 5.36 and Fig. 5.37).
The peak reverse currents obtained using the model are in good agreement with
those observed in the simulations. However, the transient observed with the numer-
ical simulations during phase 4 occurs with a constant ramp rate followed by a more
abrupt reduction of the current. The ramp rate observed with the simulations is in the
range between 7 and 9 � 109 A/cm2-s as predicted by the analytical model.
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Silicon PiN Rectifier: BV = 1000V
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During the fourth phase of the turn-off process, the remaining free carriers in the
drift region are removed by further extension of the depletion region as the current
ramps down to zero. The reduction of the reverse current is accompanied by a
reduction in the concentration of holes within the space-charge region as described
by Eq. (5.122). This reduces the net positive charge in the space-charge region
allowing its expansion in spite of the constant reverse voltage across the diode. Since
the P-i-N rectifier is designed with a punch-through architecture, the space-charge
region eventually expands through the entire drift region removing all the stored
charge. The removal of the stored charge, observed with the numerical simulations,
is shown in Fig. 5.45.

The validity of the analytical model can also be examined by observation of the
impact of changes in the lifetime on the reverse recovery process. In order to
illustrate this, the lifetime was increased and reduced by a factor of 2� from a
value of 1 μs while performing the reverse recovery at ramp rate of 2� 109 A/cm2-s.
The diode voltage and current waveforms obtained using the numerical simulations
are shown in Figs. 5.46 and 5.47, respectively.

The waveforms shown in the above figures have the same features as the
waveforms obtained using the analytical model (see Figs. 5.38 and 5.39). There is
no change in the time t1 for the end of the second phase, while the time taken for the
voltage to increase to 300 V reduces with a reduction in the lifetime. The peak
reverse recovery current decreases with a reduction of the lifetime as predicted by the
model. The time duration for the fourth phase also increases with increasing lifetime
as predicted by the model, resulting in a slightly smaller reverse [di/dt]. It can be
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Silicon PiN Rectifier: BV= 1000V
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concluded that the analytical model provides an accurate description of the impact of
changes in the lifetime on the reverse recovery process.

As a further validation of the model, numerical simulations of the 1000 V P-i-N
rectifier structure were performed with various reverse bias supply voltages. The
voltage waveform is shown in Fig. 5.48 for the case of a ramp rate of 2� 109 A/cm2-
s and lifetime of 1 μs. The time taken to arrive at the increasing reverse bias voltages
is consistent with the prediction of the analytical model (see Fig. 5.22). Conse-
quently, the peak reverse recovery currents predicted by the analytical model are also
in agreement with those obtained from the numerical simulations. These waveforms
are shown in Fig. 5.49.

The current waveforms observed with the numerical simulations have the same
features predicted by the analytical model (see Fig. 5.23). When the reverse voltage
is increased to 600 V, the fourth phase of the reverse recovery occurs with an abrupt
reduction of the reverse current as predicted by the analytical model. The peak
reverse currents obtained using the model are also in good agreement with those
observed in the simulations. The extremely high reverse [di/dt] associated with an
abrupt drop in the reverse recovery current is a problem in power circuits where it
produces large voltage spikes across any stray inductances that are in series with the
diode. The abrupt reverse recovery occurs in this diode design due to the punch-
through of the space-charge layer at the supply voltage.

The above simulation results provide validation for the analytical model devel-
oped in this section of the chapter and give additional insight into the carrier
distribution and transients. Based upon the excellent match between the predictions
of the analytical model and the simulations, it can be concluded that the model is able
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to account for the all four phases of the reverse recovery process and predict the
proper dependence of the reverse recovery current on the ramp rate, the lifetime, and
the reverse supply voltage.

5.5 P-i-N Rectifier Structure with Buffer Layer

In the previous section, it was found that the reverse recovery for the P-i-N rectifier
had a high rate of change in the reverse recovery current during the fourth phase of
the turn-off process. The high rate of change in the reverse recovery current has been
referred to as snappy recovery, which can lead to high transient voltages developed
across the stray inductance in the diode circuit path. One approach to mitigating this
effect is by the incorporation of a buffer layer in the drift region as shown in
Fig. 5.50. The buffer layer is a more heavily doped N-type region added at the
cathode side of the drift region. Its doping concentration is chosen to be sufficiently
large so that it cannot be depleted by the reverse bias voltage applied to the diode
during the reverse recovery process. At the same time, its doping concentration is
chosen to be low enough to allow conductivity modulation resulting is some stored
charge within the buffer layer. During the fourth phase of the reverse recovery
process, this stored charge is not rapidly removed by the applied bias producing a
smaller rate of change in the reverse current.

This structure provides a relatively small improvement in the reverse [di/dt] while
increasing the on-state voltage drop due to the increase in the thickness of the drift
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region. The added complexity of growing a drift region with two different doping
concentrations makes it an unattractive approach as well. A greater reduction of the
reverse [di/dt], with a soft recovery characteristic, can be achieved by utilizing the
non-punch-through structure. This approach is discussed in the next section.

5.6 Non-Punch-Through P-i-N Rectifier Structure

In Sect. 5.4, it was demonstrated that the punch-through structure is preferable for a
P-i-N rectifier in order to reduce its on-state voltage drop because of a smaller width
for the drift region. However, it was found that this results in complete removal of
the stored charge during the first three phases of the reverse recovery process.
Consequently, a very high [di/dt] is produced during the fourth phase of the turn-
off process which is detrimental to operation in power circuits. One method to
avoiding this problem is to use a non-punch-through architecture for the drift region.
In this approach, the drift region doping concentration and thickness are chosen to
achieve ideal parallel-plane breakdown voltage at the desired voltage rating for the
rectifier. The drift region is then completely depleted only if the applied reverse
supply voltage is equal to the breakdown voltage. Since the rectifier is usually
utilized in circuits with lower supply voltages, a portion of the drift region remains
un-depleted during the entire reverse recovery process. The stored charge in the
un-depleted portion of the drift region is then removed by recombination. This
produces a significant reduction in the reverse [di/dt] during the reverse recovery
process.

The reverse recovery process for the non-punch-through structure is identical to
that for the punch-through structure for the first three phases. However, unlike the
punch-through case, the stored charge cannot be removed by the extension of the
space-charge region through the entire drift region. Instead, the current reduces as
governed by the diffusion of the excess holes remaining in the drift region toward the
edge of the space-charge region in a time frame that is much shorter than the

N- Drift Region

P+ Anode

N+ Cathode

N Buffer Layer

Fig. 5.50 P-i-N rectifier
structure with buffer layer
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recombination lifetime. Since the voltage is supported across the space-charge
region during this process, the electric field can be assumed to be small during the
diffusion of the excess carriers in the un-depleted region. The drift component of the
current in the continuity equation for the excess carriers can therefore be neglected.

The excess carrier concentration [δp(x,t)] during the fourth phase is then governed
by the following equation:

∂δp x; tð Þ
∂t

¼ Dp
∂2δp x; tð Þ

∂x2
ð5:130Þ

A solution for this excess charge distribution is of the form:

δp x; tð Þ ¼ Ae�
x2

4Dp t þ Be
x2

4Dp t ð5:131Þ
where A and B are constants determined by the boundary conditions. During the
fourth phase of the reverse recovery process, the excess carrier concentration is zero
at the edge of the space-charge region and has a maximum value at the center of the
un-depleted region as shown in Fig. 5.35. If the distance between the center of the
un-depleted region and the edge of the space-charge region is defined as:

L ¼ 1
2
2d �WSC t2ð Þ½ � ð5:132Þ

then the maximum excess concentration lies at:

xM ¼ WSC t2ð Þ þ L ¼ 1
2
2d þWSC t2ð Þ½ � ð5:133Þ

The carrier concentration at the maximum value is given by:

δp xM; tð Þ ¼ Δp
4Dpt3

� �
ð5:134Þ

where the termΔp can be obtained using the excess carrier concentration at x¼ xM at
the beginning of the fourth phase. If the excess concentration at this location at the
beginning of the fourth phase (time t ¼ t2) is assumed to be equal to average carrier
concentration na, then:

Δp ¼ 4Dpt
3
2na ð5:135Þ

and

δp xM; t2ð Þ ¼ t2
t

� �3
na ð5:136Þ

Using this boundary condition together with:

5.6 Non-Punch-Through P-i-N Rectifier Structure 267



δp WSC t2ð Þ; t½ � ¼ 0 ð5:137Þ
yields the free carrier distribution in the un-depleted region:

δp x; tð Þ ¼ na
t2
t

� �3
e

Δx2
4Dp t � e

L2
4Dpt

sinh Δx2=4Dpt
� �

cosh L2=4Dpt
� �

" #( )
ð5:138Þ

where Δx is measured from the position x¼ xM and time t extends beyond the end of
the third phase at t ¼ t2.

The excess charge distribution during the fourth phase of the turn-off process, as
predicted by the analytical model, is shown in Fig. 5.51 for a non-punch-through
P-i-N rectifier structure designed to support 1000 V. The structure had an N-type
drift region with doping concentration of 2 � 1014 cm�3 and a thickness of 90 μm.
The distribution was calculated for the case of a reverse supply voltage of 300 V. The
depletion width at the end of the third phase is 32 μm resulting in an un-depleted
region of about 60 μm. The peak of the excess carrier distribution resides at about
60 μm from the P+/N-drift junction. The excess carriers are extracted by diffusion to
the edge of the depletion region within about 0.4 μs after phase 3. This time frame is
shorter than the high-level recombination lifetime of 0.8 μs within the drift region for
this structure.

The reverse recovery current for the non-punch-through structure during the
fourth phase in the turn-off process can be obtained from the free carrier distribution
profile:

Fig. 5.51 Analytically calculated decay of stored charge during the fourth phase for the non-
punch-through structure
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JR tð Þ ¼ �qDp
δp

δx x¼�Lj ð5:139Þ

By using the excess charge distribution in Eq. (5.138) in this equation, the reverse
recovery current is obtained:

JR tð Þ ¼ qnaL

2t
t2
t

� �3
e

L2
4Dp t 1þ cosh L2=4Dpt

� �
sinh L2=4Dpt

� �
" #

ð5:140Þ

The calculated reverse recovery current waveforms for various cases of the high-
level lifetime in the drift region are shown in Fig. 5.52. It can be seen that the peak
reverse recovery current becomes smaller when the lifetime is reduced. The current
exhibits an exponential decay after the occurrence of the peak reverse current. This
behavior is different from that observed for the punch-through structure.

Simulation Example
In order to validate the above model for the reverse recovery transient in the non-
punch-through P-i-N rectifier structure, the results of numerical simulations on a
1000 V silicon P-i-N rectifier are described here. The structure had a drift region
thickness of 85 μm with a doping concentration of 2 � 1014 cm�3. The breakdown
voltage obtained for this case by using numerical simulations was found to be about
1000 V. The on-state voltage drop was found to be 0.89 V at a current density of
100 A/cm2 for the case of a lifetime (τp0 and τn0) of 1 μs, which is slightly larger than
the 0.86 V observed for the punch-through structure.

Fig. 5.52 Analytically calculated reverse recovery current waveforms for the non-punch-through
P-i-N rectifier structure
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For comparison of the reverse recovery transient with the punch-through struc-
ture, the cathode current was ramped down from an on-state current density of
100 A/cm2 using negative ramp rate of 2 � 109 A/cm2-s. The resulting reverse
recovery waveforms for the current flowing through the punch-through and non-
punch-through rectifier structures are shown in Fig. 5.53 for the case of a lifetime
value of 1 μs. The reverse current exhibits the same peak reverse recovery current in
both cases, as expected from the analytical model, because the first three phases of
the turn-off process are identical. During the fourth phase, the initial reduction of
current occurs at a similar rate for both structures. However, the abrupt reduction of
the current with a very high reverse [di/dt] in the punch-through structure is replaced
by an exponential gradual reduction in current for the non-punch-through case. This
behavior is consistent with the model for the carrier distribution developed above.

The carrier distribution profiles during the first three phases of the reverse
recovery process are shown in Fig. 5.54 for the non-punch-through structure.
These carrier profiles are similar to those in Fig. 5.42 for the punch-through
structure. However, due to the larger doping concentration in the drift region, the
space-charge region extends to only 33 μm when compared with 38 μm for the
punch-through case. A larger amount of stored charge is retained within the non-
punch-through structure at the end of the third phase. The reverse voltage reaches
300 V at the same time (230 ns) for the non-punch-through case resulting in the same
peak reverse recovery current for both structures.

During the fourth phase of the turn-off process, the remaining free carriers in the
drift region are removed by diffusion of the stored charge toward the edge of the
space-charge region. The removal of the stored charge during the fourth phase,
observed with the numerical simulations, is shown in Fig. 5.55. The analytical model
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Silicon PiN Rectifier: VS = 300V
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described above is consistent with the behavior shown in this figure. Note that free
carriers are present in the drift region for a much longer time frame when compared
with the punch-through structure. This is responsible for the gradual (exponential)
reduction of the reverse recovery current for the non-punch-through structure.

The validity of the analytical model can also be examined by observation of the
impact of changes to the lifetime on the reverse recovery process. In order to
illustrate this, the lifetime was increased and reduced by a factor of 2� while
performing the reverse recovery at ramp rate of 2 � 109 A/cm2-s. The current
waveforms obtained using the numerical simulations are shown in Fig. 5.56. The
waveforms shown in the figure have the same features as the waveforms obtained
using the analytical model (see Fig. 5.52). The peak reverse recovery current
decreases with a reduction of the lifetime as predicted by the model. The time
duration for the fourth phase also increases with increasing lifetime as predicted
by the model, resulting in a slightly smaller reverse [di/dt]. It can therefore be
concluded that the analytical model provides an accurate description of the impact
of changes in the lifetime on the reverse recovery process.

The above simulation results provide validation for the analytical model devel-
oped in this section of the chapter and give additional insight into the carrier
distribution and transients. Based upon the excellent match between the predictions
of the analytical model and the simulations, it can be concluded that the model is able
to account for the all four phases of the reverse recovery process and predict the
proper dependence of the reverse recovery current on the ramp rate, the lifetime, and
the reverse supply voltage. The non-punch-through structure is found to offer an
improvement in the reverse recovery [di/dt] with a soft recovery behavior. This is
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desirable to reduce spikes in the voltages in the power circuit. However, the longer
recovery time produces an increase in the power dissipation reducing the efficiency
for power conversion.

5.7 P-i-N Rectifier Trade-Off Curves

In the previous sections, it was demonstrated that the peak reverse recovery current
and the turn-off time can be reduced by decreasing the minority carrier lifetime in the
drift region of the P-i-N rectifier structure. This enables reduction of the power losses
during the switching transient. However, the on-state voltage drop in a P-i-N rectifier
increases when the minority carrier lifetime is reduced, which produces an increase
in the power dissipation during on-state current flow. For power system applications,
it is desirable to reduce the total power dissipation produced in the rectifiers. This
also reduces the heat generated within the power devices maintaining a lower
junction temperature which is desirable to prevent thermal runaway and reliability
problems. To minimize the power dissipation, it is commonplace to perform a trade-
off between on-state and switching power losses for power P-i-N rectifiers by
developing trade-off curves.

One type of the trade-off curve for a power P-i-N rectifier can be generated by
plotting the on-state voltage drop against the reverse recovery turn-off time. A turn-
off waveform that includes a non-linear portion during the fourth phase is illustrated
in Fig. 5.57. The turn-off time (trr) is defined as the time taken for the reverse current
to reduce to 10% of the peak reverse recovery current (JPR) after the current crosses
zero. This time can be extracted from the measured characteristics of devices using
automated test equipment. In addition, it is common practice to extract the times tA
and tB as defined on the waveform in Fig. 5.57. A larger [tA/tB] ratio is considered to
be desirable to mitigate the voltage spikes created in power circuits by a large [di/dt]
in the reverse direction.

The trade-off curve between the on-state voltage drop and the reverse recovery
time obtained by using the analytical models is shown in Fig. 5.58 by the red line.
The results obtained using two dimensional numerical simulations for the punch-
through structure are also shown in the figure by the blue line for comparison. It can
be observed that there is good agreement between them until the lifetime is reduced
below 0.05 μs to achieve a reverse recovery time of less than 0.1 μs. The reverse
recovery time predicted by the analytical models is larger than observed with the
simulations because free carrier recombination was neglected during the reverse
recovery process. This assumption is not valid when the recombination lifetime is
reduced to below 0.05 μs.

Another common practice for displaying the trade-off in power losses in power P-
i-N rectifiers is by plotting the on-state voltage drop against the reverse recovery
charge (Qrr). The reverse recovery charge can be extracted by integration of the turn-
off waveform for the current. This graph obtained with the analytical model and the
simulations is shown in Fig. 5.59 for the punch-through structure.
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A similar analysis can be preformed for the non-punch-through P-i-N rectifier
structure. The resulting trade-off curve between the on-state voltage drop and the
reverse recovery turn-off time is shown in Fig. 5.60. The values obtained by using
the analytical model for the non-punch-through structure are compared with those
obtained from the two-dimensional numerical simulations. The analytical model
works in a satisfactory manner until the recombination lifetime is reduced to a value
comparable to the reverse recovery time.

tA tB

trr
JF

JPR

t0.1 JPR

Fig. 5.57 Typical reverse recovery current waveform for the P-i-N rectifier structure defining the
reverse recovery turn-off time

Fig. 5.58 Trade-off curve for the punch-through P-i-N rectifier structure using reverse
recovery time
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Fig. 5.59 Trade-off curve for the punch-through P-i-N rectifier structure using reverse recovery
charge

Fig. 5.60 Trade-off curve for the non-punch-through P-i-N rectifier structure using reverse
recovery time

5.7 P-i-N Rectifier Trade-Off Curves 275



A comparison between the trade-off curves for the punch-through and non-
punch-through structures is provided in Fig. 5.61. From this figure, it is apparent
that the trade-off curve for the punch-through design is located below that for the
non-punch-through design. This implies that the reverse recovery time is shorter for
the punch-through design for any given on-state voltage drop. For example, if the
on-state voltage drop is 1 V, the reverse recovery time for the non-punch-through
structure is 0.16 μs compared with only 0.08 μs for the punch-through design. This
implies a reduction in the turn-off power loss by about a factor of two by utilization
of the punch-through structure.

5.7.1 Lifetime Control

The adjustment of the recombination lifetime in the drift region can be performed by
using a variety of techniques that introduce deep level centers within the bandgap.
As described in detail in Sect. 2.3.5, the position of the deep level within the bandgap
and the capture cross sections for electrons and holes are unique to each process. The
most commonly used approaches in the power semiconductor industry have been by
the diffusion of gold and platinum or by electron irradiation.

The experimentally measured trade-off curves [13] obtained for P-i-N rectifiers
built using 60–90Ω-cm N-type silicon with breakdown voltage capability of 2500 V
are shown in Fig. 5.62. In this work, the forward voltage drop was measured under
surge current levels to emphasize the differences between the methods for lifetime

Fig. 5.61 Comparison of the trade-off curves for the punch-through and non-punch-through P-i-N
rectifier structures
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control. It can be seen from the figure that the best trade-off curve is exhibited by the
gold doping method. These results are consistent with the analysis provided in Sect.
2.3.5. In spite of the superior trade-off curve for gold doping, the power semicon-
ductor industry has migrated to electron irradiation because of the lower leakage
current and its manufacturing convenience, as described in Sect. 2.3.5.

5.8 Safe Operating Area

The P-i-N rectifier undergoes reverse recovery with a high voltage at the peak of the
reverse recovery current as illustrated in Fig. 5.33. This condition can lead to
destructive failure even if the power supply voltage (VS) is much smaller than the
breakdown voltage of the diode. During reverse recovery, the reverse recovery
current is sustained by holes transiting through the space-charge region that is
supporting the high voltage. The hole concentration ( pSC) in the space-charge region
is given by Eq. (5.122). The holes add positive charge to the space charge resulting
in enhancing the electric field. The peak electric field at the junction can reach the
critical electric field for breakdown (EC) when a large reverse recovery current is
generated by turn-off with high dI/dt. The diode then fails due to large impact
ionization induced current.

The voltage at which impact ionization is induced in the presence of the reverse
recovery current flow is given by:

Fig. 5.62 Trade-off curves for the different methods for controlling lifetime in the silicon P-i-N
rectifier
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VS,MAX ¼ εSE2
C

2q ND þ pSCð Þ ð5:141Þ

where the hole concentration in the space-charge region can be related to the peak
reverse recovery current using:

pSC ¼ JPR
qvsat, p

ð5:142Þ

The safe-operating-area boundary for a silicon P-i-N rectifier for the case of a drift
region doping concentration of 5 � 1013 cm�3 is shown in Fig. 5.63 by the red line.
A critical electric field for breakdown of 2 � 105 V/cm was used corresponding to
this case of doping together with a saturated drift velocity of 8.9� 106 cm/s for holes
in silicon. If the reverse recovery occurs with a peak reverse recovery current of
300 A/cm2, the diode will be safely turned off when a supply voltage of 400 V is
used. However, for the same magnitude of the reverse recovery current, the diode
will fail if the supply voltage is increased to 800 V even though this value is well
below the breakdown voltage for a doping concentration of 5 � 1013 cm�3.
This example illustrates the importance of reducing the peak reverse recovery
current in P-i-N rectifiers.

Fig. 5.63 Safe operating area for a silicon P-i-N rectifier
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5.9 Maximum Allowable [dJ/dt]

It has been found that P-i-N rectifiers undergo destructive failure when the applied
[dI/dt] exceeds a certain value. It was shown in Sect. 5.4.2 that the peak reverse
recovery current density increases when the [dJ/dt] applied to the rectifier is
increased. The hole concentration ( pSC) in the space-charge region also increases
in proportion to the peak reverse recovery current. This enhances the electric field at
the junction until it reaches the critical electric field for breakdown at the maximum
allowable ramp rate [dJ/dt].

The highest allowable [dJ/dt] can be determined by relating the electric field at the
reverse recovery current. The maximum electric field is given by:

EM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qVSpSC

εS

r
ð5:143Þ

if the hole concentration is assumed to much greater than the doping concentration.
Using Eq. (5.140) for the hole concentration and making the maximum electric field
equal to the critical electric field for breakdown (EC):

JPR,Max ¼ εSvsatE2
C

2VS
ð5:144Þ

The maximum peak power during reverse recovery, which is the critical power for
destructive failure of the P-i-N rectifier, is then given by [14]:

Pcr ¼ JPR,MaxVS ¼ εSvsatE2
C

2
ð5:145Þ

The critical power for silicon is found to be 2 � 105 W/cm2 if a critical electric field
for breakdown of 2 � 105 V/cm is used.

The width of space-charge region under the above conditions is given by:

WSC,cr ¼ 2
VS

EC
ð5:146Þ

and the critical hole concentration can be obtained using Eq. (5.144):

pSC,cr ¼
JPR,Max

qvsat
¼ εSE2

C

2qVS
ð5:147Þ

The time t2 at which the peak critical reverse recovery current occurs can be
obtained by substituting Eq. (5.146) in Eq. (5.120). The maximum allowable [dJ/dt]
can then be obtained using:

dJ

dt

	 

cr

¼ JPR,Max

t2 � t0ð Þ ð5:148Þ
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5.10 Summary

The physics of operation of the P-i-N rectifier has been analyzed in this chapter.
Analytical expressions have been derived for the on-state and blocking state, as well
as the forward and reverse recovery transients. At low current levels, current flow in
this diode occurs by the familiar diffusion current transport phenomenon. However,
at higher current levels, the injected minority carrier density in the drift region
exceeds the relatively low doping concentration required to achieve high breakdown
voltages. This high-level injection in the drift region modulates its conductivity
producing a reduction in the on-state voltage drop. If recombination in the drift
region is dominant, the voltage drop across the drift region becomes independent of
the on-state current density. These phenomena allow operation of the silicon P-i-N
rectifier with an on-state voltage drop of only 1 V making it very attractive for power
electronic applications.

The P-i-N rectifier can support a large voltage in the reverse blocking mode by
appropriate choice of the doping concentration and thickness of the drift region. A
punch-through design is favored because it reduces the thickness of the drift region.
A narrower drift region contains a smaller amount of stored charge during on-state
operation enabling faster turn-off.

The switching of the P-i-N rectifier from the on-state to the reverse blocking state
is accompanied by a significant current flow in the reverse direction. This reverse
current produces large power dissipation in the rectifier as well as the power switches
in power converter circuits. The reverse recovery current and the reverse recovery
turn-off time can be reduced by reduction of the recombination lifetime in the drift
region. Since this is accompanied by an increase in the on-state voltage drop, it is
customary to perform a trade-off analysis to minimize the overall power dissipation.

Silicon carbide-based P-i-N rectifiers have a much narrower drift region thickness
when compared with silicon devices due to the higher critical electric field for
breakdown. This favors a faster switching speed with reduced reverse recovery
current. However, the larger bandgap for silicon carbide produces an on-state
voltage drop that is four times larger than for the silicon rectifiers. For this reason,
silicon carbide P-i-N rectifiers are of interest only when the blocking voltage
capability exceeds 10,000 V.

Problems

5.1 Determine the on-state current density for a silicon P-i-N rectifier at which the
average injected carrier concentration becomes five times the doping concen-
tration of 5 � 1013 cm�3 in a drift region with a width of 200 μm. The high-
level lifetime in the drift region is 1 μs. Neglect end-region recombination.

5.2 Plot the distribution of the injected carrier concentration as a function of
distance within the drift region for the above P-i-N rectifier at an on-state
current density of 100 A/cm2.

5.3 Obtain the on-state voltage drop for the above P-i-N rectifier at an on-state
current density of 100 A/cm2.
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5.4 Obtain the on-state voltage drop for the above P-i-N rectifier at an on-state
current density of 100 A/cm2 if the high-level lifetime is increased by a factor
of 2-times.

5.5 Obtain the on-state voltage drop for the above P-i-N rectifier at an on-state
current density of 100 A/cm2 if the high-level lifetime is decreased by a factor
of 2-times.

5.6 Determine the reverse breakdown voltage of the P-i-N rectifier in problem
5.1.

5.7 What is the drift region thickness to achieve the same reverse breakdown
voltage for a 4H-SiC P-i-N rectifier?

5.8 Obtain the on-state voltage drop for the 4H-SiC P-i-N rectifier in Problem
5.7 at an on-state current density of 100 A/cm2 if the high-level lifetime in the
drift region is 0.1 μs.

5.9 Determine the leakage currents for the silicon P-i-N rectifier in problem 5.1 at
300, 400, and 500 �K if the space-charge generation and the low-level
lifetimes are equal to the high-level lifetime. Assume that the entire drift
region is depleted.

5.10 A silicon P-i-N rectifier has a drift region with doping concentration of 5 � 10
13 cm�3 and thickness of 60 μm. The diode is turned on using a current ramp
rate of 2 � 109 A/cm2-s. Determine the time at which the peak occurs in the
voltage overshoot. Determine the values for the conductivity modulation
distance and the specific resistance of the drift region at this time. What is
the maximum overshoot voltage?

5.11 The P-i-N rectifier in problem 5.10 undergoes reverse recovery with a current
ramp rate of 2 � 109 A/cm2-s from an initial on-state current density of
100 A/cm2. Determine the time taken for the current to cross zero. What is
the time taken for the reverse voltage to reach a supply voltage of 300 V? Use a
high-level lifetime of 0.5 μs in the drift region.

5.12 For the P-i-N rectifier in problem 5.11, determine the peak reverse recovery
current density. What is the space-charge layer width at this time?

5.13 For the P-i-N rectifier in problem 5.11, determine the time tB for the reverse
current to decay to zero. What is the reverse [dJ/dt] for this rectifier?

5.14 What are the advantages of replacing the punch-through P-i-N rectifier design
in problem 5.10 with a non-punch-through design? Define the drift region
doping concentration and thickness for the non-punch-through design in order
to achieve the same reverse blocking voltage as the punch-through structure.
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Chapter 6
Power MOSFETs

The vertical power metal-oxide-semiconductor field-effect transistor (MOSFET)
structure was developed in the mid-1970s to obtain improved performance when
compared with the existing power bipolar transistors [1]. One of the major issues
with the power bipolar transistor structure was its low current gain when designed to
support high voltages. In addition, power bipolar transistors could not be operated at
high frequencies due to the large storage time related to the injected charge in their
base and drift regions; and they were prone to destructive failure during hard
switching in applications with inductive loads. The replacement of these current-
controlled devices with a voltage-controlled device was attractive from an applica-
tions viewpoint. The high input impedance of the MOS-gate structure simplified the
drive circuit requirements when compared with bipolar transistors being used at that
time. In addition, their superior switching speed opened new applications operating
in the 10–50 kHz frequency domain. Today, power MOSFETs are the most com-
monly used power switches in applications where the operating voltages are below
200 V.

The vertical power MOSFETs were initially considered to be ideal power
switches due to their high input impedance and fast switching speed. However,
their power handling capability was constrained by the internal resistance within the
structure between the drain and source electrodes. The power dissipated due to the
ohmic voltage drop in the internal resistance limited the current handling capability
of the power MOSFETs as well as the efficiency of the power circuits in which they
were utilized.

The first commercially successful power MOSFETs were developed by using the
double-diffusion process in the mid-1970s. In these VD-MOSFET structures, the
channel was formed by controlling the depth of two junctions. This enabled formation
of short channel length structures without resorting to expensive high-resolution lithog-
raphy. In order to increase the current handling capability of the VD-MOSFETs, their
internal resistance was substantially reduced from the mid-1970s to the mid-1980s by
the use of improved design rules. However, it became apparent that the VD-MOSFET
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structure contained basic parasitic resistances that impeded further progress with
improving the internal resistance.

In the 1990s, an alternate device structure was developed based upon using trench
technology that had evolved for dynamic random access memory (DRAM) appli-
cations. The trench-gate or U-MOSFET structure offered the opportunity to reduce
the internal resistance of the power MOSFET closer to the ideal value by elimination
of a JFET region within the VD-MOSFET structure. The optimization of this
structure also enabled increasing the operating frequency for power MOSFETs to
the 1 MHz range.

In this chapter, the basic operating principles of the power MOSFET structure are
discussed in detail. In the power MOSFET structure, the current flow between the
drain and source electrodes is controlled by the formation of an inversion layer
induced by the bias applied to the gate electrode. The physics of operation of the
basic metal-oxide-semiconductor (MOS) structure is therefore described at the
beginning of the chapter. Using this background, basic relationships for the internal
resistance are then developed for the VD-MOSFET and U-MOSFET structures.

Although the power MOSFET does not require any gate drive current during
steady-state operation due to the presence of the gate insulator, a substantial gate
current is required to charge the input gate capacitance during the turn-on and turn-
off event for each operating cycle. The switching power losses can supersede the
on-state power loss when the power MOSFET is operated at high frequencies in
applications such as in switch mode power supplies. For this reason, analysis of the
gate capacitance for the power MOSFET structure is provided in this chapter. In
addition, the basic switching transients during turn-on and turn-off are described
using analytical formulations.

The results of two-dimensional numerical simulations of typical cell designs are
provided in the chapter to elucidate the operating principles for the power MOSFET
structures. The results of the simulations also enable validation of the analytical
models that are developed for the analysis of the power MOSFET structures.
Although the exact values for the doping profiles, the gate oxide thickness, and
channel length used in these simulations may differ from those used by any
particular manufacturer, the basic structure for the VD-MOSFET and U-MOSFET
structures used in the industry are similar to those described in this chapter. Conse-
quently, the models developed here are generally applicable to all power MOSFET
structures.

6.1 Ideal Specific On-Resistance

As discussed above, the performance of power MOSFETs is restricted by the
internal resistance. It is useful to ascertain the minimum value for the internal
resistance for a power MOSFET structure that is capable of supporting a desired
blocking voltage. In the idealized case, it is assumed that the structure can support
the blocking voltage with no degradation due to the edge termination or local electric
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field enhancement within the cell structure. In addition, all the resistances within the
device structure, apart from that of the drift region, are considered to be parasitic
resistances that have been reduced to zero.

The electric field distribution was illustrated in Chap. 1 (see Fig. 1.16) for the case
of an abrupt parallel-plane junction. Based upon this electric field distribution, an
equation was derived for the resistance per unit area for the drift region:

Ron-sp, ideal ¼ 4BV2
PP

εSμE3
C

ð6:1Þ

where BVPP is the parallel-plane breakdown voltage, εS is the dielectric constant for
the semiconductor, μ is the mobility, and EC is the critical electric field for break-
down. This resistance is referred to as the ideal specific on-resistance.

In the case of silicon power MOSFETs, the doping concentration in the drift
region is sufficiently low for breakdown voltages above 100 V so that the mobility
can be assumed to be constant. For the case of an N-type drift region that is utilized
for n-channel power MOSFETs, the ideal specific on-resistance is then given by:

Ron-sp, ideal n-channelð Þ ¼ 8:40� 10�9 BV2:5
PP ð6:2Þ

after taking into account the change in critical electric field with doping concentra-
tion. In a similar manner, for the case of a P-type drift region that is utilized for
p-channel power MOSFETs, the ideal specific on-resistance is given by:

Ron-sp, ideal p-channelð Þ ¼ 2:31� 10�8 BV2:5
PP ð6:3Þ

after taking into account the difference in the mobility for electrons and holes.
The ideal specific on-resistance for silicon calculated by using Eq. (6.1) is shown

in Fig. 6.1. In performing these calculations, the change in the critical electric field
strength and the mobility with doping concentration associated with each breakdown
voltage was taken into account. The ideal specific on-resistance for P-type silicon is
approximately three times larger than that for N-type silicon due to the difference
between the mobility for holes and electrons. For this reason, the n-channel power
MOSFET is preferred over the p-channel power MOSFET for most applications. A
preponderance of power MOSFETs that are commercially available are conse-
quently n-channel structures. However, p-channel devices are required in power
circuits that utilize complementary devices and for battery charger circuits.

The ideal specific on-resistance is considered to be the lowest resistance per unit
area that can be achieved for a power MOSFET designed with a chosen blocking
voltage. A comparison of the actual internal specific on-resistance of any particular
cell architecture with the ideal specific on-resistance provides a measure of the
quality of the cell design. Progress with power MOSFET cell architectures and
improvements in the cell design rules have enabled reduction of the specific
on-resistance closer to the ideal value with successive generations of devices.
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6.2 Device Cell Structure and Operation

The basic operation of the MOSFET entails the formation of a conductive channel at
the surface of the semiconductor below an insulator by the application of a voltage to
a gate electrode. The first silicon MOSFET structure fabricated by using a thermally
grown gate oxide was reported in 1960 [2, 3]. These lateral structures were not
designed to support high voltages or handle high current levels. In the 1970s, it was
recognized that a vertical architecture is required in order to handle high voltages and
currents to produce a power device. In a lateral device structure, the drain and source
electrodes must be interdigitated. This can only be achieved by using thin metal
electrodes which have poor current handling capability. In a vertical device struc-
ture, the two high current carrying electrodes can be located on opposite sides of the
wafer. The vertical structure enables the use of thick source and drain electrodes
avoiding transport of the current through thin metal fingers. In addition, the potential
distribution within the vertical structure is more favorable for supporting high
voltages.

In all the vertical power MOSFET structures, the N+ source and drain regions are
separated by a P-base region. The P-N junction formed between the P-base region
and the drain is used to support high voltages by utilizing a lightly doped drift region.
In order to suppress the N-P-N parasitic transistor formed within the power
MOSFET structure, the P-N junction formed between the N+ source region and
the P-base region is short-circuited by overlapping the source metal across this
junction. This also allows the source electrode to act as the substrate contact for
the MOS structure formed between the gate and the P-base region.

Fig. 6.1 Ideal specific on-resistance for silicon power MOSFET structures
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In the power MOSFET structure, there is no injection of minority carriers during
on-state current flow. Consequently, the device can be rapidly switched from the
on-state to the off-state by removal of the gate bias to extinguish the channel. The
speed with which the channel can be removed under gate control is dictated by the
input capacitance. A more rapid switching can be achieved by increasing the gate
current during the switching intervals.

Historically, the first power MOSFET structures were fabricated by using a
V-groove process. Due to instabilities in these structures, a planar structure based
upon the double-diffusion process was subsequently developed that rapidly
supplanted the V-MOSFET structure. Most recently, a U-MOSFET structure was
developed by using a trench-gate structure. The U-MOSFET structure has enabled
significant reduction of the resistance of power MOSFETs allowing it to gain in
popularity for commercial applications.

6.2.1 The V-MOSFET Structure

The first high-voltage power MOSFET structure was developed by using a V-groove
etching process [4] during the 1970s. A cross section of this V-MOSFET structure is
illustrated in Fig. 6.2. The N+ source and drain regions in the vertical power
MOSFET structure are separated by a P-base region resulting in the formation of
two P-N junctions labeled J1 and J2 in the figure. A V-groove is formed at the upper
surface that penetrates through both the junctions. The gate electrode is placed inside
the V-groove after creating a gate oxide on its surface, preferably by thermal
oxidation of the silicon. Without the application of a gate bias, junction J1 becomes
reverse biased when a positive bias is applied to the drain electrode. A high voltage
can be supported under these conditions by appropriate choice of the doping

N-Drift Region

Drain

Channel

J1

J2

N+ Substrate

P-Base P-Base

Source

N+GateN+

Fig. 6.2 V-groove power
MOSFET structure
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concentration and thickness of the N-drift region. The second junction J2 is short-
circuited by overlapping the source electrode over the junction as illustrated in the
figure to suppress the parasitic bipolar transistor. With proper design considerations,
the breakdown voltage approaches that for a P-N diode.

Current flow between the drain and source electrodes of the V-MOSFET structure
can be induced by the formation of a channel at the surface of the P-base region
below the gate oxide. A positive bias applied to the gate electrode attracts electrons
to the semiconductor surface under the gate oxide. These electrons provide a path for
current flow between the source and the drain. The maximum current carrying
capability is determined by the internal resistance within the structure. A smaller
resistance can be achieved by using smaller dimensions in the cell structure to
increase the channel density.

The V-MOSFET structure fell out of favor because of manufacturing difficulties.
The V-groove was formed by using a potassium hydroxide-based etch for silicon
which exhibits different etch rates for various silicon surface orientations. It was
found that the potassium from the etch solutions contaminates the gate oxide
producing instabilities during long-term operation of the V-MOSFET structure. In
addition, the sharp corner at the bottom of the V-groove was found to degrade the
breakdown voltage.

6.2.2 The VD-MOSFET Structure

A cross section of the basic cell structure for the vertical-diffused (VD) MOSFET is
illustrated in Fig. 6.3. This device structure is fabricated by starting with an N-type
epitaxial layer grown on a heavily doped N+ substrate. The channel is formed by the
difference in lateral extension of the P-base and N+ source regions produced by their
diffusion cycles. Both regions are self-aligned to the left-hand side and right-hand
side of the gate region during ion implantation to introduce the respective dopants. A
refractory gate electrode, such as polysilicon, is required to allow diffusion of the
dopants under the gate electrode at elevated temperatures.

Without the application of a gate bias, a high voltage can be supported in the
VD-MOSFET structure when a positive bias is applied to the drain. In this case,
junction J1 formed between the P-base region and the N-drift region becomes reverse
biased. The voltage is supported mainly within the thick lightly doped N-drift region.
Drain current flow in the VD-MOSFET structure is induced by the application of a
positive bias to the gate electrode. This produces an inversion layer at the surface of
the P-base region under the gate electrode. This inversion layer channel provides a
path for transport of electrons from the source to the drain when a positive drain
voltage is applied.

The electrons enter the N-drift region at the upper surface of the device structure
after transport from the source region through the channel. They are then transported
through a relatively narrow JFET region located between the adjacent P-base regions
within the VD-MOSFET structure. The constriction of the current flow through the
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JFET region substantially increases the internal resistance of the VD-MOSFET
structure. A careful optimization of the gate width (WG) is required, as discussed
later in the chapter, in order to minimize the internal resistance for this structure. In
addition, it is customary to enhance the doping concentration in the JFET region to
reduce the resistance to current flow through this portion of the device structure.

After being transported through the JFET region, the electrons enter the N-drift
region below junction J1. The current spreads from the relatively narrow JFET
region to the entire width of the cell cross section. This nonuniform current distri-
bution within the drift region enhances its resistance making the internal resistance
of the VD-MOSFET structure larger than the ideal specific on-resistance of the drift
region. The large internal resistance for the VD-MOSFET structure provided moti-
vation for the development of the trench-gate power MOSFET structure in the
1990s.

6.2.3 The U-MOSFET Structure

During the late 1980s, the technology for etching trenches in silicon became
available due to its application for making charge storage capacitors within
DRAM chips. This process was adapted by the power semiconductor industry to
develop the trench-gate or U-MOSFET structure. The trench extends from the upper
surface of the structure through the N+ source and P-base regions into the N-drift
region as shown in Fig. 6.4. The gate electrode is placed within the trench after
formation of the gate oxide by thermal oxidation of the bottom and sidewalls.

Drain

Source

Gate

Channel
J1

JFET Region

WG

N+ Substrate

N-Drift Region

N+
P-Base

N+
P-Base J2

Fig. 6.3 VD-MOSFET or DMOSFET structure
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Without the application of a gate bias, a high voltage can be supported in the
U-MOSFET structure when a positive bias is applied to the drain. In this case,
junction J1 formed between the P-base region and the N-drift region becomes reverse
biased. The voltage is supported mainly within the thick lightly doped N-drift region.
Since the gate is at zero potential during the blocking mode of operation, a high
electric field is also developed across the gate oxide. To avoid reliability problems
arising from the enhanced electric field in the gate oxide at the trench corners, it is
customary to round the bottom of the trench.

Drain current flow in the U-MOSFET structure is induced by the application of a
positive bias to the gate electrode. This produces an inversion layer channel at the
surface of the P-base region along the vertical sidewalls of the trench. This inversion
layer channel provides a path for transport of electrons from the source to the drain
when a positive drain voltage is applied. After transport from the source region
through the channel, the electrons enter the N-drift region at the bottom of the
trenches. The current then spreads to the entire width of the cell cross section.
Consequently, there is no JFET region in the U-MOSFET structure enabling a
significant reduction of the internal resistance when compared with the
VD-MOSFET structure. The cell pitch for the U-MOSFET structure can be made
much smaller than that for the VD-MOSFET structure to reduce the channel
resistance contribution as well. The total specific on-resistance for the silicon
U-MOSFET structure is much smaller than that for the silicon VD-MOSFET
structure for devices with breakdown voltages below 100 V. The reduced internal
resistance for the U-MOSFET structure provided motivation for the development of
these devices in the 1990s.
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Fig. 6.4 U-MOSFET
structure
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6.3 Basic Device Characteristics

The power MOSFET structure contains two back-to-back junctions created between
the N+ source, P-base, and N-type drain regions. In principle, it could support
voltage in both the first and third quadrant of operation. However, the junction J2
between the N+ source and P-base regions is invariably short-circuited to suppress
the parasitic N-P-N transistor. Consequently, the power MOSFET can only support a
high voltage in the first quadrant of operation. In the third quadrant, it behaves like a
forward-biased diode.

In the first quadrant of operation, the power MOSFET can carry high current
levels if a gate bias is applied to create a channel to connect the N+ source and N-type
drain regions. At low drain bias voltages, the i–v characteristics for the power
MOSFET resemble those for a resistor whose value can be modulated by the gate
bias. This behavior is illustrated in Fig. 6.5 for various gate bias voltages. These
characteristics are observed at low gate bias voltages when the channel resistance for
the power MOSFET is much larger than the resistance of the drift region. At high
gate bias voltages, the drift region resistance can become dominant. Under these
conditions, the resistance of the power MOSFET will no longer reduce with increas-
ing gate bias.

When the drain bias voltage approaches and exceeds the gate bias voltage, the
current in the power MOSFET saturates as illustrated in Fig. 6.6. The gate voltage-
controlled current saturation in the power MOSFET is a useful behavior when
switching inductive loads. It allows limiting the current flow by the device during
switching transients. Since the device simultaneously supports a high voltage,

Fig. 6.5 Power MOSFET characteristics in the first quadrant at low drain bias voltages
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considerable power dissipation occurs during this mode of operation. The power
MOSFET can sustain this power dissipation as long as the junction temperature rise
due to the heating is kept below 200 �C.

A useful parameter that is commonly used for describing the operation of the
power MOSFET structure is its transconductance. The transconductance is defined
as the rate of change in the drain current with incremental gate voltage:

gm ¼ ΔID
ΔVG

¼ ID4 � ID3ð Þ
VG4 � VG3ð Þ ð6:4Þ

where the currents and voltages are indicated in the figure. A large transconductance
is desirable to obtain a high drain current with a small gate bias voltage. In addition,
the switching speed of the power MOSFET improves with increasing
transconductance.

When a negative bias is applied to the drain terminal of the power MOSFET
structure, the junction J1 between the P-base region and the N-drift region becomes
forward biased. Current flow between the drain and the source electrodes can now
occur because the source electrode is also connected to the P-base region in the
power MOSFET structures to suppress the parasitic N-P-N transistor. This is
referred to as current flow through the body diode of the power MOSFET. The
body diode current flows when the drain bias voltage exceeds approximately 0.7 V
in magnitude in the negative direction as shown in Fig. 6.7. It is possible to induce
larger drain current flow at low negative drain bias voltages by the application of a
gate bias. This current flow occurs via the channel in the power MOSFET structure

Fig. 6.6 Power MOSFET characteristics in the first quadrant at high drain bias voltages
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whose resistance determines the on-state voltage drop in the third quadrant. This
mode of operation is referred to as synchronous rectification because the MOSFET
is operated like a rectifier by selectively applying the gate bias only when the drain
voltage is negative during circuit operation. The application of the power MOSFET
as a synchronous rectifier has become very popular for increasing the efficiency of
switch mode power supplies.

6.4 Blocking Voltage

The power MOSFET structure is capable of supporting a high voltage in the first
quadrant of operation when the drain bias voltage is positive. During operation in the
blocking mode, the gate electrode is shorted to the source electrode by the external
gate bias circuit. The application of a positive drain bias voltage produces a reverse
bias across junction J1 between the P-base region and the N-drift region. Most of the
applied voltage is supported across the N-drift region. The doping concentration of
donors in the N-epitaxial drift region and its thickness is chosen to attain the desired
breakdown voltage. The maximum doping concentration of the P-base region is
chosen to achieve the desired threshold voltage.

In devices designed to support low voltages (<50 V), the doping concentration of
the P-base region is comparable to the doping concentration of the N-drift region
leading to a graded junction profile. Consequently, a fraction of the applied drain

Fig. 6.7 Power MOSFET characteristics in the third quadrant at low drain bias voltages
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voltage is supported across a depletion region formed in the P-base region. This is
beneficial for reducing the specific on-resistance of the power MOSFET.

It is preferable to make the depth of the P-base region smaller to reduce the
channel length in the power MOSFET structure. However, the design of the P-base
region must take into account reduction of the breakdown voltage due to the
depletion region in the P-base region reaching through to the N+ source region.

With proper design of the cell structure, the breakdown voltage of the power
MOSFET becomes limited by the edge termination. It is important to raise the
breakdown voltage at the edge termination to above 80% of the ideal parallel-
plane breakdown voltage to achieve the highest possible doping concentration and
smallest thickness for the N-drift region so that a low specific on-resistance is
achieved for the power MOSFET structure.

6.4.1 Impact of Edge Termination

In practical devices, the maximum blocking voltage (BV) of the power MOSFET is
invariably decided by the edge termination that surrounds the device cell structure.
The most commonly used edge termination for VD-MOSFETs is based up on
floating field rings and field plates. The enhanced electric field at the edges limits
the breakdown voltage to about 80% of the parallel-plane breakdown voltage
(BVPP):

BVPP ¼ BV
0:8

� �
ð6:5Þ

Consequently, the doping and thickness of the N-drift region must be chosen to
achieve a parallel-plane breakdown voltage that is 25% larger than the blocking
voltage for the device:

ND ¼ 4:45� 1013

BVPP

� �4=3

ð6:6Þ

A common design error that can occur is to make the thickness of the drift region
below the P-N junction equal to the depletion width for the ideal parallel-plane
junction with the above doping concentration. In actuality, the maximum depletion
width is limited to that associated with the blocking voltage (BV) of the structure.
The thickness of the drift region required below the P-N junction is therefore less
than the depletion width for the ideal parallel-plane junction with the above doping
concentration and is given by:
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t ¼ WD BVð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSBV
qND

s
ð6:7Þ

The resistance of the drift region can be reduced by using this thickness rather than
the maximum depletion width corresponding to the doping concentration given by
Eq. (6.6).

6.4.2 Impact of Graded Doping Profile

For power MOSFET structures with low (<50 V) breakdown voltages, the doping
concentration of the drift region is comparable to the doping concentration of the
P-base region. As discussed later in the chapter, the maximum doping concentration
(NPS) of the P-base region at the silicon surface must be chosen so that the threshold
voltage of the power MOSFET is in the range of 1–2 V. This produces a graded
doping profile for the junction J1 between the P-base region and the N-drift region as
illustrated in Fig. 6.8. In this figure, the concentrations of the donors and acceptors
are shown by the solid lines, while the red dashed lines represent the net doping
concentration in the P-base region after taking into account compensation near the
junctions.

The electric field developed across junction J1 is also illustrated in Fig. 6.8. Due to
the graded doping profile, the electric field extends on both sides of junction J1. The
electric field in the P-base region supports a portion of the applied positive drain

Fig. 6.8 Doping profile and
electric field distribution for
the power MOSFET
structure

6.4 Blocking Voltage 295



voltage. This implies that the same breakdown voltage can be achieved with a larger
doping concentration and a smaller thickness for the N-drift region. This improve-
ment can be translated to increasing the breakdown voltage at the edge termination if
the P-base region is used at the edges of the power MOSFET structure. A reduction
of the resistance for the power MOSFET structure can be achieved by taking into
account the voltage supported within the P-base region. An improvement in the
specific on-resistance of 20% can be achieved by taking into account the graded
doping profile.

6.4.3 Impact of Parasitic Bipolar Transistor

The power MOSFET structure contains a parasitic bipolar transistor formed between
the N+ source region, the P-base region, and the N-drift region. Since the P-base
region has a narrow width to obtain a shorter channel length for the power MOSFET
structure, the inherent current gain (β) of the N-P-N transistor is large. Consequently,
the open-base breakdown voltage (BVCEO) of the N-P-N transistor is much lower
than the base-collector breakdown voltage (BVCBO):

BVCEO ¼ BVCBO

β1=6
ð6:8Þ

A reduction of the breakdown voltage can be prevented by short-circuiting the
emitter and base of the N-P-N transistor to suppress the current gain. For this reason,
the source electrode is designed to overlap junction J2 formed between the N+ source
and P-base regions in all the power MOSFET structures. This short-circuits the
emitter and base of the parasitic N-P-N transistor and simultaneously provides a
contact to the substrate of the MOS structure for creating the inversion channel.

The breakdown voltage of the power MOSFET structure can be reduced in spite
of short-circuiting the N+ source and P-base regions when the thickness of the P-base
region is too small. The electric field extends into the P-base region during the
blocking mode as illustrated in Fig. 6.8. When the width of the P-base region is
reduced, the depletion region formed within the P-base region can exceed its
thickness prior to the onset of breakdown due to impact ionization. This phenome-
non is referred to as reach-through breakdown. In order to avoid reach-through
limited breakdown, the thickness of the P-base region must exceed the depletion
region width in the P-base region under avalanche breakdown conditions.

The depletion layer thickness in the P-base region at the onset of avalanche
breakdown can be extracted by numerical simulations of a P-N junction with the
appropriate doping profile. In a typical power VD-MOSFET structure, the depth of
the P-base region is about 2.5 μm. The depletion region width in the P-base region
was obtained for this junction depth for various surface doping concentrations for the
P-base region. The doping concentration for the N-drift region was varied between
1 � 1014 cm�3 and 1 � 1016 cm�3 to represent power MOSFET structures with a
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wide range of breakdown voltages. The results are provided in Fig. 6.9. They
indicate that the base width for the power MOSFET structure must exceed 1 μm in
order to avoid reach-through limited breakdown. This in turn limits the channel
length of the power MOSFET structure to greater than 1 μm. It is worth pointing out
that the depletion width in the P-base region increases when the N-drift region
doping concentration is reduced. This implies that the minimum channel length is
larger for power MOSFETs designed to support larger blocking voltages. This is
acceptable because the channel resistance is only a small fraction of the drift region
resistance for high-voltage power MOSFETs as shown later in the chapter.

6.4.4 Impact of Cell Pitch

Optimization of the power VD-MOSFET structure requires adjustment of the pitch
to obtain the minimum possible specific on-resistance as shown later in the chapter.
The variation of the pitch is performed while maintaining a minimum size for the
polysilicon window in the power MOSFET structure. The smallest polysilicon
window is determined by photolithographic and alignment design rules. As the
cell pitch is increased, the width of the polysilicon (WG in Fig. 6.3) also increases.
This has an impact on the breakdown voltage of the cell structure.

The construction of the VD-MOSFET structure by using the double-diffusion
process creates planar junctions in each of the device cells. For a linear cell topology,
a cylindrical junction is produced within each cell. As discussed in Chap. 3, cylin-
drical junctions have reduced breakdown voltages due to electric field crowding at

Fig. 6.9 Depletion layer width within the P-base region of the power MOSFET structure
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the junction curvature. Fortunately, the junction curvature effect is mitigated by the
presence of the gate electrode which acts as a field plate because the gate is shorted
by the external circuit to the source during operation of the power MOSFET in the
blocking mode. The MOS structure over the drift region between the P-base regions
(the JFET region) operates in the deep depletion mode because the minority carriers
are removed via the reverse-biased P-N junctions. This is important because it
reduces the electric field in the depletion region.

In spite of the field plate action, the breakdown voltage of the VD-MOSFET cell
structure is a function of the width (WG) of the gate electrode [5]. A small gate width
brings the junctions closer together reducing the influence of the junction curvature,
which results in an improvement in the breakdown voltage. However, a small gate
width should be used with caution because a drastic increase in the on-resistance can
occur. As the gate width is enlarged, the breakdown voltage does not continue to
degrade because of the field plate action provided by the gate structure.

Simulation Example
It is instructive to use the results of two-dimensional numerical simulations of a
particular device structure to illustrate the influence of the planar junction curvature
on the breakdown within the VD-MOSFET cell structure. Consider the case of a
structure designed with blocking voltage capability of 35 V corresponding to a
power MOSFET with a rating of 30 V. For an edge termination that limits the
breakdown voltage to 80% of the parallel-plane value, the parallel-plane breakdown
voltage is found to be 43.75 V. The doping concentration in the N-drift region to
achieve this parallel-plane breakdown voltage is 1.1 � 1016 cm�3 according to
Eq. (6.6). In order to prevent reach-through problems, the VD-MOSFET structure
was designed with a channel length of 1.6 μm by using a P-base junction depth of
2.4 μm and an N+ source depth of 0.8 μm along the surface under the gate.

The breakdown voltages for the VD-MOSFET structure obtained by using
two-dimensional numerical simulations are shown in Fig. 6.10. For these simula-
tions, the cell pitch was varied by changing the width of the gate electrode while
maintaining a polysilicon window of 8 μm. It can be observed that the breakdown
voltage increases when the cell pitch is reduced. At large values for the cell pitch, the
breakdown voltage reaches a plateau at 43 V. Note that the breakdown voltages
obtained in the numerical simulations exceed the parallel-plane breakdown voltage
calculated by using Eq. (6.6) because of the additional voltage supported within the
P-base region.

The reason for the improvement in the breakdown voltage with smaller cell pitch
can be elucidated by examination of the potential distribution in the VD-MOSFET
structure. The potential distribution obtained from the numerical simulations for the
case of a half-cell pitch of 15 μm is shown in Fig. 6.11. The potential contours are
displayed at 5 V intervals. It can be observed that a depletion region forms below the
P-N junction as well as under the gate electrode. This demonstrates that the MOS
structure operates under deep depletion conditions. Although the gate structure acts
like a field plate for the P-N junction, a crowding of the potential contours is
observed at location “A” in the figure. This reduces the breakdown voltage to
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below that for the parallel-plane junction. When the cell pitch is reduced, the
crowding of the potential contours is reduced as demonstrated in Fig. 6.12 for the
case of a half-cell pitch of 8 μm. The P-N junctions of the adjacent cells in the
VD-MOSFET structure are now sufficiently close to reduce the electric field at the
junction. This allows the structure with the smaller cell pitch to support a larger
voltage as shown in Fig. 6.10.

6.4.5 Impact of Gate Shape

The VD-MOSFET cell structure contains a planar-gate topology where the gate
electrode is located on the flat upper surface of the semiconductor. Although electric
field enhancement occurs at the planar junctions in this structure as discussed in the
previous section, there is no electric field enhancement at the gate electrode because
the edges of the gate electrodes overlap the highly doped N+ source regions. The
edges of the gate electrode are screened from the applied drain voltage by the
presence of the N+ source regions. In addition, the presence of the P-N junctions
below the gate region can screen it from the drain bias when the gate width is
reduced. In these designs, the P-N junctions act like the gate regions of a JFET
structure producing a potential barrier below the gate structure.

In the case of the V-groove power MOSFET structure, a sharp corner is formed at
the bottom of the groove under the gate electrode (see Fig. 6.2). In order for the
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channel to extend from the N+ source to the N-drift region, the tip of the groove must
extend through junction J1 into the drift region. During operation in the blocking
mode, the highest electric field occurs at junction J1. Consequently, the sharp tip of
the V-groove is located in the vicinity of the highest electric fields within the
structure. The presence of a sharp point within the depletion region enhances the
electric field leading to a reduction in the breakdown voltage. Since this high electric
field is located at the edge of the channel, electrons that gain energy from the electric
field are launched into the gate oxide in the vicinity of the channel. The electrons
launched into the oxide are trapped within the oxide leading to a shift in the threshold
voltage of the MOSFET. The V-groove power MOSFET structure is therefore prone
to hot electron instability problems. For these reasons, the V-groove architecture for
the power MOSFET is no longer used to manufacture commercial devices.

A high electric field can also be generated at the corners of the trenches in the
U-MOSFET structure (see Fig. 6.4). In this structure, the gate must extend from the
upper surface through junction J1 in order to form a channel extending from the N+

source region to the N-drift region. As in the case of the V-groove structure, the
bottom corners of trench are located in close proximity to the voltage supporting
junction J1. The enhancement of the electric field at the trench corners leads to a
reduction of the breakdown voltage and hot electron instability problems. These
problems can be overcome by rounding the bottom of the trench and adding a deep P
+ region to shield the corners of the trench [6]. Although effective for improving the
breakdown voltage, the presence of the deep P+ regions introduces a JFET region
within the U-MOSFET structure which can degrade its on-resistance.

Simulation Example
It is instructive to use the results of two-dimensional numerical simulations to
illustrate the influence of the trench corner on the electric field distribution within
the U-MOSFET structure. Consider the case of a structure designed with blocking
voltage capability of 35 V corresponding to a power MOSFET with a rating of 30 V.
For an edge termination that limits the breakdown voltage to 80% of the parallel-
plane value, the parallel-plane breakdown voltage is found to be 43.75 V. The
doping concentration in the N-drift region to achieve this parallel-plane breakdown
voltage is 1 � 1016 cm�3 according to Eq. (6.6). In order to prevent reach-through
problems, the U-MOSFET structure was designed with a channel length of 1.0 μm
by using a P-base junction depth of 1.5 μm and an N+ source depth of 0.5 μm. The
doping profiles for this structure will be discussed in more detail later in the chapter.
The U-MOSFET structure was designed with a trench width of 1 μm, a mesa width
of 4 μm, and a trench depth of 2 μm.

The breakdown voltage for the U-MOSFET structure obtained by using
two-dimensional numerical simulations was found to be 44.7 V which is consistent
with the design goals for a 30 V rating. The potential contours at a drain bias of 40 V
are displayed in Fig. 6.13 when the gate bias is zero. It can be observed that the
potential lines are more closely spaced around the trench corner (location A in the
figure) indicating an enhanced electric field.
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A quantitative assessment of the increase in the electric field at the trench corner
can be obtained from Fig. 6.14. Here, the electric field profile taken along the vertical
surface of the trench (solid line) at a drain bias of 40 V is compared with the electric
field profile taken at the center of the mesa (dashed line). The electric field at the
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center of the mesa exhibits the behavior expected for a P-N junction with a graded
doping profile in the proximity of the junction. The maximum electric field in this
location is 2.8 � 105 V/cm. In contrast, the electric field at the trench corner (at a
depth of 2 μm from the surface) is nearly 7 � 105 V/cm. The enhanced electric field
near the trench corners can lead to the generation of hot electrons that can be injected
into the gate oxide. These electrons become trapped in the gate oxide producing a
shift in the threshold voltage. It is customary to round the bottom of the trenches to
avoid this problem.

6.4.6 Impact of Cell Surface Topology

As indicated earlier in this section, the breakdown voltage for the power
VD-MOSFET structure is determined by the edge termination design. For an edge
termination utilizing planar junctions with floating field rings and field plates, a
breakdown voltage of 80% of the ideal parallel-plane value is achievable. With the
use of the junction termination extension technique, it is possible to raise the
breakdown voltage at the edge termination close to that for the ideal parallel-plane
junction. With this improvement at the edges of the device, the breakdown shifts to
the power MOSFET cell structure. Consequently, any electric field crowding inside
the power MOSFET cell structure can lead to degradation in the breakdown voltage.
The breakdown voltage of the power MOSFET structure then becomes dependent on
the surface topology of the cell layout.

Many topologies for the cell design at the top surface of power MOSFET
structures were proposed and examined from the point of view of reducing the
on-resistance [7] during the early stages of development of these devices. The impact
of the cell topology on the breakdown voltage and on-resistance was subsequently
analyzed after improvements to the edge termination were achieved [8]. Various
surface topologies for the power VD-MOSFET structure are illustrated in Fig. 6.15.
In the illustrations, the polysilicon is shown by the shaded tan colored area.

In the case of the linear cell topology shown in Fig. 6.15a, a cylindrical junction is
formed at the edges of the polysilicon window as previously shown in the cell cross
section in Fig. 6.3. The breakdown voltage of the power MOSFET cell is then
expected to be determined by the enhanced electric field at cylindrical junctions as
discussed in Chap. 3. However, the linear cell topology must be terminated at the
ends of the fingers in order to interconnect the polysilicon regions and obtain a
common gate contact. It is customary to perform this termination of the fingers with
a rectangular shape due to the ease of the layout during design. A rectangular
polysilicon window creates sharp corners at the ends of the finger similar to those
shown in Fig. 6.15b for the square-shaped polysilicon windows. Spherical junctions
are formed at these sharp corners with much lower breakdown voltage than the
cylindrical junctions as discussed in Chap. 3.

The formation of spherical junctions can be avoided by creating round polysilicon
windows as illustrated in Fig. 6.15c for the case of a square array. If the radius of the
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polysilicon window is large compared with the junction depth of the P-base region,
the breakdown voltage can approach that for the linear cell topology. The circular
polysilicon windows can also be placed in a hexagonal array. However, the layout of
devices is based upon utilization of rectangular pixels which do not allow formation
of perfectly circular shapes. It is therefore preferable to utilize hexagonal windows.
This type of surface topology is illustrated in Fig. 6.15d for a square array and in
Fig. 6.15e for a hexagonal array.

An improvement in breakdown voltage compared with the cylindrical junction
can be achieved with the atomic-lattice-layout (A-L-L) design, which is illustrated in
Fig. 6.15f. In this design, the polysilicon is constructed in the form of circular
regions which are interconnected with small bars of polysilicon. When the P-base
region diffuses under the polysilicon, it creates a saddle junction. The saddle
junction has the opposite curvature to that for a cylindrical junction, which amelio-
rates the electric field crowding and increases the breakdown voltage. This allows
using a higher doping concentration in the drift region for the A-L-L design
producing a reduction of the specific on-resistance in power MOSFET structures
[8]. The largest improvement in the specific on-resistance obtained with the A-L-L
design is in the case of power MOSFET structures designed to support high voltages
because the drift region resistance is the dominant component.

a b c

d e f

Fig. 6.15 Cell design surface topologies for power VD-MOSFET structures. (a) Linear window
linear array; (b) square window square array; (c) circular window square array; (d) hexagonal
window square array; (e) hexagonal window hexagonal array; (f) atomic lattice layout
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6.5 Forward Conduction Characteristics

On-state current flow can be induced in the n-channel power MOSFET structure by
the application of a positive gate bias to create a channel extending from the N+

source region to the N-drift region. Current conduction occurs by the transport of
electrons from the source to the drain via the channel and the drift region. At drain
bias voltages that are small when compared with the gate bias voltage, the charac-
teristics of the power MOSFET resemble those of a resistor whose magnitude can be
controlled by the gate bias. This is referred to as the linear region of operation. When
the drain bias voltages become comparable to the gate bias voltage, the resistance to
current flow increases because the drain bias counteracts the gate bias voltage.
Eventually, the drain current saturates at larger drain bias voltages. This is referred
to as the saturation region of operation. The saturated drain current is also a function
of the gate bias voltage.

The i–v characteristics for the power MOSFET structure are governed by the
behavior of the channel region as a function of the gate and drain bias voltages. The
channel properties are determined by the MOS stack that comprises the gate
structure. The physics of operation of the MOS stack is therefore analyzed in the
first portion of this section of the chapter. Using this analysis, analytical expression
for the channel resistance can be derived as a function of the gate and drain bias.
These solutions are similar to those provided in other textbooks that describe the
operation of MOSFET structures [9, 10]. In the case of the power MOSFET
structure, it is necessary to include the impact of current flow through the drift
region due to its relatively large resistance.

The low on-state resistance of the power MOSFET structure is its most important
attribute for power electronics applications. In conjunction with the inherent fast
switching capability, this property of power MOSFET structures enables
maintaining low power losses in applications. A detailed analysis of the
on-resistance is therefore provided in this section. The impact of the device cell
topology must be taken into account during the computation of the on-resistance.
This includes the surface layout of the cell structure and whether planar- or trench-
gate architectures are utilized.

6.5.1 MOS Interface Physics

The conductivity of the channel in the power MOSFET structure depends upon the
density of free carriers and their mobility. The charge density in the channel is
governed by the gate bias. The transport mobility for these free carriers is reduced
when compared with transport in the bulk of the semiconductor due to the additional
surface scattering phenomena that were discussed in Chap. 2. To obtain the charge
density in the semiconductor, a one-dimensional MOS structure will be first consid-
ered with an ideal dielectric layer. The ideal dielectric layer is assumed to prevent the
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transport of charge between the gate and the semiconductor and contains no charge
within it. The treatment will be performed for a P-type semiconductor which
represents the base region for n-channel power MOSFET structures.

Flat Band Conditions

The energy band diagram for the ideal MOS structure with a P-type semiconductor
region is shown in Fig. 6.16 for the case of no bias applied to the gate electrode. An
ideal MOS structure is defined as one that has (a) an insulator with infinite resistivity,
(b) charge only in the metal and the semiconductor, and (c) work function of the
metal equal to that for the semiconductor. Under the last assumption, the Fermi
levels for the metal (EFM) and the semiconductor (EFS) have the same energy.
Consequently, there is no transfer of charge between the metal and the semiconduc-
tor in the absence of a gate bias leading to the flat band conditions illustrated in the
figure.

From the figure, it can be observed that:

qϕM ¼ qχS þ
EG

2
þ qψB ¼ qϕB þ qχO ð6:9Þ

where ϕM is the work function for the metal, χS is the electron affinity for the
semiconductor, ΕG is the energy bandgap for the semiconductor, ψB is the potential
difference between the intrinsic and Fermi levels in the bulk of the semiconductor,
ϕB is the barrier height between the metal and the oxide, and χO is the electron
affinity for the oxide.
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EV
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qφB
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Fig. 6.16 MOS structure operating under flat band conditions
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The position of the Fermi level in the semiconductor can be obtained by using:

ψB ¼ Ei � EFS

q

� �
¼ kT

q
ln

p0
ni

� �
ð6:10Þ

where Ei is the position of the intrinsic level, ni is the intrinsic concentration, and p0
is the hole concentration which can be assumed to be equal to the doping concen-
tration (NA) for silicon. For a typical doping concentration of 1 � 1017 cm�3 in the
P-base region for silicon power MOSFET structures, the Fermi level is located at
0.41 eV below the intrinsic level in the semiconductor at room temperature.

Accumulation Conditions

When a negative bias is applied to the metal electrode in the MOS structure, the
negative charge developed in the metal attracts the positively charged holes in the
semiconductor toward the interface between the semiconductor and the oxide. The
presence of excess majority carriers at the surface of the semiconductor is referred to
as accumulation. The enhanced concentration of holes at the surface of the semi-
conductor is accompanied by a reduction of energy difference between the Fermi
level and the valence band as illustrated in Fig. 6.17. A small band bending at the
surface is sufficient to induce a large density of holes, indicated by the circular
symbol with positive charge, at the interface between the oxide and the semicon-
ductor. Consequently, the excess charge in the semiconductor is located close to the
interface with the oxide leading to all the applied bias on the metal being supported
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EFM

VG < 0

+
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Fig. 6.17 MOS structure operating under accumulation conditions
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across the oxide. The charge in the semiconductor then increases in proportion to the
applied bias to the metal electrode. This situation is applicable to the MOS regions
within power MOSFET structures where the gate overlaps the drift region.

Depletion Conditions

When a positive bias is applied to the metal electrode in the MOS structure, the
positive charge developed in the metal repels the positively charged holes in the
semiconductor away from the interface between the semiconductor and the oxide. At
small positive bias voltages, the semiconductor at the oxide interface becomes
depleted leading to the energy band bending illustrated in Fig. 6.18. The ionized
acceptor atoms in the depletion region are indicated by the square symbols with
negative charge. In this case, the Fermi level in the semiconductor is located further
away from the valence band near the oxide when compared with the bulk. The
applied bias to the metal electrode is shared between the oxide and the semiconduc-
tor. The width of the depletion region formed in the semiconductor depends upon its
doping concentration and the surface potential. Since there are no mobile charge
carriers resident in the semiconductor under the oxide, these conditions are applica-
ble for the P-base region of the n-channel power MOSFET structure at positive gate
bias voltages before the formation of the channel. The gate bias voltage must be
below the threshold voltage of the power MOSFET structure for operation under
depletion conditions.
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Fig. 6.18 MOS structure operating under depletion conditions
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Inversion Conditions

As the positive bias applied to the metal electrode in the MOS structure is increased,
the band bending also increases until the intrinsic level crosses the Fermi level. The
semiconductor surface now has the properties of an N-type semiconductor because
the Fermi level lies above the intrinsic level. The free electrons created within this
inversion region can be utilized to form the channel in the power MOSFET structure.
The band structure corresponding to these bias conditions is illustrated in Fig. 6.19.
As long as the Fermi level remains close to the intrinsic level in the semiconductor
near the oxide interface, the concentration of electrons is small. This condition is
referred to as weak inversion. When the positive bias applied to the metal electrode is
sufficiently large to bend the bands such that the density of electrons at the oxide-
semiconductor interface exceeds the density of the majority carriers in the bulk of the
semiconductor, the condition is referred to as strong inversion. The channel of power
MOSFET structures must be operated under strong inversion conditions to reduce its
resistance by the application of a sufficiently large gate bias voltage.

6.5.2 MOS Surface Charge Analysis

The conductivity of the channel in the power MOSFET structure is determined by
the mobile charge density created by the gate bias as well as the mobility for the
carriers near the oxide-semiconductor interface. The impact of surface scattering on
the carrier mobility was described in Chap. 2. Depending upon the strength of the
electric field normal to the semiconductor surface, the mobility can be degraded by a
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Fig. 6.19 MOS structure operating under inversion conditions
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factor of 2–3 times when compared with the mobility in the bulk. In order to compute
the charge available in the channel for current conduction, it is necessary to analyze
the potential distribution in the MOS structure [11].

The potential distribution within the MOS structure is shown in Fig. 6.20 for case
of a positive bias applied to the gate electrode. The potential distribution [ψ(x)] can
be derived by solving Poisson’s equation:

d2ψ

dx2
¼ � ρ xð Þ

εS
ð6:11Þ

with the charge density ρ(x) given by:

ρ xð Þ ¼ q Nþ
D � N�

A þ pP � nP
� � ð6:12Þ

where ND
+ and NA

� are the ionized donor and acceptor concentrations, respectively.
The electron and hole concentrations at a depth x in the semiconductor are related to
the potential [ψ(x)] at that point:

nP ¼ nP0 � eqψ=kT ð6:13Þ
pP ¼ pP0 � e�qψ=kT ð6:14Þ

where nP0 and pP0 are the concentrations for electrons and holes in the bulk of the
semiconductor in equilibrium. Since charge neutrality exists in the bulk of the
semiconductor far removed from the oxide interface:

Nþ
D � N�

A

� � ¼ nP0 � pP0ð Þ ð6:15Þ
Combining these relationships, Poisson’s equation can be rewritten as:

Fig. 6.20 Potential
distribution within the MOS
structure operating under
inversion conditions
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d2ψ

dx2
¼ � q

εS
pP0 e�qψ=kT � 1
� �

� nP0 eqψ=kT � 1
� �h i

ð6:16Þ

The electric field distribution can be obtained by integration of the potential
distribution:

E xð Þ ¼ �dψ

dx
¼

ffiffiffi
2

p
kT

qLD
� F qψ

kT
;
nP0
pP0

� �
ð6:17Þ

where

F
qψ

kT
;
nP0
pP0

� �
¼ e�qψ=kT þ qψ

kT

� �
� 1

h i
þ nP0
pP0

eqψ=kT � qψ

kT

� �
� 1

h i	 
1=2

ð6:18Þ

The term LD in Eq. (6.17) is given by:

LD ¼
ffiffiffiffiffiffiffiffiffiffiffi
kTεS
q2pP0

s
ð6:19Þ

It is referred to as the extrinsic Debye length for holes.
The total space charge per unit area (QS) within the semiconductor is related to the

electric field at the semiconductor surface (ES) by Gauss’s law:

QS ¼ �εS � ES ð6:20Þ
The electric field at the semiconductor surface can be obtained from Eq. (6.17) by
using the surface potential (ψS). Combining this with Eq. (6.20):

QS ¼
ffiffiffi
2

p
εSkT

qLD
� F qψS

kT
;
nP0
pP0

� �
ð6:21Þ

This is a generally applicable equation for computation of the total charge per unit
area within the semiconductor under both positive and negative gate bias conditions.
It can therefore be used to determine the total charge per unit area within the
semiconductor under accumulation, depletion, and inversion conditions.

The total charge in the semiconductor is shown in Fig. 6.21 for the case of a
P-type semiconductor region with doping concentration of 1 � 1016 cm�3. For this
doping concentration, the Fermi level is located at 0.206 eV from the valence band
edge. The total charge in the semiconductor is zero when the surface potential is zero
as expected for flat band conditions. For negative values for the surface potential
pertinent to the application of a negative bias to the metal electrode in the MOS
structure, the charge increases rapidly creating a positively charged accumulation
layer. When the surface potential has a negative value, the first term in Eq. (6.18)
becomes dominant allowing the approximation:
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QS accumulationð Þ ¼
ffiffiffi
2

p
εSkT

qLD
� e�qψS=2kT ð6:22Þ

This expression indicates an exponential increase in the charge with surface poten-
tial. A large charge in the accumulation layer is therefore produced if a negative bias
is applied to the MOS structure with a P-type semiconductor region. In the case of
n-channel power MOSFET structures, accumulation layers are formed in portions
where the gate structure overlaps the N-drift region when a positive gate bias is
applied to create the inversion layer over the P-base region. The charge in the
accumulation layer is formed with only a small amount of band bending and is
confined to a depth of only 200 Å from the oxide-semiconductor interface. Due to
the large charge at the oxide-semiconductor interface, the electric field is confined to
the oxide layer within the MOS structure under these bias conditions.

The charge increases relatively slowly for small positive values of the surface
potential pertinent to the application of a small positive bias to the metal electrode in
the MOS structure. As long as the surface potential (ψS) is smaller than the bulk
potential (ψB), the intrinsic level at the surface does not cross the Fermi level. The
surface then remains P-type with a depletion layer formed in the semiconductor
below the oxide. The total charge per unit area in the depletion layer can be obtained
by using Eq. (6.21). In the depletion mode of operation, the second term in Eq. (6.18)
becomes dominant allowing the approximation:

Fig. 6.21 Total charge per unit area within the semiconductor for an MOS structure
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QS depletionð Þ ¼ εS
LD

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kT
q

ψS

s
ð6:23Þ

This expression indicates that the total charge in the semiconductor increases
gradually as the square root of the surface potential as can be observed in
Fig. 6.16. By using Eq. (6.19) for the extrinsic Debye length, this expression can
be rewritten as:

QS depletionð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qεSpP0ψS

p
ð6:24Þ

When the positive bias applied to the gate electrode is increased, the band
bending at the semiconductor increases until the intrinsic level at the surface crosses
the Fermi level. At this point, the density of electrons begins to exceed the density of
holes at the surface. This creates the weak inversion domain of operation. The total
charge in the semiconductor continues to increases relatively slowly as the square
root of the surface potential under these conditions:

QS weak inversionð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qεSpP0ψS

p
ð6:25Þ

At large positive bias voltages applied to the gate electrode, the band bending at
the semiconductor surface becomes sufficient to make the surface potential greater
than twice the bulk potential. Although the ratio of the minority carrier density to the
majority carrier density (nP0/pP0) is small (only 2 � 10�12 for the example with
P-type doping density of 1 � 1016 cm�3), the fourth term in Eq. (6.18) becomes
dominant under these conditions. The total charge in the semiconductor then
increases rapidly with increase in surface potential:

QS strong inversionð Þ ¼
ffiffiffi
2

p
εSkT

qLD

ffiffiffiffiffiffiffi
nP0
pP0

r
eqψS=2kT ð6:26Þ

By using Eq. (6.19) for the extrinsic Debye length, this expression can be
rewritten as:

QS strong inversionð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSkTnP0

p
� eqψS=2kT ð6:27Þ

From this expression, it can be concluded that the charge in the semiconductor
increases exponentially with increasing surface potential as shown in Fig. 6.21. This
charge is located within a depth of only 50 Å of the oxide-semiconductor interface.
The large amount of mobile charge created with a positive bias applied to the gate
electrode under these strong inversion conditions can be utilized for form the
channel in n-channel power MOSFET structures.

The charge, electric field, and potential distributions under inversion conditions
are illustrated in Fig. 6.22. The inversion layer charge (Qi) is confined to a very small
distance from the surface with the depletion layer charge extending much further into
the semiconductor. The bias voltage applied to the metal electrode in the MOS
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structure is shared between the oxide and the semiconductor. The electric field varies
linearly with distance in the semiconductor due to its uniform doping concentration.
Once the MOS structure enters the strong inversion regime of operation, all the
incremental gate bias is supported across the gate oxide due to the increase in
inversion layer charge at the oxide-semiconductor interface. Consequently, the
depletion width in the semiconductor remains constant after the onset of strong
inversion.

6.5.3 Maximum Depletion Width

As discussed in the previous section, a depletion region forms in the semiconductor
due to the band bending under the application of a positive bias to the metal electrode
of an MOS structure with a P-type semiconductor region. The depletion region width
increases with increasing positive bias applied to the metal electrode until the onset
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of strong inversion conditions. Any further increase in the voltage applied to the
metal electrode produces an increase in the charge within the inversion region once
strong inversion conditions are reached. Consequently, the depletion region for an
MOS structure has a maximum value defined by the onset of strong inversion
conditions.

The strong inversion condition occurs when the band bending is sufficient to
make the surface potential (ψS) equal to twice the magnitude of the bulk potential
(ψB). This potential can therefore be used to compute the maximum depletion layer
width for the MOS structure:

WM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εS
qNA

2ψBð Þ
s

ð6:28Þ

Using Eq. (6.10) for the bulk potential in this equation, with the concentration for
holes in equilibrium set equal to the doping concentration of the P-type semicon-
ductor region, yields:

WM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4εSkT
q2NA

ln
NA

ni

� �s
ð6:29Þ

The maximum depletion width for silicon MOS structures is provided in Fig. 6.23
for a broad range of doping concentrations in the semiconductor. The maximum
depletion width for P-N junctions as limited by avalanche breakdown is also shown
in the figure for comparison. The maximum depletion width for MOS structures is
much smaller than for the P-N junction due to the formation of the inversion layer.

Fig. 6.23 Maximum depletion layer width for silicon MOS structures
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For typical doping concentrations in the range of 1 to 5 � 1017 cm�3 for the base
regions of power MOSFET structures, the maximum depletion width for the MOS
region is less than 0.1 μm. This value is much smaller than the thickness of the
P-base region allowing the MOS depletion phenomenon to be neglected during the
design of the power MOSFET channel.

6.5.4 Threshold Voltage

In the previous sections, it was demonstrated that the application of a positive bias to
the metal electrode in the MOS structure with a P-type semiconductor substrate first
produces a depletion region. The formation of an inversion layer occurs only after
exceeding a positive bias voltage sufficient to bend the bands so that the surface
potential (ψS) becomes equal to the bulk potential (ψB). Even at this bias voltage, the
MOS structure operates in the weak inversion domain with a relatively low concen-
tration of carriers in the inversion layer as shown in Fig. 6.21. The concentration of
carriers is too low in the weak inversion domain of operation to allow significant
current flow through the channel in a power MOSFET structure. Once the MOS
structure enters the strong inversion domain of operation, the carrier density in the
inversion layer becomes sufficient to allow the conduction of current through the
channel in power MOSFET structures.

The voltage applied to the metal electrode of the MOS structure is shared between
the oxide and the semiconductor as illustrated in Fig. 6.22. Using the potential at the
semiconductor surface (ψS):

VM ¼ VOX þ ψS ð6:30Þ
where VOX is the voltage supported across the oxide. The voltage supported by the
oxide can be related to the total charge in the semiconductor (QS) by:

VOX ¼ EOXtOX ¼ QS

εOX
tOX ¼ QS

COX
ð6:31Þ

where COX is the specific capacitance of the oxide.
The threshold voltage (VTH) is defined as the voltage applied to the metal

electrode to enter the strong inversion domain of operation. When the semiconductor
surface enters the strong inversion mode of operation, the surface potential (ψS) is
equal to twice the bulk potential (ψB) as shown in Fig. 6.21. Using this value for ψS

in Eq. (6.30) together with Eq. (6.31) for the voltage supported by the oxide:

VTH ¼ QS

COX
þ 2ψB ð6:32Þ

Applying Eq. (6.25) for the total semiconductor charge per unit area under weak
inversion conditions with the surface potential equal to twice the bulk potential:
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VTH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4qεSpP0ψB

p
COX

þ 2ψB ð6:33Þ

The bulk potential (ψB) can be related to the doping concentration in the semicon-
ductor by using Eq. (6.10), leading to:

VTH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4εSkTNA ln NA=nið Þp

COX
þ 2kT

q
ln

NA

ni

� �
ð6:34Þ

The first term is usually dominant in this equation for the threshold voltage of power
MOSFET structures. After substituting for the specific oxide capacitance, the
threshold voltage is then given by:

VTH ¼ tOX
εOX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4εSkTNA ln

NA

ni

� �s
ð6:35Þ

Based upon this equation, the threshold voltage increases linearly with increasing
oxide thickness and approximately as the square root of the doping concentration in
the semiconductor. This knowledge can be used to improve the design of power
MOSFET and IGBT structures as discussed later.

The threshold voltage calculated by using Eq. (6.34) for silicon MOS structures
with P-type substrates is shown in Fig. 6.24 for gate oxide thicknesses ranging from
100 to 10,000 Å. The doping concentration in the semiconductor substrate is used as
a parametric variable to allow application of the results to a wide variety of devices.
At low doping concentrations (e.g., 1 � 1014 cm�3), the first term in Eq. (6.34)

Fig. 6.24 Threshold voltage for silicon MOS structures
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becomes small resulting in a weak dependence of the threshold voltage on the oxide
thickness. At large doping concentrations (e.g., 1 � 1018 cm�3) and oxide thick-
nesses, the first term in Eq. (6.34) becomes dominant resulting in a strong depen-
dence of the threshold voltage on the oxide thickness as described by Eq. (6.35).
From the figure, it can be concluded that a threshold voltage of about 2 V will be
obtained at a doping concentration of 1 � 1017 cm�3 for n-channel power MOSFET
structures with typical gate oxide thickness in the range of 500–1000 Å. The
threshold voltage for p-channel MOSFET structures is also represented by the
plots in Fig. 6.24, but the threshold voltages have a negative value.

The plots for the threshold voltage in Fig. 6.24 are based upon the assumption of a
uniform doping concentration in the semiconductor both along the channel and
perpendicular to the semiconductor surface. The actual doping profile in the channel
of power MOSFET structures varies as illustrated in Fig. 6.8. In this situation, the
threshold voltage is determined by the largest compensated doping concentration
along the channel, which occurs in the P-base region near its junction with the N+

source region. Due to the small depth of the depletion region at this doping
concentration in the P-base region, the one-dimensional analysis for the threshold
voltage developed in this section can be applied to determine the threshold voltage
for power MOSFET structures.

The threshold voltage for actual power MOSFET structures is altered due to
(a) unequal work function for the gate electrode and the semiconductor and (b) the
presence of charge in the oxide. The impact of these phenomena on n-channel and
p-channel power MOSFET structures is discussed below.

Work Function Difference

If the metal and semiconductor do not have equal work functions, transfer of charge
occurs between them in order to establish equilibrium conditions. An example for
the case of a P-type semiconductor is shown in Fig. 6.25 when the work function of
the metal is smaller than that for the semiconductor, namely, for the case of a
negative work function difference (ϕMS) between the metal and the semiconductor.
The transfer of charge from the semiconductor produces a depletion region in the
semiconductor at the oxide interface.

The difference is work function between the metal and the semiconductor which
is given by (see Fig. 6.16):

qϕMS ¼ qϕB þ qχO � qχS þ Ei þ qψBð Þ ð6:36Þ
It is common practice to fabricate the silicon power MOSFET structures using a
polysilicon gate electrode. The VD-MOSFET structure is fabricated by ion implan-
tation of the P-base and N+ source regions with the gate edge acting as the masking
material. The utilization of polysilicon provides a refractory gate material that can
withstand the high temperatures required during driving the dopants into the silicon
in the vertical and lateral directions after the ion implantation. This process allows
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formation of submicron channels without high-resolution lithography. The
polysilicon gate can be doped with either N-type (usually phosphorus) or P-type
(usually boron) impurities. The choice of the dopant type alters the work function for
the gate material.

The energy band diagrams for the case of silicon MOS structures with heavily
doped polysilicon gate electrodes are illustrated in Fig. 6.26. For the case of an
N-type polysilicon gate electrode and P-type silicon substrate, the work function
difference (ϕMS) is negative resulting in the formation of a depletion region in the
semiconductor. This reduces the threshold voltage for the corresponding n-channel
power MOSFET structure. The reduction of threshold voltage can be compensated
by increasing the doping concentration in the P-base region, which is desirable to
suppress reach-through breakdown and shorten the channel length. In contrast, an
accumulation layer forms in the P-type silicon substrate when heavily doped P-type
polysilicon is used as the gate electrode. Consequently, n-channel power MOSFET
structures are fabricated using heavily doped N-type polysilicon as the gate elec-
trode. In the case of p-channel power MOSFET structures, it is customary to use
heavily doped P-type polysilicon as the gate electrode for the same reasons as
illustrated by the energy band diagrams in the lower portion of Fig. 6.26.

The work function difference calculated for the four possible MOS structures are
provided inFig. 6.27. For a typical dopingconcentration of between1 and5� 1017 cm�3

for the base region in powerMOSFET structures, a work function difference of about
1 V is obtained by using N+ polysilicon for n-channel devices and P+ polysilicon for
p-channel devices. This potential difference can be utilized to enhance the perfor-
mance of power MOSFET structures.

The impact of changing the gate electrode from N+ polysilicon to P+ polysilicon
on the threshold voltage is shown in Fig. 6.28 for the case of n-channel power
MOSFET structures with P-type base regions. The case with no work function
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Fig. 6.25 Band diagram for an MOS structure with negative work function difference
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Fig. 6.27 Work function difference for silicon MOS structures with heavily doped polysilicon gate
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difference between the gate electrode and the semiconductor is indicated by the
dashed line for reference. There is shift in the threshold voltage by about 1 V in the
negative direction if N+ polysilicon is used instead of P+ polysilicon for the gate
electrode material. A threshold voltage of 2 V can be achieved with a doping
concentration of 8 � 1016 cm�3 for the case of N+ polysilicon as the gate electrode
when compared with a doping concentration of 2 � 1016 cm�3 for the case of P+

polysilicon. This increase in doping concentration enables reduction of the channel
length and suppression of the parasitic bipolar transistor in the power MOSFET
structure. It is worth pointing out that the plot shown in Fig. 6.28 can also be utilized
for analysis of p-channel power MOSFET structures if the voltage polarity for the
threshold voltage is reversed. In this case, a higher doping concentration for the
N-base region is obtained by using P+ polysilicon as the gate electrode material to
achieve the same magnitude for the threshold voltage.

Oxide Charge

The growth of silicon dioxide on the surface of silicon by thermal oxidation is a
widely used method for producing the gate oxide for CMOS and power devices. It
has been observed that the thermally grown oxide contains a variety of positive
charges that can be classified as (a) mobile ion charge, (b) fixed oxide charge,
(c) trapped oxide charge, and (d) interface state charge. The location of these charges
within the metal-oxide-semiconductor sandwich is schematically illustrated in
Fig. 6.29.

Fig. 6.28 Threshold voltage for silicon n-channel power MOSFET structures with heavily doped
polysilicon gate regions
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The presence of mobile ion charge (labeled as QNa in the figure) was discovered
during the early stages of the development of MOS technology. These charges were
found to drift through the oxide layer under the presence of an electric field at
relatively low temperatures (150–200 �C) [12]. The mobile ions were found to be
associated with the incorporation of either sodium or potassium atoms and identified
to have positive charge. One of the reasons for the failure of the V-groove technol-
ogy for power MOSFET structures was the utilization of a potassium hydroxide-
based etchant solution for preparing the V-groove. The residual potassium in the gate
oxide introduced a large concentration of mobile potassium ions in the gate oxide.
Even in the case of the planar CMOS and power MOSFET structures, sodium
contamination was found to be introduced from the solvents used to clean the wafers.
The mobile ions have a stronger influence on the semiconductor when located closer
to the oxide interface. As the mobile ions migrate through the oxide during device
operation, they produce an undesirable shift in the threshold voltage with time.
Improvements in the quality of the cleaning solutions and clean-room practices
have eliminated this problem.

The oxide grown on silicon surfaces also contains a trapped oxide charge (labeled
as QT in the figure) due to imperfections. In addition, there are fixed oxide charges
(labeled as QF in the figure) located close to the silicon surface produced by the
incomplete oxidation of the silicon. Although located close to the silicon surface, the
fixed oxide charges are not in communication with the silicon and cannot be charged
and discharged during normal device operating conditions. The density of the fixed
oxide charge depends upon the surface orientation of the silicon and the oxidation
conditions. Since a smaller density of fixed oxide charge can be obtained by using
the {100} surface of silicon, this is the preferred orientation for wafers used to
manufacture the planar VD-MOSFET structure.

In addition, the sudden termination of the semiconductor lattice at the oxide-
silicon interface introduces positively charged interface state charges (labeled as QI

in the figure). These charges are in communication with the silicon and can be
charged and discharged during normal device operation. Their density also depends
upon the surface orientation of the silicon and the oxidation conditions. Since a

Fig. 6.29 Charge in the oxide grown on silicon surfaces
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smaller density of interface state oxide charge can be obtained by using the {100}
surface of silicon, this is the preferred orientation for wafers used to manufacture the
planar VD-MOSFET structure.

Under carefully controlled process conditions, it is possible to reduce the density
of the fixed and interface state charges to below 2 � 1010 cm�2. However, in
practical power MOSFET structures, the charge density can be much greater with
values ranging up to 5 � 1011 cm�2. This occurs due to the high-temperature drive-
in processes that are required to achieve the desired junction depths subsequent to the
growth of the gate oxide. It is therefore necessary to account for the presence of the
positive charge in the gate oxide when determining the threshold voltage. A conve-
nient approach for taking the oxide charge into account is to assume that there is an
effective total positive charge in the oxide (QOX) located at the metal-oxide interface
as illustrated in Fig. 6.30. The presence of the positive charge produces band
bending at the semiconductor surface even without the application of a bias to the
metal electrode. The band bending for the case of a P-type semiconductor creates a
depletion region as shown in the figure. This reduces the threshold voltage for the
MOS structure.

The impact of the positive charge in the oxide on the threshold voltage for power
MOSFET structures can be conveniently performed by assuming that all the charge
is located at the metal-oxide interface. Under this assumption, the threshold voltage
is given by:

VTH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4εSkTNA ln NA=nið Þp

COX
þ 2kT

q
ln

NA

ni

� �
� QOX

COX
ð6:37Þ
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Fig. 6.30 Energy band diagram for an MOS structure in the presence of positive charge in the
oxide
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where the total effective charge in the oxide (QOX) includes the mobile ion charge
(QNa), the trapped oxide charge (QT), the fixed oxide charge (QF), and the interface
state charge (QI) after taking into account the fact that these charges are distributed
throughout the oxide.

The threshold voltages calculated for a typical case of a gate oxide thickness of
500 Å are provided in Fig. 6.31 for various values of the oxide charge. It can be
observed that the threshold voltage is shifted in the negative direction by about 1 V
due to the presence of an oxide charge of 5 � 1011 cm�2 in magnitude. This is
desirable from the point of view of increasing the doping concentration for the
P-base region. For instance, the doping concentration for the P-base region, required
to obtain a threshold voltage of 2 V, is increased from 7 � 1016 cm�3 to 1.8 � 1017

cm�3 with an oxide charge of 5 � 1011 cm�2. However, it is necessary to ensure a
uniform concentration for the oxide charge across the wafer and from wafer to wafer
during manufacturing to take advantage of the positive oxide charge.

In the case of p-channel power MOSFET structures, the positive oxide charge
shifts the threshold voltage in the negative direction as shown in Fig. 6.32. This
undesirable increase in the threshold voltage must be compensated for by reducing
the doping concentration for the N-base region. For instance, the doping concentra-
tion for the N-base region, required to obtain a threshold voltage of �2 V, is
decreased from 8 � 1016 cm�3 to 2 � 1016 cm�3 with a positive oxide charge of
5 � 1011 cm�2. The low N-base doping concentration will make the MOSFET
structure prone to reach-through breakdown problems unless the thickness of the
N-base region is made very large. The long channel length for such structures, in
conjunction with the lower mobility for holes in silicon, makes the on-resistance for

Fig. 6.31 Threshold voltage shift for silicon n-channel power MOSFET structures due to oxide
charge
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the p-channel MOSFET structure very high. Consequently, in the case of p-channel
power MOSFET structures, it is imperative to reduce the oxide charge as much as
possible during device fabrication.

Field Oxide

The power MOSFET structure must be constructed with a large number of cells that
are interconnected by the source and gate electrodes on the upper surface. The source
electrode is typically fabricated using a thick layer of aluminum because it covers a
large area of the top surface while interconnecting the device cells. In contrast, the
gate electrode is located below the source electrode as illustrated in the cross sections
for the power MOSFET structures (see Fig. 6.3). The polysilicon layer used as the
gate electrode has a substantial resistance (typically 30 Ω/sq). It is necessary to
periodically make a metal contact to the polysilicon to form a gate bus that is brought
to a gate contact pad on one location on the chip surface.

During the design of the gate bus architecture, it is necessary to ensure that an
inversion layer is not formed below this region when the gate bias is applied to the
power MOSFET structure to switch it on. This can be accomplished by employing a
thick field oxide layer below the gate bus to increase the threshold voltage. From
Fig. 6.24, it can be concluded that a field oxide thickness greater than 6000 Å is
sufficient to raise the threshold voltage above 10 V. The same thick field oxide layer
is usually also utilized for the formation of the edge termination for the power
MOSFET structure.

Fig. 6.32 Threshold voltage shift for silicon p-channel power MOSFET structures due to oxide
charge
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6.5.5 Channel Resistance

In the power MOSFET structure, the on-state current flow is established by the
formation of an n-channel region that connects the N+ source region with the N-drift
region. The electrical properties of the channel determine the on-state resistance and
the output characteristics of the device. The electrical characteristics of the channel
can be analyzed by considering the basic lateral n-channel MOSFET structure shown
in Fig. 6.33. This structure consists of N+ source and drain regions formed in a
P-base region. The contact to the P-base region (or substrate for the lateral MOSFET
structure) is achieved by overlapping the source contact metal with the junction J2
between the N+ source and P-base regions.

The junction J1 between the N+ drain and P-base regions becomes reverse biased
when a positive bias is applied to the drain electrode. Without a gate bias, no current
flow transpires between the source and drain of the lateral MOSFET structure with
the voltage supported by junction J1. However, if a positive bias is applied to the gate
electrode above the threshold voltage for the MOS structure, a strong inversion layer
forms below the gate to create the channel. The charge in the channel under the gate
is given by:

Qn ¼ COX VG � VTHð Þ ð6:38Þ
because the gate voltage in excess of the threshold voltage creates the strong
inversion layer charge located at the oxide-semiconductor interface. If the drain
bias voltage is assumed to be small when compared with the gate bias voltage, the
charge in the inversion layer is uniform throughout the channel. This is indicated in
the figure as a channel with constant thickness along the entire channel. The
resistance of the channel is then given by:

P-Base Region

DrainSource
Gate

Inversion
Channel

J2

LCH

Depletion
Boundary

VD << (VG – VTH)

N+
J1

N+

Fig. 6.33 Lateral MOSFET
structure representing the
channel region under very
small drain bias voltages
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RCH ¼ LCH
ZμniCOX VG � VTHð Þ ð6:39Þ

where LCH is the channel length as indicated in the figure, Z is the channel width
orthogonal to the cross section in the figure, and μni is the inversion layer mobility for
electrons. The inversion layer mobility was discussed in detail in Chap. 2.

A finite voltage drop occurs along the channel due to its finite resistance when the
current flowing through the channel increases. The positive voltage developed in the
channel due to the current flow opposes the applied gate bias. Consequently, the
charge formed in the inversion layer becomes smaller at the drain end of the channel
when compared with the charge induced at the source end of the channel. This is
illustrated in the Fig. 6.34 by a smaller thickness for the channel region on the drain
side when compared with the source end.

When the drain current increases, the drain bias voltage also increases until it
eventually becomes equal to the difference between the gate bias voltage and the
threshold voltage. At this drain bias voltage, there is no longer sufficient voltage
difference between the gate and the semiconductor to produce a strong inversion
layer at the drain end of the channel. This is schematically illustrated in Fig. 6.35 as a
channel with zero thickness on the drain end. This situation is referred to as channel
pinch-off. The drain current saturates under these bias conditions at a value deter-
mined by the gate bias voltage.

If the drain voltage is increased beyond the value required to achieve channel
pinch-off conditions, the drain current remains constant. The additional drain voltage
is supported along the channel with a depletion region formed between the edge of
the inversion layer and the N+ drain region as illustrated in Fig. 6.36. Although the
inversion layer no longer extends along the entire length of the channel, drain current
flow can still occur because electrons are transported from the edge of the inversion
layer through the depletion region by the prevailing longitudinal electrical field.

P-Base Region

DrainSource
Gate

x
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N+ N+

VD < (VG – VTH)Fig. 6.34 Lateral MOSFET
structure representing the
channel region with drain
bias comparable to the gate
bias voltage
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Under these operating conditions, the effective channel length is reduced resulting in
a finite output resistance for the MOSFET as discussed later in the chapter.

The resistance of the inversion layer that forms the channel for the lateral
MOSFET structure is a function of the gate and drain bias voltages. An analytical
treatment of the channel resistance can be performed under the following assump-
tions: (a) an ideal gate MOS structure with no charge transport through the gate
dielectric, (b) a free carrier mobility in the inversion layer that is independent of the
transverse and longitudinal electric fields, (c) a uniformly doped base region,
(d) current transport through the channel exclusively by the drift phenomenon,
(e) negligible leakage current in the substrate, and (f) a longitudinal electric field
along the surface much smaller when compared with the transverse electric field
created by the gate bias. The last assumption is referred to as the gradual channel
approximation.
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VD = (VG – VTH)Fig. 6.35 Lateral MOSFET
structure representing the
channel region under
channel pinch-off
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structure representing the
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voltages well above channel
pinch-off conditions
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Consider an elemental segment of the channel of width dx located at a distance
x from the N+ source region as illustrated in Fig. 6.34. The resistance of the elemental
segment is determined by the local inversion layer charge density [Qn(x)]:

dR ¼ dx

ZμniQn xð Þ ð6:40Þ

where μni is the inversion layer mobility. The charge in the inversion layer at this
location is determined by the gate bias voltage and the local potential V(x) in the
channel:

Qn xð Þ ¼ COX VG � VTH � V xð Þ½ � ð6:41Þ
The voltage drop across the elemental segment due to the channel current flow is
given by:

dV ¼ ID � dR ð6:42Þ
because the same drain current (ID) must prevail through the entire channel. Com-
bining these expressions and integrating along the channel:

ðLCH
0

IDdx ¼ ZμniCOX

ðVD

0
VG � VTH � Vð ÞdV ð6:43Þ

leading to:

ID ¼ ZμniCOX

2LCH
2 VG � VTHð ÞVD � V2

D

� � ð6:44Þ

This equation describes the i–v characteristics for the channel in the lateral MOSFET
structure until the drain voltage reaches the pinch-off voltage for the MOSFET,
which is given by:

VP ¼ VG � VTHð Þ ð6:45Þ
When the drain bias voltage is very small compared with the gate voltage, the

second term in Eq. (6.44) becomes negligible, and the drain current increases
linearly with increasing drain bias voltage:

ID ¼ ZμniCOX

LCH
VG � VTHð ÞVD½ � ð6:46Þ

In the linear regime of operation, a channel resistance can be defined:

RCH ¼ VD

ID
¼ LCH

ZμniCOX VG � VTHð Þ ð6:47Þ
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The same expression was derived previously by assuming a uniform inversion layer
charge for the entire channel. From this expression, it can be concluded that the
channel resistance can be decreased by increasing the gate bias voltage. Although
this behavior is observed in MOSFET structures, the reduction of the resistance
becomes limited by a reduction of the mobility with increasing gate bias due to the
concomitant increase in the electric field normal to the semiconductor surface. In
addition, the resistance for power MOSFET structures becomes limited by other
components that are discussed later in this chapter.

The transconductance for the MOSFET structure in the linear regime of operation
is given by:

gmL ¼ dID
dVG

¼ ZμniCOX

LCH
VD ð6:48Þ

It can be concluded from this expression that the transconductance is independent of
the gate bias voltage and proportional to the drain bias voltage. This behavior is
illustrated in Fig. 6.5 for a typical MOSFET structure.

When the drain bias voltage is made comparable to the gate bias voltage, the drain
current increases sublinearly, as predicted by Eq. (6.44), due to a reduction of the
inversion layer charge at the drain end of the channel. Eventually, the drain voltage
becomes equal to the pinch-off voltage leading to the saturation of the drain current.
Substituting the pinch-off voltage as given by Eq. (6.45) into Eq. (6.44) provides an
expression for the saturated drain current:

ID,sat ¼ ZμniCOX

2LCH
VG � VTHð Þ2 ð6:49Þ

Based upon this equation, the saturated drain current increases as the square of the
gate bias voltage. This is commonly referred to as the square-law characteristic for
MOSFET structures. In this expression, the drain current is independent of the drain
bias voltage indicating that the output impedance for the MOSFET structure is
infinite in magnitude.

The transconductance for the MOSFET structure in the saturated current regime
of operation is given by:

gmS ¼ dID
dVG

¼ ZμniCOX

LCH
VG � VTHð Þ ð6:50Þ

It can be concluded from this expression that the transconductance is proportional to
the gate bias voltage and independent of the drain bias voltage. The dependence of
the transconductance on the gate bias voltage is a fundamental nonlinearity inherent
in MOSFET structures that operated with current saturation due to channel pinch-
off. Recently, a new mode of operation, discussed in Sect. 6.11, that produces a
transconductance that is independent of the gate bias voltage has been discovered for
power MOSFET structures [13]. These superlinear MOSFET structures are ideal for
amplification of analog signals in audio and cellular applications.
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The i–v characteristics for a MOSFET structure operating under channel pinch-
off controlled conditions are provided in Fig. 6.37. In this structure, a channel width
(Z ) of 1 cm and channel length (LCH) of 1 μm was assumed with a gate oxide
thickness of 500 Å and an inversion layer mobility of 200 cm2/V-s. The structure has
a threshold voltage of 2 V. The linear regime of operation can be observed at drain
bias voltages below 1 V. The drain current reaches its saturated value at the boundary
defined by the dashed line. For each gate bias voltage, the drain current becomes
constant when the drain current exceeds the pinch-off voltage. In the saturated
current regime of operation, the drain current increases in a nonlinear manner as
defined by the square-law relationship between the drain current and gate bias
voltage.

6.6 Power VD-MOSFET On-Resistance

The on-resistance (RON) for a power MOSFET structure is defined as the total
resistance to current flow between the drain and source electrodes when a gate
bias is applied to turn on the device. The on-resistance limits the maximum current
handing capability of the power MOSFET structure. The power dissipated in the
power MOSFET structure during on-state operation is given by:

Fig. 6.37 Output characteristics for a MOSFET structure operating under channel pinch-off
conditions
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PD ¼ ID � VD ¼ I2D � RON ð6:51Þ
which can also be expressed on a unit area basis:

PD

A
¼ PDA ¼ J2D � RON,SP ð6:52Þ

where A is the active area of the device, JD is the on-state drain current density, and
RON,SP is the specific on-resistance of the power MOSFET structure. The power
dissipation per unit area is limited by the allowable maximum junction temperature
(TJM) based upon reliability considerations. The increase in temperature above the
ambient value (TA) is determined by the thermal impedance of the package (Rθ).
Combining these relationships, the maximum current density as limited by contin-
uous on-state operation is given by:

JDM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T JM � TAð Þ
RON,SP � Rθ

s
ð6:53Þ

From this expression, it can be concluded that the current handling capability for the
power MOSFET structure can be increased by reducing its specific on-resistance.
This has been one of the main objectives of the power semiconductor development
community by using a combination of structural innovations and improvements to
the process technology.

The power D-MOSFET structure is shown in Fig. 6.38 with its internal resistance
components. In addition to the channel resistance (RCH) that was discussed in the
previous section, there are seven resistances that must be analyzed in order to obtain

Fig. 6.38 Power
D-MOSFET structure with
its internal resistances
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the total on-resistance between the source and drain electrodes when the device is
turned on. It is customary to analyze not only the resistance for a particular cell
design but also the specific resistance for each of the components by multiplying the
cell resistance with the cell area. The total on-resistance for the power MOSFET
structure is obtained by the addition of all the resistances because they are considered
to be in series in the current path between the source and the drain electrodes:

RON ¼ RCS þ RNþ þ RCH þ RA þ RJFET þ RD þ RSUB þ RCD ð6:54Þ
Each of the resistances within the power VD-MOSFET structure is analyzed below.

A cross section of the power VD-MOSFET structure is illustrated in Fig. 6.39
with various dimensions that can be used for the analysis of the on-resistance
components. Here, WCell is the cell width for the linear cell geometry analyzed in
this section; WG is the width of the gate electrode; WPW is the width of the
polysilicon window; WC is the width of the contact window to the N+ source and
P-base regions; and WS is the width of the photoresist mask used during the N+

source ion implantation. The current flow pattern in this device structure is indicated
by the gray shaded area. In Model A, it is assumed that the current spreads at a
45� angle in the drift region and then becomes uniformly distributed when it enters
the N+ substrate. An alternate Model B for current flow in the device is shown in
Fig. 6.30. Here, the current is assumed to spread from the JFET region to the entire
cell width when it reaches the N+ substrate. The resistance of the drift region
obtained using these models is discussed below.
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Fig. 6.39 Power D-MOSFET structure with current flow Model A

6.6 Power VD-MOSFET On-Resistance 333



6.6.1 Source Contact Resistance

The contact to the N+ source region is made over a relatively small area in the
VD-MOSFET structure because the size of the window in the polysilicon must be
minimized in order to obtain the lowest possible specific on-resistance as demon-
strated later in this section. Further, the area for the contact is limited by the need to
simultaneously contact the P-base region with the source electrode in order to
suppress the parasitic N-P-N bipolar transistor. During device fabrication, the
P-base region is defined by the polysilicon edges within the VD-MOSFET cell
structure. One edge of the N+ source region is also defined by the same polysilicon
edge in order to control the channel length by the relative diffusion depth of the N+

source and P-base regions under the gate electrode. The other end of the N+ source
region is defined by using a photoresist boundary. The contact between the source
metal electrode and the N+ source region occurs only from this boundary to the edge
of the contact window which is defined by another photolithographic masking step.

For computation of the contact resistance between the N+ source region and its
electrode, it is necessary to determine the contact area for the source region. The
contact area for the N+ source region is determined by the difference in the width of
the contact window (WC) and the N+ source ion-implant window (WS). The contact
resistance to each of the N+ source regions within the power VD-MOSFET cell
structure can be obtained by dividing the specific contact resistance (ρC), which is
determined by the work function of the contact metal and the doping concentration at
the surface of the N+ region as discussed in Chap. 2, with the contact area:

RCS ¼ 2ρC
Z WC �WSð Þ ð6:55Þ

where Z is the length of the cell in the orthogonal direction to the cross section shown
in the figure. The specific contact resistance for the source regions within the power
VD-MOSFET structure can then be obtained by multiplying the source contact
resistance with the cell area (WCell�Z ) while recognizing that there are two source
regions within each cross section shown in the figure:

RCS,SP ¼ ρC
WCell

WC �WSð Þ ð6:56Þ

This expression indicates that the contact resistance to the N+ source regions can be
significantly increased when the design rules are reduced in order to shrink the size
of the polysilicon window.

The cell width is related to the polysilicon gate width (WG) and the polysilicon
window width (WPW):

WCell ¼ WG þWPW ð6:57Þ
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In order to illustrate the amplification of the contact resistance to the source
region, consider a conservative power VD-MOSFET structural design with a
polysilicon gate width (WG) of 10 μm, a polysilicon window width (WPW) of
10 μm, a source contact window width (WC) of 8 μm, and a source boundary
width (WS) of 4 μm. In this design, the contact size for each of the two N+ source
regions in the cell is only 2 μm, while the cell width (WCell) is 20 μm. Consequently,
the contact resistance to the source gets amplified by a factor of 5 times. If the design
rules are altered to reduce the polysilicon window (WPW) to 5 μm by reducing the
source contact window width (WC) to 4 μm, and a source boundary width (WS) to
3 μm, the contact size for each of the two N+ source regions in the cell only is 1 μm,
while the cell width (WCell) is 15 μm. Consequently, the contact resistance to the
source gets amplified by a factor of 7.5 times. It is necessary to ensure that the
specific contact resistance (ρC) is less than 1 � 10�5 Ω-cm2, by increasing the
surface doping concentration of the N+ region above 5 � 1019 cm�3, to avoid a
strong impact on the total on-resistance for low breakdown voltage power
MOSFETs. It is also common practice to use a low barrier height contact metal
such as titanium or a titanium silicide to reduce the specific contact resistance.

6.6.2 Source Region Resistance

After entering the N+ source region from the contact, the drain current must flow
along the source region until it reaches the channel. The resistance contributed by the
source region is determined by the sheet resistance of the N+ diffusion (ρSQNþ) and
its length (LN+):

RNþ ¼ ρSQNþ
LNþ
Z

ð6:58Þ

The length of the N+ source region is determined by the polysilicon window (WPW)
and N+ source (WS) widths shown in Fig. 6.39:

LNþ ¼ WPW �WSð Þ
2

þ 2xJNþ ð6:59Þ

where xJN+ is the junction depth of the N+ source region.
The specific resistance contributed by the current flow through the N+ source

region is obtained by multiplying its resistance with the cell area and taking into
account the presence of two source regions within each cell:

RNþ,SP ¼ ρSQNþLNþWCell

2
ð6:60Þ

The specific resistance of the N+ source region is usually negligible in the power
VD-MOSFET structure. In the case of the conservative power VD-MOSFET design
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with cell pitch of 20 μm, the length of the N+ source region is 5 μm if the junction
depth of the source region is 1 μm. For a typical sheet resistance for the N+ source
region of 10 Ω/sq, the specific resistance contributed by current flow through the
source region is only 0.005 mΩ-cm2.

6.6.3 Channel Resistance

In the previous section, a lateral MOSFET structure was analyzed to obtain an
expression for the channel resistance:

RCH ¼ LCH
ZμniCOX VG � VTHð Þ ð6:61Þ

where LCH is the channel length, μni is the inversion layer mobility, COX is the
specific capacitance of the gate oxide, VG is the gate bias voltage, and VTH is the
threshold voltage. In the case of the power VD-MOSFET structure, the channel
length is defined by the difference in the depth of the P-base and N+ source junctions
below the gate as indicated in Fig. 6.39:

LCH ¼ xJP � xNþð Þ ð6:62Þ
where xJP is the junction depth of the P-base region and xN+ is the junction depth of
the N+ source region. These junction depths are usually defined for doping profiles
taken orthogonal to the upper surface of the semiconductor. In the power
VD-MOSFET structure, the pertinent junction depths are along the surface of the
semiconductor below the gate oxide. These depths can be smaller than the vertical
junction depth by a factor of 80% [14]. In addition, it is common practice to enhance
the doping concentration in the JFET region located between the P-base regions to
reduce its resistance as discussed later in this section. The enhanced doping usually
has its largest value at the surface of the semiconductor. This tends to reduce the
junction depth (xJP) of the P-base region making the channel length shorter than that
given by the above equation.

The specific on-resistance contributed by the channel in the power VD-MOSFET
structure can be obtained from Eq. (6.61) by multiplying the cell resistance with the
cell area after accounting for the fact that there are two channels within each cross
section of the structure that feed the current from the source into the JFET region:

RCH,SP ¼ LCHWCell

2μniCOX VG � VTHð Þ ð6:63Þ

For the conservative power MOSFET design with a cell width of 20 μm, the specific
resistance contributed by the channel at a gate bias of 10 V is 0.92 mΩ-cm2 if the
channel length is 1 μm and the gate oxide thickness is 500 Å. When the cell pitch is
reduced to 15 μm with the more aggressive design rules, the specific resistance
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contributed by the channel at a gate bias of 10 V is reduced to 0.69 mΩ-cm2. The
reduction in the specific on-resistance contributed by the channel is due to the
increase in the channel density, which is defined as the channel width per unit
area. The channel resistance can be reduced by decreasing the gate oxide thickness,
but this is accompanied by a proportionate increase in the input capacitance which
can slow down the switching speed of the power MOSFET structure.

6.6.4 Accumulation Resistance

In the power MOSFET structure, the current flowing through the inversion channel
enters the drift region at the edge of the P-base junction. The current then spreads
from the edge of the P-base junction into the JFET region. The current spreading
phenomenon is aided by the formation of an accumulation layer in the semiconduc-
tor below the gate oxide due to the positive gate bias applied to turn on the device.
For an analytical treatment, it is convenient to first calculate the resistance for current
flow via the accumulation layer from the edge of the P-base region to the center of
the gate. This distance LA, shown in Fig. 6.39, is given by:

LA ¼ WG

2
� xJP

� �
ð6:64Þ

The resistance of the accumulation layer between the edge of the P-base junction and
the center of the gate electrode is then given by:

RA ¼ LA
ZμnACOX VG � VTHð Þ ð6:65Þ

The specific on-resistance contributed by the accumulation layer in the power
VD-MOSFET structure can be obtained from Eq. (6.65) by multiplying the above
resistance with the cell area after accounting for the fact that there are two accumu-
lation layer paths within each cross section of the structure that feed the current from
the two source regions into the JFET region:

RA,SP ¼ KA
WG � 2xJPð ÞWCell

4μnACOX VG � VTHð Þ ð6:66Þ

In writing this expression, a coefficient KA has been introduced to account for the
current spreading from the accumulation layer into the JFET region. A typical value
for this coefficient is 0.6 based upon the current flow observed from numerical
simulations of power VD-MOSFET structures. The threshold voltage in the expres-
sion is for the onset of formation of the accumulation layer. Although this has a
lower value than the threshold voltage previously derived for the formation of the
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inversion layer, it is convenient to use the same threshold voltage when performing
the analytical computations.

For the conservative power MOSFET design with a cell width of 20 μm, the
specific resistance contributed by the accumulation layer at a gate bias of 10 V is
0.66 mΩ-cm2 if the P-base junction depth (xJP) is 2 μm and the gate oxide thickness
is 500 Å. When the cell pitch is reduced to 15 μm with the more aggressive design
rules, the specific resistance contributed by the accumulation layer at a gate bias of
10 V is reduced to 0.50 mΩ-cm2. The accumulation layer resistance can be reduced
by decreasing the gate width (WG). However, this increases the JFET and drift region
resistances as discussed below.

6.6.5 JFET Resistance

The electrons entering from the channel into the drift region are distributed into the
JFET region via the accumulation layer formed under the gate electrode. The
spreading of current in this region was accounted for by using a constant KA of
0.6 for the accumulation layer resistance. Consequently, the current flow through the
JFET region can be treated with a uniform current density. In the power
VD-MOSFET structure, the cross-sectional area for the JFET region increases
with distance below the semiconductor surface due to the planar shape of the
P-base junction. However, in order to simplify the analysis, a uniform cross section
for the current flow with a width a will be assumed for the JFET region as illustrated
by the shaded area in Fig. 6.39. The width of the current flow is related to the device
structural parameters:

a ¼ WG � 2xJP � 2W0ð Þ ð6:67Þ
where W0 is the zero-bias depletion width for the JFET region. The depletion region
boundary is indicated in Fig. 6.39 with the dashed lines. In the model, it is assumed
that no current can flow through the depleted region because all the free carriers have
been swept out by the prevailing electric field across the junction. The zero-bias
depletion width (W0) in the JFET region can be computed by using the doping
concentrations on both sides of the junction:

W0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2εSNAVbi

qNDJ NA þ NDJð Þ

s
ð6:68Þ

where NA is the doping concentration in the P-base region and NDJ is the doping
concentration in the JFET region. In the above equation, the built-in potential is also
related to the doping concentrations on both sides of the junction:
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Vbi ¼ kT

q
ln

NANDJ

n2i

� �
ð6:69Þ

In practical devices, the P-base region is diffused into the N-drift region producing a
graded doping profile as shown in Fig. 6.8. However, these expressions based upon
assuming a uniform doping concentration for the P-base region are adequate for
analytical computations. Further, it is common practice to enhance the doping
concentration for the JFET region above that for the drift region. It is then appro-
priate to use the enhanced doping concentration (NDJ) of the JFET region in the
above expressions.

If the JFET region is assumed to extend to the bottom the P-base junction, the
resistance of the JFET region can be obtained by using:

RJFET ¼ ρJFETxJP
Za

¼ ρJFETxJP
Z WG � 2xJP � 2W0ð Þ ð6:70Þ

where ρJFET is the resistivity of the JFET region given by:

ρJFET ¼ 1
qμnNDJ

ð6:71Þ

where μn is the bulk mobility appropriate to the doping level of the JFET region.
The specific on-resistance contributed by the JFET region in the power
VD-MOSFET structure can be obtained by multiplying the above resistance with
the cell area:

RJFET,SP ¼ ρJFETxJPWCell

WG � 2xJP � 2W0ð Þ ð6:72Þ

For the conservative power MOSFET design with a cell width of 20 μm, the specific
resistance contributed by the JFET region is 0.192 mΩ-cm2 if the P-base junction
depth (xJP) is 2 μm and resistivity of the JFET region is 0.267 Ω-cm based upon a
JFET doping concentration of 2 � 1016 cm�3. When the cell pitch is reduced to
15 μm with the more aggressive design rules, the specific resistance contributed by
the JFET region is reduced to 0.144 mΩ-cm2. The JFET region resistance can be
reduced by increasing the gate width (WG). However, this increases the channel and
accumulation layer resistances.

6.6.6 Drift Region Resistance

The resistance contributed by the drift region in the power VD-MOSFET structure is
enhanced well above that for the ideal drift region discussed earlier in the chapter due
to current spreading from the JFET region. The cross-sectional area for the current
flow in the drift region increases from the width a of the JFET region as illustrated in
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Fig. 6.39 by the shaded area. Several models for this current spreading have been
proposed in the literature [7, 15].

The first model (Model A) for the resistance of the drift region developed in this
section is based upon the current flow pattern shown in Fig. 6.39. In this pattern, it is
assumed that the cross-sectional width (XD) for current flow increases at a 45� angle
from the JFET region. It is also assumed that the width of the polysilicon window
(WPW) in conjunction with the depth of the P-base region (xJP) does not allow the
current flow paths to merge when the current reaches the N+ substrate. Under these
conditions, the width of the cross-sectional area for current flow at a depth y below
the JFET region, as indicated in the figure, is given by:

XD ¼ aþ 2yð Þ ð6:73Þ
The resistance of an elemental segment of thickness dy at this depth below the JFET
region is then given by:

dRD ¼ ρDdy

ZXD
¼ ρDdy

Z aþ 2yð Þ ð6:74Þ

The resistance contributed by the drift region can be obtained by integration of the
above elemental resistance from y ¼ 0 to y ¼ t:

RD ¼ ρD
2Z

ln
aþ 2t

a


 �
ð6:75Þ

The specific on-resistance contributed by the drift region in the power VD-MOSFET
structure can be obtained by multiplying the above resistance with the cell area:

RD,SP ¼ ρDWCell

2
ln

aþ 2t
a


 �
ð6:76Þ

For the conservative power MOSFET design with a cell width of 20 μm, the
specific resistance contributed by the drift region is 0.337 mΩ-cm2 if the P-base
junction depth (xJP) is 2 μm and resistivity of the drift region is 0.50 Ω-cm based
upon a doping concentration of 1 � 1016 cm�3. When the cell pitch is reduced to
15 μm with the more aggressive design rules, the specific resistance contributed by
the drift region is reduced to 0.255 mΩ-cm2. The drift region resistance can be
reduced by increasing the gate width (WG). However, this increases the channel and
accumulation layer resistances. In these designs, the current spreads to a width of
10.4 μm before reaching the N+ substrate so that there is no overlap of the current
flow paths within either cell width of 20 or 15 μm.

An alternate model (Model B) for the current distribution in the drift region is
illustrated in Fig. 6.40 with the shaded area. In this model, the current is assumed to
spread from the JFET region to the entire cell width when it reaches the N+ substrate.
Under these conditions, the width of the cross-sectional area for current flow at a
depth y below the JFET region, as indicated in the figure, is given by:
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XD ¼ aþ WCell � að Þ
t

y ð6:77Þ

The resistance of an elemental segment of thickness dy at this depth below the
JFET region is then given by:

dRD ¼ ρDdy

ZXD
¼ ρDtdy

Z at þ WCell � að Þy½ � ð6:78Þ

The resistance contributed by the drift region can be obtained by integration of the
above elemental resistance from y ¼ 0 and y ¼ t:

RD ¼ ρDt

Z WCell � að Þ ln
WCell

a


 �
ð6:79Þ

The specific on-resistance contributed by the drift region in the power VD-MOSFET
structure can be obtained by multiplying the above resistance with the cell area:

RD,SP ¼ ρDtWCell

WCell � að Þ ln
WCell

a


 �
ð6:80Þ

In the special case where (WCell � a)/2 becomes equal to t, the current spreads at a
45� angle in this model resulting in the same expression for the specific on-resistance
for the drift region given by Eq. (6.76).

For the conservative power MOSFET design with a cell width of 20 μm, the
specific resistance contributed by the drift region calculated using this model is
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Fig. 6.40 Power D-MOSFET structure with current flow Model B
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0.237 mΩ-cm2 if the P-base junction depth (xJP) is 2 μm and resistivity of the drift
region is 0.50 Ω-cm based upon a doping concentration of 1� 1016 cm�3. When the
cell pitch is reduced to 15 μm with the more aggressive design rules, the specific
resistance contributed by the drift region is reduced to 0.211 mΩ-cm2. Model B
predicts a smaller value for the drift region resistance when compared with Model A
with the 45� distribution angle due to greater current spreading in the drift region.

In order to increase the blocking voltage capability of the power VD-MOSFET
structure, it is necessary to reduce the doping concentration and increase the thick-
ness of the N-drift region to support the voltage. The analytical model for the drift
region resistance with the 45� spreading angle can be extended to this situation by
taking into account the overlap of the current flow paths as illustrated in Fig. 6.41.
The resistance of the drift region is now determined by two portions: a first portion
with a cross-sectional area that increases with the depth and a second portion with a
uniform cross-sectional area for the current flow.

Under these conditions, the width of the cross-sectional area for the first portion
of the current path at a depth y below the JFET region is given by:
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Fig. 6.41 Power VD-MOSFET structure with overlapping current distribution paths (Model C) in
the drift region
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XD ¼ aþ 2yð Þ ð6:81Þ
The resistance of an elemental segment of thickness dy at this depth below the JFET
region is then given by:

dRD ¼ ρDdy

ZXD
¼ ρDdy

Z aþ 2yð Þ ð6:82Þ

The resistance contributed by the first portion of the drift region can be obtained by
integration of the above elemental resistance for the segment over the limits y ¼ 0
and y ¼ (WCell � a)/2:

RD1 ¼ ρD
2Z

ln
WCell

a


 �
ð6:83Þ

The resistance contributed by the second portion of the drift region is determined
by current flowing through a uniform cross-sectional width (WCell). The distance
(LD2, shown in Fig. 6.41) over which the cross-sectional area is uniform is given by:

LD2 ¼ t þ a

2
�WCell

2
ð6:84Þ

The resistance of this portion of the drift region is then given by:

RD2 ¼ ρD
ZWCell

t þ a

2
�WCell

2

� �
ð6:85Þ

The specific on-resistance contributed by the drift region in the high-voltage power
VD-MOSFET structure (using Model C) can be obtained by multiplying the above
two resistances with the cell area:

RD,SP ¼ ρDWCell

2
ln

WCell

a


 �
þ ρD t þ a

2
�WCell

2

� �
ð6:86Þ

Consider a power VD-MOSFET structure constructed using a drift region with
doping concentration of 1 � 1015 cm�3. This structure is capable of supporting a
parallel-plane breakdown voltage of 300 V with a depletion width of 20 μm. For the
conservative power MOSFET design with a cell width of 20 μm, the specific
resistance contributed by the drift region calculated by using the above model is
11.9 mΩ-cm2 if the P-base junction depth (xJP) is 2 μm and resistivity of the drift
region is 4.65Ω-cm based upon the above doping concentration. When the cell pitch
is reduced to 15 μm with the more aggressive design rules, the specific resistance
contributed by the drift region is reduced to 10.57 mΩ-cm2. The improvement in the
specific on-resistance obtained with the smaller design rules is not as large as in the
case of the device with lower breakdown voltage.
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6.6.7 N+ Substrate Resistance

When the current reaches the bottom of the N-drift region, it is very quickly
distributed throughout the heavily doped N+ substrate. The current flow through
the substrate can therefore be assumed to occur with a uniform cross-sectional area.
Under this assumption, the specific resistance contributed by the N+ substrate is
given by:

RSUB,SP ¼ ρSUBtSUB ð6:87Þ
where ρSUB and tSUB are the resistivity and thickness of the N+ substrate. When
processing the wafers used to manufacture power MOSFET structures, it is neces-
sary to use a substrate with a thickness of 500 μm on which the thin (2–50 μm)
epitaxial drift region is grown in order to avoid breakage during handling of the
wafers in the processing equipment. The lowest available resistivity for a typical
phosphorus-doped silicon wafer is 0.003 Ω-cm. The specific resistance contributed
by this wafer is 0.15 mΩ-cm2. Although this value is acceptable for power MOSFET
structures designed to support high (>200 V) voltages, it makes a large contribution
to power MOSFET structures designed to support low (<50 V) voltages. Conse-
quently, it is common practice to reduce the thickness of the wafer just before
application of the drain electrode metal. A substrate contribution of 0.06 mΩ-cm2

can be obtained by reducing the substrate thickness to 200 μm. This is an acceptable
value for most power MOSFET products. Power MOSFET products have been
manufactured with wafer thickness reduced to only 50 μm. In addition, special
wafer doping techniques have evolved that allow reduction of the resistivity of the N
+ substrate to the 0.001 Ω-cm range allowing the specific resistance contributed by
the substrate to be reduced to 0.02 mΩ-cm2.

6.6.8 Drain Contact Resistance

Before entering the drain electrode, the current flows through the contact resistance
between the drain metal and the N+ substrate. Due to the uniform current flow at the
drain contact, its resistance is not amplified unlike in the case of the source contact. It
is therefore satisfactory to achieve a contact resistivity of 1 � 10�5 Ω-cm2. This can
be obtained by using a titanium contact layer to achieve a low barrier height,
followed by a coating of nickel and silver. The nickel acts as a barrier between the
titanium and the silver. The silver layer is ideal for mounting the chips to the package
by using solders.
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6.6.9 Total On-Resistance

The total specific on-resistance for the power VD-MOSFET structure can be com-
puted by adding all the above eight components. For the case of the conservative
power VD-MOSFET design with a cell pitch (WCell) of 20 μm to support 50 V, the
total specific on-resistance is 2.24 mΩ-cm2. The contributions from each of the eight
components of the on-resistance are summarized in Fig. 6.42 together with their
percentage contributions. By comparing the numbers, it can be observed that the
channel and accumulation layer resistances are the largest components. The ideal
specific on-resistance for a device capable of supporting 50 V obtained by using
Eq. (6.2) is 0.105 mΩ-cm2. Consequently, the specific on-resistance for this design
of the power VD-MOSFET structure is 20 times larger than the ideal case. The
specific on-resistance for the VD-MOSFET structure can be brought closer to the
ideal value by using smaller design rules and optimization of the cell structure as
discussed in the next section.

Simulation Example
The results of two-dimensional numerical simulations on a structure designed with a
30 V rating are described here to validate the above model for the on-resistance of
the power VD-MOSFET structure. The structure had a drift region thickness of 3 μm
with a doping concentration of 1.3 � 1016 cm�3 located below the P-base region.
The P-base region and N+ source regions have depths of 3 and 1 μm, respectively.

Fig. 6.42 On-resistance components within the 50 V power VD-MOSFET structure with 20 μm
cell pitch
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The doping concentration in the JFET region was enhanced by using an additional
N-type doping with surface concentration of 1 � 1016 cm�3 and depth of 3 μm. A
three-dimensional view of the doping distribution is shown in Fig. 6.43 from the left-
hand edge of the structure to the center of the polysilicon gate region. The N+ source
and P-base regions are aligned to the gate edge, which is located at 4 μm from the
left-hand side. The structure also includes a P+ region located at the left-hand side to
suppress the bipolar transistor. The enhancement of the doping in the N-drift region
near the surface is due to the additional JFET doping.

The lateral doping profile taken along the surface under the gate electrode is
shown in Fig. 6.44. From the profile, it can be observed that the doping concentration
of the JFET region has been increased to 2.3 � 1016 cm�3 due to the additional
doping. This reduced the lateral extension of the P-base region to 2.4 μm when
compared to a vertical depth of 3 μm. The N+ source region has a lateral depth of
0.8 μm leading to a channel length of 1.6 μm. As discussed earlier in the chapter, this
channel length is sufficient to prevent reach-through breakdown providing a cell
breakdown voltage of 43 V. The maximum compensated P-type doping concentra-
tion in the channel is 1.5� 1017 cm�3. In conjunction with a gate oxide thickness of
500 Å, a threshold voltage of 3.5 V was obtained for this doping concentration.

The above device structure was turned on by the application of a gate bias of 10 V
to analyze the current flow pattern in the power VD-MOSFET structure. The on-state
current flow pattern at a small drain bias of 0.1 V is shown in Fig. 6.45. In the figure,
the depletion layer boundary is shown by the dotted lines, and the junction boundary

Fig. 6.43 Doping distribution for the VD-MOSFET structure
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is delineated by the dashed line. The depletion layer width (W0) in the JFET region is
0.24 μm in good agreement with the value computed using the analytical model. It
can be observed that the current flows from the channel and distributes into the JFET
region via the accumulation layer. Within the JFET region, the cross-sectional area is
approximately constant with a width (a/2) of 3.4 μm. From the JFET region width of
3.4 μm, the current spreads to a width of 6.5 μm at a depth of 6 μm when it reaches
the N+ substrate. Consequently, the width of the cross section increases by 3 μm
when the current travels a distance of 3 μm from the bottom of the P-base junction.
This confirms that the current spreads at a 45� angle as assumed in Model A.

From the transfer characteristics at a drain bias of 0.1 V, a threshold voltage of
3.5 V was extracted. The total specific on-resistance obtained from the numerical
simulations for the above power VD-MOSFET structure is 1.60 mΩ-cm2 at a gate
bias of 10 V. In order to compare this with the values predicted by the model, it is
necessary to extract the mobility in the inversion and accumulation layers within the
simulated VD-MOSFET structure. The channel and accumulation layer mobility
were extracted by simulation of a long channel lateral MOSFET structure with the
same gate oxide thickness. The inversion layer mobility was found to be 450 cm2/V-
s while that for the accumulation layer was found to be 1000 cm2/V-s at a gate bias of
10 V. When these values were used in Model A with the dimensions and doping
concentrations for this VD-MOSFET structure, the calculated value for the specific
on-resistance is 1.58 mΩ-cm2 at a gate bias of 10 V. This confirms the validity of the
Model A with a 45� spreading angle for the current flow in the drift region. This
model is therefore preferable to Model B where the current is assumed to spread over
the entire width of the cell.

6.7 Power VD-MOSFET Cell Optimization

In the previous section, it was demonstrated that the JFET and drift region-specific
resistance contributions can be reduced by increasing the width of the gate electrode.
Unfortunately, the specific resistance contributions from the channel and accumula-
tion regions increase when the gate width is increased. Consequently, it is necessary
to optimize the width (WG) of the gate electrode during the design of the power
VD-MOSFET structure in order to obtain the lowest possible specific on-resistance
[7, 15].

6.7.1 Optimization of Gate Electrode Width

The optimization procedure for minimizing the specific on-resistance of the power
VD-MOSFET structure can be illustrated by using an example. Consider the case of
power VD-MOSFET structure designed for a blocking capability of 30 V that was
discussed in the simulation example in the previous section. The specific
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on-resistance calculated using Model A for this case is provided in Fig. 6.46 when
the gate width is increased from 4 to 18 μm while maintaining the same polysilicon
window size of 8 μm. A gate bias of 10 V was used with a threshold voltage of 3.5 V
for this plot.

The analytical model predicts a minimum in the total specific on-resistance for a
gate electrode width of 9.5 μm with a value of 1.54 mΩ-cm2, which is a factor of
53 times larger than the ideal specific on-resistance for a breakdown voltage of 30 V.
There is a relatively broad minimum with low specific on-resistances for structures
with gate electrode widths ranging from 8 to 12 μm. However, the specific
on-resistance increases very rapidly when the gate electrode width is made less
than 6 μm. This occurs because approximately 5.3 μm is consumed under the gate
electrode by the lateral P-base diffusion and the zero-bias depletion width resulting
in a drastic increase in the resistance contributed by the JFET and drift regions. The
results obtained from the numerical simulations of power VD-MOSFET structures
with various gate electrode widths are also included in the figure. The agreement
between the values obtained from the numerical simulations and the values calcu-
lated by using Model A with a wide range of gate electrode widths provides credence
to the model.

All the major components of the internal resistance within the power
VD-MOSFET structure are dependent on the cell pitch. Only the substrate and
drain contact resistances do not depend upon this design parameter. It is important
to have a good understanding of the relative contributions of the various major
components to the specific on-resistance during the optimization procedure. As an
example, the four major contributors to the specific on-resistance for the power

Fig. 6.46 Optimization of the power VD-MOSFET linear cell structure to obtain the minimum
specific on-resistance
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VD-MOSFET structure designed for operation at 30 V are provided in Fig. 6.47 as a
function of the gate electrode width. From these plots, the drastic increase in the
JFET and drift region contributions at gate electrode widths of less than 6 μm is
strikingly apparent. It is also apparent that the channel and accumulation layer
contributions become dominant once the gate electrode width exceeds 10 μm. The
minimum specific on-resistance occurs at a gate width of 9.5 μm. For this optimum
design, the channel contribution is the largest component of the specific
on-resistance.

6.7.2 Impact of Breakdown Voltage

The breakdown voltage capability for the power VD-MOSFET structure can be
increased by using a higher resistivity drift region with a larger thickness. Conse-
quently, the resistance contributed by the drift region increases with increasing
breakdown voltage. The Model A developed in the previous section can be utilized
to analyze the change in the relative contributions of the various components of the
internal resistance when the breakdown voltage is increased.

The four major components of the specific on-resistance for the power
VD-MOSFET structure capable of operating at 100 V are shown in Fig. 6.48
together with the total specific on-resistance. The parallel-plane breakdown voltage
for this device was assumed to be 125 V due to the impact of the edge termination.
The drift region then has a thickness of 7.2 μm with doping concentration of
3.2 � 1015 cm�3. The rest of the structural parameters are the same as those of the
30 V device structure discussed in the previous section. It is apparent from the figure

Fig. 6.47 Resistance components within the 30 V power VD-MOSFET linear cell structure
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that the minimum total specific on-resistance has increased to 3 mΩ-cm2 at an
optimum gate electrode width of 11.5 μm. The total specific on-resistance of the
power VD-MOSFET structure is a factor of 5 times larger than the ideal specific
on-resistance of 0.593 mΩ-cm2.

The four major components of the specific on-resistance for the power
VD-MOSFET structure are shown in Fig. 6.49 together with the total specific
on-resistance when the operating voltage is extended to 300 V. In this case, the

Fig. 6.48 Resistance components within the 100 V power VD-MOSFET linear cell structure

Fig. 6.49 Resistance components within the 300 V power VD-MOSFET linear cell structure
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current flow paths being to merge under the polysilicon window. It is therefore
necessary to use Model C instead of Model A for computation of the resistances. The
parallel-plane breakdown voltage for this device was assumed to be 375 V due to the
impact of the edge termination. The drift region then has a thickness of 26 μm with
doping concentration of 7.4 � 1014 cm�3. The rest of the structural parameters are
the same as those of the 30 V device structure discussed in the previous section.
From the figure it can be observed that all the other components are negligible when
compared with the drift region resistance contribution. It is also apparent that the
minimum total specific on-resistance has increased to 26.9 mΩ-cm2 at an optimum
gate electrode width of 13.2 μm. The total specific on-resistance of the power
VD-MOSFET structure is a factor of 2.9 times larger than the ideal specific
on-resistance of 9.24 mΩ-cm2.

From the above analysis of the power VD-MOSFET structures with different
operating voltage capability, it can be seen that the minimum specific on-resistance
increases and the optimum gate electrode width shifts to a larger value when the
blocking voltage is increased. As the blocking voltage capability increases, the drift
region contribution begins to dominate making the specific on-resistance of the
power VD-MOSFET structure closer to the ideal specific on-resistance. These
changes can be observed in Fig. 6.50 where the specific on-resistance for the
VD-MOSFET structures is compared with the ideal specific on-resistance (blue
line) of the drift region. It can be observed that the specific on-resistance asymptotes
to the ideal specific on-resistance at high breakdown voltages and to a constant value
at low breakdown voltages. The asymptote at low breakdown voltages is created
because the channel resistance becomes dominant in the power VD-MOSFET
structure. In the figure, a modified ideal specific on-resistance line is also shown

Fig. 6.50 Specific on-resistance of the power VD-MOSFET linear cell structure
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by the green line. In this case, the ideal specific on-resistance was computed after
taking into account an 80% reduction of the breakdown voltage due to the edge
termination (as also assumed for the power VD-MOSFET structure). The specific
on-resistance for the power VD-MOSFET is very close to the modified ideal specific
on-resistance at high voltages indicating that changes to the cell design are not
beneficial, but improvements in the edge termination can improve their performance.

It is common practice in the industry to use the planar VD-MOSFET architecture
for high-voltage devices because of the mature manufacturing technology. This
structure also has superior ruggedness under adverse operating conditions such as
switching inductive loads with the simultaneous presence of high voltage and
current. However, at lower blocking voltage levels, the power VD-MOSFET archi-
tecture yields a specific on-resistance much larger than the ideal case. This situation
can be improved upon by using higher resolution design rules as discussed in the
next section.

6.7.3 Impact of Design Rules

In the power VD-MOSFET structure, it is desirable to reduce the size of the
polysilicon window in order to improve the current distribution within the drift
region. As indicated by the current flow pattern in Fig. 6.39 for a device with
relatively low breakdown voltage, a dead space is created below the center of the
polysilicon window due to the inability of the current to spread from the JFET region
into this portion of the drift region. Consequently, the specific on-resistance con-
tributed by the drift region can be reduced by making the polysilicon window
smaller in size. A reduction of the polysilicon window decreases the cell pitch as
well which reduces the contributions to the specific on-resistance from the channel,
accumulation, and JFET regions.

A reduction of the size of the polysilicon window in the power VD-MOSFET
structure can be achieved by resorting to smaller design rules for the various masking
layers used to fabricate the device. Since smaller design rules require investment in
photolithographic technology with higher resolution, the power semiconductor
industry has made gradual progress toward this goal over the last several decades.
The size of the polysilicon window (WPW) is determined by the nesting of the contact
window (WC) and the N+ source definition mask (WS). As the contact window size
approaches the size of the polysilicon window, the probability of gate to source short
circuits gets enhanced because of the proximity of the source metal and the
polysilicon edge. The problem for power VD-MOSFET structures is exacerbated
by the extremely long channel widths (Z ), which can exceed several meters in
magnitude, for high current devices. Depending on the alignment tolerances and
the shape of the dielectric layer covering the gate electrode at its edges, a severe loss
in the yield due to the gate-source short circuits can occur prohibiting the
manufacturing of devices.
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The size of the source definition window (WS) is constrained by the need to make
a contact to the P-base region with the source electrode in this location of the power
VD-MOSFET structure. If the source definition window is too small, the lateral
diffusion of the N+ source regions can overlap under this region resulting in a poor
contact to the P-base region, which can drastically diminish the dynamic perfor-
mance of the device due to creation of an open-base N-P-N transistor. If the contact
window size (WC) is made close to that of the source definition window, the size of
the contact to the N+ source region can become too small producing an increase in
the specific on-resistance.

The change in the optimization curves for the power VD-MOSFET structure with
the size of the polysilicon window can be analyzed by using Model A for the specific
on-resistance. The results obtained for the case of a power VD-MOSFET structure
with 30 V operating capability are provided in Figs. 6.51 and 6.52 by reducing the
polysilicon window to 6 and 4 μm, respectively. It can be observed from these
figures that the total specific on-resistance reduces when the polysilicon window is
made smaller. In this particular example, the specific on-resistance is reduced from
1.54 to 1.36 to 1.21 mΩ-cm2 as the polysilicon window is reduced from 8 to 6 to
4 μm. This indicates that an approximately 10% enhancement in performance can be
achieved with each of the successive iterations in reducing the polysilicon window
size. It is also worth pointing out that the optimum size of the polysilicon electrode
decreases when the polysilicon window size is reduced. In this particular example,
the optimum polysilicon electrode width is reduced from 9.5 to 9.1 to 8.8 μm as the
polysilicon window is reduced from 8 to 6 to 4 μm.

Fig. 6.51 Impact of reducing the polysilicon window size on the optimization of a 30 V power
VD-MOSFET linear cell structure
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6.7.4 Impact of Cell Topology

A linear cell topology was used during the analysis of the specific on-resistance in
the previous sections. Many alternative cell topologies can be conceived for the
power VD-MOSFET structure as illustrated in Fig. 6.15. The cross section of the
device structure is the same for all of these topologies. However, the channel density
varies depending upon the shape of the surface topology. The specific on-resistance
for each topology can be derived by using the current flow pattern in Fig. 6.39 and
accounting for the channel length (Z ) within each unit cell. The hexagonal window
design can be approximated as a circular cell. As discussed for the linear cell
topology, the contact resistances and the N+ source resistance can be neglected
when compared with the other components of the internal resistance in the power
VD-MOSFET structure.

Square Polysilicon Window in a Square Cell Array

The square cell array can be treated by using a unit cell with a width of WCell in
Fig. 6.39. The area of the cell is then (WCell)

2. Within this unit cell space, the channel
has a width of 4(WPW þ 2xJN+), where xJN+ is the depth of the N+ source diffusion.
The channel resistance is then given by:

Fig. 6.52 Impact of reducing the polysilicon window size on the optimization of a 30 V power
VD-MOSFET linear cell structure
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RCH ¼ LCH
4 WPW þ 2xJNþð ÞμniCOX VG � VTHð Þ ð6:88Þ

where LCH is the channel length, μni is the inversion layer mobility, COX is the
specific capacitance of the gate oxide, VG is the gate bias voltage, and VTH is the
threshold voltage. The specific on-resistance contributed by the channel can be
obtained from Eq. (6.88) by multiplying the cell resistance with the cell area:

RCH,SP ¼ LCHW2
Cell

4 WPW þ 2xJNþð ÞμniCOX VG � VTHð Þ ð6:89Þ

For the conservative power VD-MOSFET design with a cell width of 20 μm,
polysilicon window of 10 μm, and N+ source region depth of 1 μm, the specific
resistance contributed by the channel at a gate bias of 10 V is 0.76 mΩ-cm2 if the
channel length is 1 μm and the gate oxide thickness is 500 Å. This value is smaller
than that obtained for the linear cell topology.

For the square array topology, the resistance of the accumulation layer between
the edge of the P-base junction and the center of the gate electrode can be derived by
using a distance LA given by Eq. (6.64) with a periphery given by 4(WPW þ 2xJP),
where xJP is the depth of the P-base diffusion:

RA ¼ LA
4 WG þ 2xJPð ÞμnACOX VG � VTHð Þ ð6:90Þ

The specific on-resistance contributed by the accumulation layer in the square array
can be obtained from Eq. (6.90) by multiplying the above resistance with the cell
area:

RA,SP ¼ KA
WG � 2xJPð ÞW2

Cell

8 WPW þ 2xJPð ÞμnACOX VG � VTHð Þ ð6:91Þ

For the conservative power MOSFET design with a cell width of 20 μm, the specific
resistance contributed by the accumulation layer in the square array at a gate bias of
10 V is 0.47 mΩ-cm2 if the P-base junction depth (xJP) is 2 μm and the gate oxide
thickness is 500 Å. This value is slightly smaller than that obtained for the linear cell
topology.

In the square array, the cross-sectional area for the JFET region can be assumed to
have a uniform cross-sectional width “a/2” (with a given by Eq. (6.67) as in the
linear cell topology), and the periphery for the JFET region can be taken to be
approximately equal to four times the cell pitch. If the JFET region is assumed to
extend to the bottom the P-base junction, the resistance of the JFET region can then
be obtained by using:
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RJFET ¼ ρJFETxJP
2WCell WG � 2xP � 2W0ð Þ ð6:92Þ

The specific on-resistance contributed by the JFET region in the square cell array can
be obtained by multiplying the above resistance with the cell area:

RJFET,SP ¼ ρJFETxJPWCell

2 WG � 2xP � 2W0ð Þ ð6:93Þ

For the conservative power MOSFET design with a cell width of 20 μm, the specific
resistance contributed by the JFET region in the square array design is 0.096 mΩ-cm2

if the P-base junction depth (xJP) is 2 μm and resistivity of the JFET region is
0.267 Ω-cm based upon a JFET doping concentration of 2 � 1016 cm�3. This value
is smaller than that obtained with the linear cell topology.

The resistance contributed by the drift region in the square cell array can be
analyzed by using Model A for the current flow pattern. The periphery for the current
flow in the square array can be assumed to be approximately four times the cell pitch.
The resistance contributed by the drift region in the square array is then given by:

RD ¼ ρD
4WCell

ln
aþ 2t

a


 �
ð6:94Þ

The specific on-resistance contributed by the drift region in the square array can be
obtained by multiplying the above resistance with the cell area:

RD,SP ¼ ρDWCell

4
ln

aþ 2t
a


 �
ð6:95Þ

For the conservative power MOSFET design with a cell width of 20 μm, the specific
resistance contributed by the drift region for the square array is 0.168 mΩ-cm2 if the
P-base junction depth (xJP) is 2 μm and resistivity of the drift region is 0.50 Ω-cm
based upon a doping concentration of 1 � 1016 cm�3. This value is much smaller
than that obtained with the linear cell topology.

The specific resistance contributed by the N+ substrate in the square array is the
same as that for the linear cell topology:

RSUB,SP ¼ ρSUBtSUB ð6:96Þ
where ρSUB and tSUB are the resistivity and thickness of the N

+ substrate. The specific
resistance contributed by the substrate can be assumed to be 0.06 mΩ-cm2. The total
specific on-resistance for the power VD-MOSFET structure with square cell topology
can be computed by adding all the above components. For the case of the conserva-
tive power VD-MOSFET structure designed with a cell pitch (WCell) of 20 μm to
support 50 V, the total specific on-resistance for the square array is 1.56 mΩ-cm2,
which is 30% smaller than that for the linear cell topology.
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Hexagonal Window in a Hexagonal Cell Array

The hexagonal cell array with hexagonal windows can be analyzed by approximat-
ing these features as circular in shape with a diameter of WCell in the cross section
shown in Fig. 6.39. The area of the cell is then (π/4)(WCell)

2. Within this unit cell
space, the channel has a width of π(WPW þ 2xJN+), where xJN+ is the depth of the N

+

source diffusion. The channel resistance is then given by:

RCH ¼ LCH
π WPW þ 2xJNþð ÞμniCOX VG � VTHð Þ ð6:97Þ

where LCH is the channel length, μni is the inversion layer mobility, COX is the
specific capacitance of the gate oxide, VG is the gate bias voltage, and VTH is the
threshold voltage. The specific on-resistance contributed by the channel in the power
VD-MOSFET structure can be obtained from Eq. (6.97) by multiplying the cell
resistance with the cell area:

RCH,SP ¼ LCHW2
Cell

4 WPW þ 2xJNþð ÞμniCOX VG � VTHð Þ ð6:98Þ

which is identical to that for the square array. For the conservative power MOSFET
design with a cell diameter of 20 μm, polysilicon window of 10 μm, and N+ source
region depth of 1 μm, the specific resistance contributed by the channel at a gate bias
of 10 V is 0.76 mΩ-cm2 if the channel length is 1 μm and the gate oxide thickness is
500 Å. This value is slightly smaller than that obtained for the linear cell topology.

For the circular array topology, the resistance of the accumulation layer between
the edge of the P-base junction and the center of the gate electrode can be derived by
using a distance LA given by Eq. (6.64) with a periphery given by π(WPW þ 2xJP),
where xJP is the depth of the P-base diffusion:

RA ¼ LA
π WG þ 2xJPð ÞμnACOX VG � VTHð Þ ð6:99Þ

The specific on-resistance contributed by the accumulation layer in the circular array
can be obtained from Eq. (6.99) by multiplying the above resistance with the cell
area:

RA,SP ¼ KA
WG � 2xJPð ÞW2

Cell

8 WPW þ 2xJPð ÞμnACOX VG � VTHð Þ ð6:100Þ

which is identical to that for the square array. For the conservative power MOSFET
design with a cell diameter of 20 μm, the specific resistance contributed by the
accumulation layer in the circular array at a gate bias of 10 V is 0.47 mΩ-cm2 if the
P-base junction depth (xJP) is 2 μm and the gate oxide thickness is 500 Å. This value
is slightly smaller than that obtained for the linear cell topology.
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In the circular array, the cross-sectional area for the JFET region can be assumed
to have a uniform cross-sectional width “a/2” (with a given by Eq. (6.67) as in the
linear cell topology), and the periphery for the JFET region can be taken to be
approximately equal to π times the cell diameter. If the JFET region is assumed to
extend to the bottom the P-base junction, the resistance of the JFET region can then
be obtained by using:

RJFET ¼ 2ρJFETxJP
πWCell WG � 2xP � 2W0ð Þ ð6:101Þ

The specific on-resistance contributed by the JFET region in the circular cell array
can be obtained by multiplying the above resistance with the cell area:

RJFET,SP ¼ ρJFETxJPWCell

2 WG � 2xP � 2W0ð Þ ð6:102Þ

which is identical to that for the square array. For the conservative power MOSFET
design with a cell diameter of 20 μm, the specific resistance contributed by the JFET
region in the circular array design is 0.096 mΩ-cm2 if the P-base junction depth (xJP)
is 2 μm and resistivity of the JFET region is 0.267 Ω-cm based upon a JFET doping
concentration of 2 � 1016 cm�3. This value is smaller than that obtained with the
linear cell topology.

The resistance contributed by the drift region in the circular cell array can be
analyzed by using Model A for the current flow pattern. The periphery for the current
flow in the circular array can be assumed to be approximately π times the cell
diameter. The resistance contributed by the drift region in the circular array is then
given by:

RD ¼ ρD
πWCell

ln
aþ 2t

a


 �
ð6:103Þ

The specific on-resistance contributed by the drift region in the circular array can be
obtained by multiplying the above resistance with the cell area:

RD,SP ¼ ρDWCell

4
ln

aþ 2t
a


 �
ð6:104Þ

which is identical to that for the square array. For the conservative power MOSFET
design with a cell diameter of 20 μm, the specific resistance contributed by the drift
region for the circular array is 0.168 mΩ-cm2 if the P-base junction depth (xJP) is
2 μm and resistivity of the drift region is 0.50 Ω-cm based upon a doping concen-
tration of 1 � 1016 cm�3. This value is much smaller than that obtained with the
linear cell topology.

The specific resistance contributed by the N+ substrate in the circular array is the
same as that for the linear cell topology:
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RSUB,SP ¼ ρSUBtSUB ð6:105Þ
where ρSUB and tSUB are the resistivity and thickness of the N+ substrate. The
specific resistance contributed by the substrate can be assumed to be 0.06 mΩ-cm2

. Since all the specific on-resistance components for the circular (hexagonal) cell
topology are identical to those for the square cell topology, the total specific
on-resistance for the power VD-MOSFET structure with circular (hexagonal) cell
topology is also 1.56 mΩ-cm2, which is smaller than that for the linear cell topology.

Atomic-Lattice-Layout Cell Array

The atomic-lattice-layout (A-L-L) cell topology can be analyzed by using the same
procedure as the other topologies described above with the cross section shown in
Fig. 6.39. The area of the A-L-L cell is (WCell)

2. However, the cell width is given by:

WCell ¼ WG þWB ð6:106Þ
where WG is the diameter of the circular polysilicon islands and WB is the width of
the bars connecting the polysilicon islands. These bars can be shorter than the
polysilicon windows in the previous designs because the contact to the N+ source
and P-base regions is made at the four corners of the cells.

Within the A-L-L unit cell space, the channel has a width of π(WG � 2xJN+),
where xJN+ is the depth of the N+ source diffusion. The channel resistance is then
given by:

RCH ¼ LCH
π WG � 2xJNþð ÞμniCOX VG � VTHð Þ ð6:107Þ

where LCH is the channel length, μni is the inversion layer mobility, COX is the
specific capacitance of the gate oxide, VG is the gate bias voltage, and VTH is the
threshold voltage. The specific on-resistance contributed by the channel in the power
VD-MOSFET structure can be obtained from Eq. (6.107) by multiplying the cell
resistance with the cell area:

RCH,SP ¼ LCHW2
Cell

π WG � 2xJNþð ÞμniCOX VG � VTHð Þ ð6:108Þ

For the conservative power MOSFET design with a gate width of 10 μm and a bar
width of 4 μm, the cell pitch is reduced to 14 μm in the A-L-L topology. For an N+

source region depth of 1 μm, the specific resistance contributed by the channel at a
gate bias of 10 V for the A-L-L cell topology is 0.715 mΩ-cm2 if the channel length
is 1 μm and the gate oxide thickness is 500 Å. This value is slightly smaller than that
obtained for the square and hexagonal cell topologies.
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For the A-L-L cell topology, the resistance of the accumulation layer between the
edge of the P-base junction and the center of the gate electrode can be derived by
taking into account the circular geometry for the current flow. The resistance of a
small elemental segment of the accumulation layer located at a distance r from the
center of the polysilicon gate pad is given by:

dRA ¼ dr

2πrμnACOX VG � VTHð Þ ð6:109Þ

The resistance contributed by the accumulation layer can be obtained by integration
of the resistance from the center of the polysilicon pad to the edge of the accumu-
lation layer located at a radius of (0.5WG � xJP). Since the resistance tends to infinity
at the center of the polysilicon pad, it is convenient to assume that current flow stops
at a small radius δ from the center of the polysilicon pad. In this case, the resistance
contributed by the accumulation layer in the A-L-L cell topology is given by:

RA ¼ 1
2πμnACOX VG � VTHð Þ ln

WG � 2xJP
δ

� �
ð6:110Þ

If the value for the parameter δ is chosen as:

δ ¼ 0:37 WG � 2xJPð Þ ð6:111Þ
then the resistance of the accumulation layer is given by:

RA ¼ 1
2πμnACOX VG � VTHð Þ ð6:112Þ

The specific on-resistance contributed by the accumulation layer in the A-L-L cell
topology can be obtained from Eq. (6.112) by multiplying the above resistance with
the cell area:

RA,SP ¼ KA
W2

Cell

2πμnACOX VG � VTHð Þ ð6:113Þ

For the conservative power MOSFET design with a cell pitch of 14 μm, the specific
resistance contributed by the accumulation layer in the A-L-L topology at a gate bias
of 10 V is 0.685 mΩ-cm2 if the P-base junction depth (xJP) is 2 μm and the gate oxide
thickness is 500 Å. This value is slightly larger than that obtained for the square and
hexagonal cell topologies.

In the A-L-L cell topology, the cross-sectional area for the JFET region can be
assumed to have a uniform cross-sectional diameter a (with a given by Eq. (6.67)
as in the linear cell topology). If the JFET region is assumed to extend to the
bottom the P-base junction, the resistance of the JFET region can then be obtained
by using:
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RJFET ¼ 4ρJFETxJP
π WG � 2xP � 2W0ð Þ2 ð6:114Þ

The specific on-resistance contributed by the JFET region in the A-L-L cell topology
can be obtained by multiplying the above resistance with the cell area:

RJFET,SP ¼ 4ρJFETxJPW
2
Cell

π WG � 2xP � 2W0ð Þ2 ð6:115Þ

For the conservative power MOSFET design with a cell width of 14 μm, the specific
resistance contributed by the JFET region in the A-L-L design is 0.436 mΩ-cm2 if
the P-base junction depth (xJP) is 2 μm and resistivity of the JFET region is
0.267 Ω-cm based upon a JFET doping concentration of 2 � 1016 cm�3. This
value is larger than that obtained for the square and hexagonal cell topologies.

The resistance contributed by the drift region in the A-L-L cell topology can be
analyzed by using Model A for the current flow pattern. However, in this case, the
current flows in a circular geometry with a cross-sectional area of (π/4)(a þ 2y)2 at a
depth y below the P-base junction. The resistance contributed by the drift region in
the A-L-L cell topology is then given by:

RD ¼ 2ρD
π

2t
a aþ 2tð Þ

 �

ð6:116Þ

The specific on-resistance contributed by the drift region in A-L-L topology can be
obtained by multiplying the above resistance with the cell area:

RD,SP ¼ 2ρD
π

2t
a aþ 2tð Þ

 �

W2
Cell ð6:117Þ

For the conservative power MOSFET design with a cell pitch of 14 μm, the specific
resistance contributed by the drift region in the A-L-L topology is 0.554 mΩ-cm2 if
the P-base junction depth (xJP) is 2 μm and resistivity of the drift region is 0.50Ω-cm
based upon a doping concentration of 1 � 1016 cm�3. This value is larger than that
obtained with the linear cell topology.

The specific resistance contributed by the N+ substrate in the A-L-L topology is
the same as that for the linear cell topology:

RSUB,SP ¼ ρSUBtSUB ð6:118Þ
where ρSUB and tSUB are the resistivity and thickness of the N+ substrate. The
specific resistance contributed by the substrate can be assumed to be 0.06 mΩ-cm2.
The total specific on-resistance for the power VD-MOSFET structure with the A-L-L
cell topology is 2.39 mΩ-cm2, which is close to that for the linear cell topology.
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6.8 Power U-MOSFET On-Resistance

The power U-MOSFET structure is shown in Fig. 6.53 with its internal resistance
components. The same internal resistances encountered in the power VD-MOSFET
structure are present in the power U-MOSFET structure with the exception of the
JFET region resistance. The JFET region is eliminated within the power
U-MOSFET structure because the trench extends beyond the bottom of the P-base
region in order to form a channel connecting the N+ source region with the N-drift
region. The elimination of the JFET region allows a significant reduction of the
overall specific on-resistance for the power U-MOSFET structure not only because
its resistance is excluded but more importantly because the cell pitch can be made
much smaller than that of the power VD-MOSFET structure. A smaller cell pitch
reduces the specific resistance contributions from the channel, accumulation, and
drift regions.

The total on-resistance for the power U-MOSFET structure is obtained by the
addition of all the resistances because they are considered to be in series in the
current path between the source and the drain electrodes:

RON ¼ RCS þ RNþ þ RCH þ RA þ RD þ RSUB þ RCD ð6:119Þ
Each of the resistances within the power U-MOSFET structure is analyzed below. It
is customary to utilize the linear cell surface topology for the power U-MOSFET
structure because the trench surface can be oriented in the preferred direction most
favorable for producing high-quality etched surfaces.

A cross section of the power U-MOSFET structure is illustrated in Fig. 6.54 with
various dimensions that can be used for the analysis of the on-resistance compo-
nents. The edges of the masks used to define the boundary for the N+ source ion
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implant and the contact window are also shown in the figure by the dimensions WS

and WC. These edges decide the area available within the structure for making
contact to the N+ source region. The position of the N+ source definition mask
also determines the length (LN+) of the N

+ source region.
In addition, the current flow pattern in the U-MOSFET structure is indicated by

the shaded area in the figure. After entering the drift region, the current is assumed to
spread from the trench bottom at a 45� angle. Since the mesa width is small, the
current paths will usually overlap as illustrated in the figure. Consequently, the area
for current transport varies for a portion of the drift region and then becomes uniform
for the rest of the drift region.

6.8.1 Source Contact Resistance

The contact to the N+ source region is made over a relatively small area in the
U-MOSFET structure because the size of the mesa region between the trenches must
be minimized in order to obtain the lowest possible specific on-resistance as dem-
onstrated later in this section. Further, the area for the contact is limited by the need
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Fig. 6.54 Power U-MOSFET structure with current flow model used for analysis of its internal
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to simultaneously contact the P-base region with the source electrode in order to
suppress the parasitic N-P-N bipolar transistor. During device fabrication, one edge
of the N+ source region is defined by the trench, while the other end of the N+ source
region is defined by using a photoresist boundary. The contact between the source
metal electrode and the N+ source region occurs only from this boundary to the edge
of the contact window which is defined by another photolithographic masking step.
Although the gate electrode is recessed below the semiconductor surface in the
U-MOSFET structure because it is imbedded inside the trench, the contact window
must still be displaced from the edges of the trenches to prevent gate-source short
circuits from occurring.

For computation of the contact resistance between the N+ source region and its
electrode, it is necessary to determine the contact area for the source region. The
contact area for the N+ source region is determined by the difference in width of the
contact window (WC) and the N+ source ion-implant window (WS). The contact
resistance to each of the N+ source regions within the power U-MOSFET cell
structure can be obtained by dividing the specific contact resistance (ρC), which is
determined by the work function of the contact metal and the doping concentration at
the surface of the N+ region as discussed in Chap. 2, with the contact area:

RCS ¼ 2ρC
Z WC �WSð Þ ð6:120Þ

where Z is the length of the cell in the orthogonal direction to the cross section shown
in the figure. The specific contact resistance for the source regions within the power
U-MOSFET structure can then be obtained by multiplying the source contact
resistance with the cell area (WCell�Z ) while recognizing that there are two source
regions within each cross section shown in the figure:

RCS,SP ¼ ρC
WCell

WC �WSð Þ ð6:121Þ

This expression indicates that the contact resistance to the N+ source regions can be
significantly enhanced when the design rules are reduced in order to shrink the size
of the mesa region. In this expression, the cell width is determined by the trench and
the mesa widths:

WCell ¼ WT þWM ð6:122Þ
In order to illustrate the amplification of the contact resistance to the source

region, consider a power U-MOSFET structural design with a trench width (WT)
of 1 μm, a mesa width (WM) of 4 μm, a source contact window width (WC) of 3 μm,
and a source boundary width (WS) of 2 μm. In this design, the width of the contact to
each of the N+ source regions is only 0.5 μm, while the cell width (WCell) is 5 μm.
Consequently, the contact resistance to the source gets amplified by a factor of
5 times. It is necessary to ensure that the specific contact resistance (ρC) is less than
1 � 10�5 Ω-cm2, by increasing the surface doping concentration of the N+ region
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above 5 � 1019 cm�3, to avoid a strong impact on the total on-resistance for the
power MOSFET structure. It is common practice to also use a low barrier height
contact metal such as titanium or titanium silicide to reduce the specific contact
resistance.

6.8.2 Source Region Resistance

From the N+ source region contact, the current must flow along the source region
until it reaches the channel. The resistance contributed by the source region is
determined by the sheet resistance of the N+ diffusion (ρSQNþ) and its length (LN+):

RNþ ¼ ρSQNþ
LNþ
Z

ð6:123Þ

The length of the N+ source region can be related to the windows shown in the figure
during the fabrication of the cell:

LNþ ¼ WM �WSð Þ
2

ð6:124Þ

The specific resistance contributed by the current flow through the N+ source region
is obtained by multiplying its resistance with the cell area and taking into account the
presence of two source regions within each cell:

RNþ,SP ¼ ρSQNþLNþWCell

2
ð6:125Þ

The specific resistance of the N+ source region is usually negligible in the power
U-MOSFET structure. In the case of the power U-MOSFET structure with cell pitch
of 5 μm, the length of the N+ source region is 1 μm. For a typical sheet resistance of
20 Ω/sq for the N+ source region with a junction depth of 1 μm, the specific
resistance contributed by current flow through the source region is only
0.0005 mΩ-cm2.

6.8.3 Channel Resistance

The power U-MOSFET structure shown in Fig. 6.54 contains channels formed on
both of the vertical sidewalls of the trench-gate structure. The resistance contributed
by each of the channels is given by:
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RCH ¼ LCH
ZμniCOX VG � VTHð Þ ð6:126Þ

where LCH is the channel length, μni is the inversion layer mobility, COX is the
specific capacitance of the gate oxide, VG is the gate bias voltage, and VTH is the
threshold voltage. In the case of the power U-MOSFET structure, the channel length
is defined by the difference in the depth of the P-base and N+ source junctions:

LCH ¼ xJP � xNþð Þ ð6:127Þ
where xJP is the junction depth of the P-base region and xN+ is the junction depth of
the N+ source region.

The specific on-resistance contributed by the channel in the power U-MOSFET
structure can be obtained from Eq. (6.126) by multiplying the cell resistance with the
cell area after accounting for the fact that there are two channels within each cross
section of the structure that feed the current from the source into the drift region:

RCH,SP ¼ LCHWCell

2μniCOX VG � VTHð Þ ð6:128Þ

For the power U-MOSFET structure with a cell width of 5 μm, the specific resistance
contributed by the channel at a gate bias of 10 V is 0.229 mΩ-cm2 if the channel
length is 1 μm and the gate oxide thickness is 500 Å. This is much smaller than the
channel contribution within the power VD-MOSFET structure. The reduction in the
specific on-resistance contributed by the channel in the U-MOSFET structure is due
to the increase in the channel density.

6.8.4 Accumulation Resistance

In the power U-MOSFET structure, the current flowing through the inversion
channel enters the drift region without encountering a JFET region. The current
spreads from the edge of the P-base junction (J1) along the surface of the trench due
to the formation of an accumulation layer because of the positive gate bias. It is then
distributed into the drift region. For an analytical treatment, it is convenient to first
calculate the resistance for current flow via the accumulation layer from the edge of
the P-base region to the center of the trench. This distance (LA) consists of a portion
along the vertical sidewalls of the trench and a portion along its bottom surface:

LA ¼ tT � xJPð Þ þ WT

2

� �
ð6:129Þ

The resistance of the accumulation layer between the edge of the P-base junction and
the center of the trench is then given by:
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RA ¼ LA
ZμnACOX VG � VTHð Þ ð6:130Þ

The specific on-resistance contributed by the accumulation layer in the power
U-MOSFET structure can be obtained from Eq. (6.130) by multiplying the above
resistance with the cell area after accounting for the fact that there are two accumu-
lation layer paths within each cross section of the structure that feed the current from
the two source regions into the drift region:

RA,SP ¼ KA
LAWCell

2μnACOX VG � VTHð Þ ð6:131Þ

In this equation, a coefficient KA has been introduced to account for the current
spreading from the accumulation layer into the drift region as was done for the
VD-MOSFET structure. A typical value for this coefficient is 0.6 based upon the
current flow observed from numerical simulations of power U-MOSFET structures.
The threshold voltage in the expression is for the onset of formation of the accumu-
lation layer. Although this has a lower value than the threshold voltage previously
derived for the formation of the inversion layer, it is convenient to use the same
threshold voltage when performing the analytical computations.

For the power U-MOSFET structure with a cell width of 5 μm, the specific
resistance contributed by the accumulation layer at a gate bias of 10 V is
0.055 mΩ-cm2 if the P-base junction depth (xJP) is 1.5 μm, the trench depth is
2 μm, and the gate oxide thickness is 500 Å. This value is an order of magnitude
smaller than that for the power VD-MOSFET structure because the accumulation
layer path (LA) is only 1 μm in size and the cell pitch is much smaller for the
U-MOSFET structure. In some power U-MOSFET structures, a thicker oxide is used
at the bottom of the trench to reduce the gate-drain capacitance. In these devices, the
accumulation layer resistance will be increased due to the smaller charge within the
layer.

6.8.5 Drift Region Resistance

The resistance contributed by the drift region in the power U-MOSFET structure is
greater than that for the ideal drift region discussed earlier in the chapter due to
current spreading from the trench surface into the drift region. The cross-sectional
area for the current flow in the drift region increases from the width a, which is the
width of the trench for the U-MOSFET structure, as illustrated in Fig. 6.54 by the
shaded area.

The resistance of the drift region developed in this section is based upon the
current flow pattern shown in Fig. 6.54. In this pattern, it is assumed that the cross-
sectional width (XD) for current flow increases at a 45� angle from the bottom of the
trench. It is also assumed that the width of the mesa region is sufficiently small when
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compared with the thickness of the drift region to allow the current flow paths to
merge when the current reaches the N+ substrate. The resistance of the drift region is
now determined by two portions: a first portion with a cross-sectional area that
increases with the depth and a second portion with a uniform cross-sectional area for
the current flow.

As illustrated in Fig. 6.54, the width of the cross-sectional area for the first portion
of the current path at a depth y below the JFET region is given by:

XD ¼ aþ 2yð Þ ð6:132Þ
The resistance of an elemental segment of thickness dy at this depth below the trench
bottom surface is then given by:

dRD ¼ ρDdy

ZXD
¼ ρDdy

Z aþ 2yð Þ ð6:133Þ

The resistance contributed by the first portion of the drift region can be obtained by
integration of the above elemental resistance over the limits y ¼ 0 and y ¼ (WM/2):

RD1 ¼ ρD
2Z

ln
aþWM

a


 �
¼ ρD

2Z
ln

WT þWM

WT


 �
ð6:134Þ

because a ¼WT. The resistance contributed by the second portion of the drift region
is determined by current flowing through a uniform cross-sectional width (WCell).
The distance (LD2, shown in Fig. 6.54) over which the cross-sectional area is uniform
is given by:

LD2 ¼ t þ xJP � tT �WM

2
ð6:135Þ

The resistance of this portion of the drift region is then given by:

RD2 ¼ ρD
ZWCell

t þ xJP � tT �WM

2

� �
ð6:136Þ

The specific on-resistance contributed by the drift region in the power U-MOSFET
structure can be obtained by multiplying the above two resistances with the cell area:

RD,SP ¼ ρDWCell

2
ln

WT þWM

WT


 �
þ ρD t þ xJP � tT �WM

2

� �
ð6:137Þ

Consider a power U-MOSFET structure constructed using a drift region with
doping concentration of 1 � 1016 cm�3 corresponding to a blocking voltage
capability of 50 V. For a cell width of 5 μm, the specific resistance contributed by
the drift region calculated by using the above model is 0.209 mΩ-cm2. This is 60%
smaller than the value for the power VD-MOSFET structure.
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6.8.6 N+ Substrate Resistance

When the current reaches the bottom of the N-drift region, it is very quickly
distributed throughout the heavily doped N+ substrate. The current flow through
the substrate can therefore be assumed to occur with a uniform cross-sectional area.
Under this assumption, the specific resistance contributed by the N+ substrate is
given by:

RSUB,SP ¼ ρSUBtSUB ð6:138Þ
where ρSUB and tSUB are the resistivity and thickness of the N+ substrate. When
processing the wafers used to manufacture powerMOSFET structures, it is necessary
to use a substrate with a thickness of 500 μm on which the thin (2–50 μm) epitaxial
drift region is grown in order to avoid breakage during handling of the wafers in the
processing equipment. The lowest available resistivity for a typical phosphorus-doped
silicon wafer is 0.003 Ω-cm. The specific resistance contributed by this wafer is
0.15 mΩ-cm2. This value makes a large contribution to the specific on-resistance in
a power U-MOSFET structure designed to support low (<50 V) voltages. With the
wafer thickness reduced to 200 μm after device fabrication, the specific resistance
contributed by the substrate can be reduced to 0.06 mΩ-cm2. It is therefore common
practice to reduce the thickness of the wafer just before the application of drain
electrode metal. In addition, special wafer doping techniques have evolved that
allow reduction of the resistivity of the N+ substrate to 0.001 Ω-cm range.

6.8.7 Drain Contact Resistance

Before entering the drain electrode, the current flows through the contact resistance
between the drain metal and the N+ substrate. Due to the uniform current flow at the
drain contact, its resistance is not amplified unlike in the case of the source contact. It
is therefore satisfactory to achieve a contact resistivity of 1 � 10�5 Ω-cm2. This can
be obtained by using a titanium contact layer, to achieve a low barrier height,
followed by a coating of nickel and silver. The nickel acts as a barrier between the
titanium and the silver. The silver layer is ideal for mounting the chips to the package
by using solders.

6.8.8 Total On-Resistance

The total specific on-resistance for the power U-MOSFET structure can be computed
by adding all the above seven components. For the case of the power U-MOSFET
structure designed with a cell pitch (WCell) of 5 μm to support 50 V, the total specific
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on-resistance is 0.613 mΩ-cm2. The contributions from each of the seven compo-
nents of the on-resistance are summarized in Fig. 6.55 together with their percentage
contributions. By comparing the numbers, it can be observed that the channel and
drift region resistance are the largest components. The ideal specific on-resistance for
a device capable of supporting 50 V obtained by using Eq. (6.2) is 0.105 mΩ-cm2.
Consequently, the specific on-resistance for this design of the power U-MOSFET
structure is six times larger than the ideal case, which is much better than that
achieved with the power VD-MOSFET structure. The specific on-resistance for
the U-MOSFET structure can be brought closer to the ideal value by using a smaller
mesa width as discussed in the next section.

Simulation Example
The results of two-dimensional numerical simulations on a structure designed with a
30 V rating are described here to validate the above model for the on-resistance of
the power U-MOSFET structure. The structure had a drift region thickness of 3 μm
with a doping concentration of 1.3 � 1016 cm�3 located below the P-base region.
The P-base region and N+ source regions have depths of 0.5 and 1.5 μm, respec-
tively, as shown in the doping profile in Fig. 6.56, leading to a channel length of
1 μm. The maximum compensated P-type doping concentration in the channel is
1.5 � 1017 cm�3. In conjunction with a gate oxide thickness of 500 Å, a threshold
voltage of 3.5 V was obtained for this doping concentration.

In order to analyze the current flow pattern in the power U-MOSFET structure,
the above device structure was turned on by the application of a gate bias of 10 V.
The on-state current flow pattern at a small drain bias of 0.1 V is shown in Fig. 6.57.
In the figure, the depletion layer boundary is shown by the dotted lines, and the
junction boundary is delineated by the dashed line. It can be observed that the current
flows from the channel and distributes into the drift region via the accumulation

Resistance Value
(mΩ-cm2)

Percentage
Contribution

Source Contact (RCS,SP) 0.05 8.2

Source (RN+,SP) 0.0005 0.0

Channel (RCH,SP) 0.229 37.4

Accumulation (RA,SP) 0.055 9.0

Drift (RD,SP) 0.209 34.1

Substrate (RSUB,SP) 0.06 9.8

Drain Contact (RDS,SP) 0.01 1.6

Total (RT,SP) 0.613 100

Fig. 6.55 On-resistance components within the 50 V power U-MOSFET structure with 5 μm cell
pitch
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layer. The current spreading occurs from both the trench sidewall and the trench
bottom. The current flow becomes uniform at a depth of 4 μm. This corresponds to a
45� spreading angle which is in agreement with the model developed for the specific
on-resistance of the drift region.

A threshold voltage of 3.5 V was extracted from the transfer characteristics at a
drain bias of 0.1 V. The total specific on-resistance obtained from the numerical
simulations for the above power U-MOSFET structure was 0.35 mΩ-cm2 at a gate
bias of 10 V. The channel and accumulation layer mobility were extracted by
simulation of a long channel lateral MOSFET structure with the same gate oxide
thickness. The inversion layer mobility was found to be 450 cm2/V-s while that for
the accumulation layer was found to be 1000 cm2/V-s at a gate bias of 10 V. When
these values were used in the analytical model with the dimensions and doping
concentrations for this U-MOSFET structure, the calculated value for the specific
on-resistance is 0.39 mΩ-cm2 at a gate bias of 10 V. This confirms the validity of the
model with a 45� spreading angle for the current flow in the drift region.

6.9 Power U-MOSFET Cell Optimization

It was demonstrated in the previous section that the channel and drift region
resistance contributions are the dominant components in the power U-MOSFET
structure. These components can be reduced by decreasing the width of the mesa
region. However, a reduction of the mesa width is inhibited by the placement of the
contact to the P-base region at the center of the mesa. This problem can be resolved
by locating the contact at selected locations orthogonal to the cross section of the
structure.

6.9.1 Orthogonal P-Base Contact Structure

The width of the mesa region in the power U-MOSFET structure can be significantly
reduced in size if the contact to the P-base region is located at selective positions
orthogonal to the cross section. This design approach is illustrated in Fig. 6.58 with a
three-dimensional view of a unit cell. Since no space is occupied by the P-base
contact in the mesa portion of the cross section, the mesa size can be reduced to the
minimum value allowed by the design rules and process technology for etching the
trenches. In comparison to the power U-MOSFET structure discussed in the previ-
ous section with a cell pitch (WCell) of 5 μm, the cell structure in Fig. 6.58 can be
designed with a cell pitch (WCell) of just 2 μm. This provides an increase in the
channel density by a factor of 2.5 times resulting in a smaller specific on-resistance.

The implementation of the cell structure shown in Fig. 6.58 requires selection of
the distance between the contacts to the P-base region along the device fingers. It is
necessary to interrupt the N+ source regions at the contacts to the P-base region. On
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the one hand, this can reduce the channel width (Z ) if the distance (ZN+) between the
contacts to the P-base region is made small. On the other hand, if the distance (ZN+)
between the contacts to the P-base region is made very large, the parasitic
bipolar transistor within the power U-MOSFET structure can get triggered under
dynamic switching conditions due to the large P-base resistance. A design with a
ratio (ZN+/ZP) of 10 provides an adequate design compromise.

For the case of the 50-V power U-MOSFET structure with a cell pitch (WCell) of
2 μm, the total specific on-resistance obtained by adding the seven components is
0.297 mΩ-cm2. The contributions from each of the seven components of the
on-resistance are summarized in Fig. 6.59 together with their percentage contribu-
tions. By comparing the numbers, it can be observed that the channel and drift region
resistance are significantly reduced but are still the largest components. The ideal
specific on-resistance for a device capable of supporting 50 V obtained by using
Eq. (6.2) is 0.105 mΩ-cm2. Consequently, the specific on-resistance for this design
of the power U-MOSFET structure is only three times larger than the ideal case. It is
worth pointing out that the substrate contribution is significant in this design but can
be reduced with wafer thinning technology.

Simulation Example
The results of two-dimensional numerical simulations on a structure with cell pitch
of 2 μm designed with a 30 V rating are described here to further validate the model
for the on-resistance of the power U-MOSFET structure. The structure had a drift
region thickness of 3 μm with a doping concentration of 1.3 � 1016 cm�3 located
below the P-base region. The P-base region and N+ source regions have depths of 0.5
and 1.5 μm, respectively, as shown in the doping profile in Fig. 6.56, leading to a
channel length of 1 μm. The maximum compensated P-type doping concentration in

N-Drift
Region

P-Base

Drain

Short

N+
Substrate

Source

Gate
N+

Fig. 6.58 Power
U-MOSFET cell structure
with P-base contact placed
orthogonal to the cross
section
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the channel is 1.5� 1017 cm�3. In conjunction with a gate oxide thickness of 500 Å,
a threshold voltage of 3.5 V was obtained for this doping concentration.

The above device structure was turned on by the application of a gate bias of 10 V
to analyze the current flow pattern in the power U-MOSFET structure with the
narrow mesa width. The on-state current flow pattern at a small drain bias of 0.1 V is
shown in Fig. 6.60. In the figure, the depletion layer boundary is shown by the dotted
lines, and the junction boundary is delineated by the dashed line. It can be observed
that the current flows from the channel and distributes into the drift region via the
accumulation layer. The current spreading occurs from both the trench sidewall and
the trench bottom. The current flow becomes uniform at a depth of 3 μm. This
corresponds to a 45� spreading angle which is in agreement with the model devel-
oped for the specific on-resistance of the drift region.

The total specific on-resistance obtained from the numerical simulations for the
above power U-MOSFET structure was 0.22mΩ-cm2 at a gate bias of 10 V. Using an
inversion and accumulation layer mobility of 450 cm2/V-s and 1000 cm2/V-s,
respectively, in the analytical model with the dimensions and doping concentrations
for this U-MOSFET structure, the calculated value for the specific on-resistance is
0.21 mΩ-cm2 at a gate bias of 10 V. This provides further confirmation of the validity
of the model with a 45� spreading angle for the current flow in the drift region.

6.9.2 Impact of Breakdown Voltage

The breakdown voltage capability for the power U-MOSFET structure can be
increased by using a higher resistivity drift region with a larger thickness. Conse-
quently, the resistance contributed by the drift region increases with increasing

Resistance Value
(mΩ-cm2)

Percentage
Contribution

0.02 6.7

0.0005 0

0.092 31.0

0.022 7.3

0.094 31.5

0.06 20.1

0.01 3.4

0.297 100

Source Contact (RCS,SP)

Source (RN+,SP)

Channel (RCH,SP)

Accumulation (RA,SP)

Drift (RD,SP)

Substrate (RSUB,SP)

Drain Contact (RDS,SP)

Total (RT,SP)

Fig. 6.59 On-resistance components within the 50 V power U-MOSFET structure with 2 μm cell
pitch
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breakdown voltage. The analytical model developed in the previous section can be
utilized to analyze the specific on-resistance for this structure for each case. In
the power U-MOSFET structure with a cell pitch (WCell) of 2 μm, the sum of the
contributions from all the components, with the exception of the drift region
resistance, is only 0.203 mΩ-cm2. Consequently, the total specific on-resistance
for the power U-MOSFET structure approaches the ideal specific on-resistance at
high breakdown voltages.

The specific on-resistance for the power U-MOSFET structure calculated by
using the above model for the internal resistances is shown in Fig. 6.61 together
with the ideal specific on-resistance. The calculated specific on-resistance by using
Model A for the power VD-MOSFET structure is included in this figure for
comparison. For a 30-V power U-MOSFET device, the specific on-resistance is an
order to magnitude lower than for the power VD-MOSFET structure. This value is
still about an order to magnitude greater than the ideal specific on-resistance because
of the substantial contribution from the N+ substrate.

In the above figure, a modified specific on-resistance plot is provided (see green
line) after account for an edge termination with 80% of the parallel-plane breakdown
voltage. It can be observed that the specific on-resistance for the power U-MOSFET
structure is very close to the modified ideal specific on-resistance for blocking
voltages above 100 V. It can therefore be concluded that further improvements in
the performance of high-voltage power U-MOSFET devices can be obtained by
improving the edge termination design.
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It is common practice in the industry to use the planar U-MOSFET architecture
for devices with low blocking voltage ratings because of the much lower specific
on-resistance when compared with the power VD-MOSFET structure. However, this
structure is not as rugged as the power VD-MOSFET structure under adverse
operating conditions such as switching inductive loads with the simultaneous pres-
ence of high voltage and current.

6.9.3 Ruggedness Improvement

The ruggedness of the power U-MOSFET structure has been found to be inferior to
that of the planar VD-MOSFET structure. The primary reason for the failure of
power U-MOSFET devices, under inductive load switching operation, has been
found to be the enhanced electric field generated at the sharp corners of the trenches.
This problem can be overcome by rounding the bottom of the trenches as illustrated
in Fig. 6.62.

A further enhancement in the ruggedness of the power U-MOSFET structure can
be obtained by the inclusion of a deep P+ region as illustrated in Fig. 6.63. The
presence of the P+ regions reduces the electric field at the trench corners. However, it
is important to restrict the P+ regions away from the trench sidewalls to prevent a
drastic increase in the threshold voltage. Since these P+ regions must be formed with
additional masking steps within the mesa region and their depth must exceed that of
the P-base region to provide the benefit of reducing the electric field at the trench
corners, the mesa width for this structure becomes substantially larger. For a 1-μm-

Fig. 6.61 Specific on-resistance of the power U-MOSFET linear cell structure

6.9 Power U-MOSFET Cell Optimization 377



wide ion-implant window for the P+ regions, the mesa width must be enlarged to
5 μm to accommodate a diffusion depth of 2 μm which matches the trench depth.
This makes the cell pitch larger which increases the contribution to the on-resistance
from the channel. In addition, it has been reported that these deep regions can
produce a JFET effect in the U-MOSFET structure when their depth becomes
comparable to the trench depth [16].

6.10 Square-Law Transfer Characteristics

Current flow between the source and drain electrodes can occur through the power
MOSFET structure when the gate bias exceeds the threshold voltage. For a constant
drain bias voltage in excess of the pinch-off voltage for the channel, the saturated

N-Drift Region

Drain

Source

N+ Substrate

N+
P-BaseGate

J1

J2P-Base
N+

Fig. 6.62 Power
U-MOSFET structure with
rounded trench bottom
surface

N-Drift Region

Drain

Source

N+ Substrate

GateP-Base

P+

N+

Fig. 6.63 Power
U-MOSFET structure with
deep P+ regions

378 6 Power MOSFETs



drain current (ID,sat) is related to the gate voltage by Eq. (6.49) derived for the lateral
MOSFET structure. When applied to the power MOSFET structure, the drain current
per unit area is given by:

JD,sat ¼ 2ID,sat
WCellZ

¼ μniCOX

WCellLCH
VG � VTHð Þ2 ð6:139Þ

The presence of two channels per unit cell of width WCell in the power U-MOSFET
structure has been accounted for while writing this equation. From this expression,
the drain current density increases as the square of the gate bias voltage. This
behavior is illustrated in Fig. 6.64 for a case of the power VD-MOSFET structure
with cell pitch (WCell) of 20 μm and the power U-MOSFET structure with cell pitch
of 2 μm discussed in the previous sections. These device structures have a channel
length of 1 μm, gate oxide thickness of 500 Å, and a threshold voltage of 2 V. The
inversion layer mobility was assumed to be 200 cm2/V-s. A much larger drain
current density is obtained for the power U-MOSFET structure because its channel
density is an order of magnitude larger than that of the power VD-MOSFET
structure.

The transconductance for the power MOSFET structure can be derived from
Eq. (6.139):

Fig. 6.64 Transfer characteristics for the power VD-MOSFET and U-MOSFET structures
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gm,SP ¼ dJD,sat
dVG

¼ 2μniCOX

WCellLCH
VG � VTHð Þ ð6:140Þ

The transconductance increases in proportion to the gate bias voltage once it exceeds
the threshold voltage. A much larger transconductance is obtained for the power
U-MOSFET structure, as shown in Fig. 6.65, when compared with the power
VD-MOSFET structure due to its larger channel density.

The square-law relationship between the drain current and the gate bias voltage is
a consequence of the channel pinch-off physics discussed in Sect. 6.5.5. This
behavior introduces a fundamental nonlinearity between the input signal (gate
voltage) and the output signal (drain current) if the power MOSFET structure is
used for audio or RF amplifiers [17]. The distortion of the signal is schematically
illustrated in Fig. 6.66. In an amplifier, the transistor is biased at a quiescent
operating point decided by the DC gate bias voltage (VGQ) which produces a
quiescent DC drain current (IDQ). The superposition of the AC input signal voltage
swings the gate voltage from a minimum value of VGmin to a maximum value of
VGmax. Due to the nonlinear transfer characteristics exhibited by the power MOSFET
structure operating under channel pinch-off conditions, the drain current exhibits a
much larger excursion when the gate voltage swings above the DC gate bias voltage
than when it swings below the DC gate bias voltage. The distortion in the drain
current produced by the nonlinear transfer characteristics creates harmonic signals.
In the case of audio applications, these harmonics alter the musical experience of
consumers. In the case of RF cellular applications, the harmonics must be suppressed

Fig. 6.65 Transconductance for the power VD-MOSFET and U-MOSFET structures
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with expensive linearization circuitry to prevent broadcasting into adjacent channels
in the cellular network [13].

Simulation Example
The results of two-dimensional numerical simulations on a structure with cell pitch
of 20 μm designed with a 30 V rating are described here to confirm the square-law
model for the transfer characteristics of the power VD-MOSFET structure. The
structure had a drift region thickness of 3 μm with a doping concentration of
1.3 � 1016 cm�3 located below the P-base region. The P-base region and N+ source
regions have depths of 3 and 1 μm, respectively. The doping concentration in the
JFET region was enhanced by using an additional N-type doping concentration of
1 � 1016 cm�3 with a depth of 3 μm. The lateral doping profile for this structure
taken along the surface under the gate electrode was previously shown in Fig. 6.44.
From the profile, it can be observed that the doping concentration of the JFET region
has been increased to 2.1� 1016 cm�3 due to the additional doping. This reduced the
lateral extension of the P-base region to 2.4 μmwhen compared to a vertical depth of
3 μm. The N+ source region has a lateral depth of 0.8 μm leading to a channel length
of 1.6 μm. The maximum compensated P-type doping concentration in the channel is
1.5 � 1017 cm�3. In conjunction with a gate oxide thickness of 500 Å, a threshold
voltage of 3.8 V was obtained for this doping concentration as shown in the transfer
characteristics in Fig. 6.67.

The transfer characteristics observed from the numerical simulations display a
nonlinear behavior. In order to determine if this is consistent with a square-law
behavior predicted by the analytical model, the figure shows points calculated by
using the model with a channel inversion layer mobility of 450 cm2/V-s. It can be
seen that the square-law model is an accurate representation of the characteristics
obtained from the simulations at gate bias voltages near the threshold voltage. At

Fig. 6.66 Signal distortion created by the power MOSFET structure operating with channel pinch-
off physics
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high gate bias voltages, the drain current obtained by using the analytical square-law
model is larger than those observed from the simulations. This difference is related to
the decrease in the inversion layer mobility with increasing electric field normal to
the surface (see Fig. 2.18) which is neglected in the analytical model.

6.11 Superlinear Transfer Characteristics

The well-accepted theory for current saturation in power MOSFET structures, based
up on channel pinch-off, leads to a square-law relationship between the drain current
and gate voltage. This is detrimental for audio and RF amplification because the
nonlinearity introduces undesired harmonics at the output of power amplifiers. This
section describes a new mode of operation that has been recently discovered [18] for
MOSFETs that enables obtaining linear transfer characteristics. The physics of
superlinear operation is described in this section. The design of silicon RF power
MOSFET structures capable of exhibiting this new mode of operation is described
elsewhere [13].

The superlinear mode of operation is based up on maintaining the MOS channel
of the MOSFET in the linear regime of operation while achieving current saturation
by utilizing the saturated velocity-field curve for semiconductors. It is worth pointing
out that this new mode of operation is distinct from the linear transfer characteristics
reported for submicron transistors when the electrons in the inversion layer undergo
velocity saturation [19]. In the case of these submicron transistors, the velocity

D
ra

in
 C

ur
re

nt
 D

en
si

ty
 (1

04  A
/c

m
2 )

Drain Bias = 10 Volts

0
0 2 4 6 8 10

Gate Bias Voltage (Volts)

1

2

Analytical Model

Fig. 6.67 Transfer
characteristics for the
VD-MOSFET structure with
20 μm cell pitch

382 6 Power MOSFETs



saturation for electrons in the channel occurs only if the drain voltage is sufficiently
high to push the longitudinal electric field in the channel above 5 � 104 V/cm. At
these high electric fields, the onset of impact ionization creates “hot electrons” at the
vicinity of the gate oxide. These hot electrons can add charge in the gate oxide
resulting in undesirable shifts in the threshold voltage. Further, a submicron channel
length cannot support the high voltages (>30 V) that are necessary for power
transistors designed for audio and RF base station applications.

As shown in the Sect. 6.5.5, when the MOSFET operates in the linear region, the
transfer characteristics become linear (see Eq. 6.46), and the transconductance
becomes constant, independent of the gate bias (see Eq. 6.48). This requires
maintaining the voltage of the channel well below the gate bias voltage [or more
accurately well below (VG � VTH)]. Of course, the challenge is to simultaneously
obtain current saturation under these operating conditions. This can be achieved by
utilizing the saturated velocity-field curve for semiconductors (See Fig. 2.13).

The velocity of electrons in silicon increases linearly with increasing electric field
at low electric fields. In this regime of operation, it is possible to define an electron
mobility that is a function of the doping concentration and the temperature as
discussed in Chap. 2. However, at higher electric fields, the mobility reduces due
to optical phonon scattering. Eventually, when the electric field exceeds 5 � 104 V/
cm, the electron velocity becomes constant independent of the electric field. This is
known as the saturated electron drift velocity (vsat,n). For silicon at room temperature
(300 K), the saturated electron drift velocity is 1 � 107 cm/s.

Based upon using innovative device structures [13], it is possible to shield the
MOS channel from the drain voltage to maintain it in the linear region while
simultaneously increasing the electric field in the drift region so that the electron
velocity undergoes saturation. Under these conditions, the charge in the channel
inversion layer is given by:

Qinv ¼ Cox VG � VTð Þ ð6:141Þ
where Cox is the capacitance per unit area of the gate MOS structure, VG is the
applied gate bias, and VTH is the threshold voltage. The gate oxide capacitance per
unit area (specific gate capacitance) is given by:

Cox ¼ εox
tox

� �
ð6:142Þ

where εox is the dielectric constant for silicon dioxide (3.41 � 10�13 F/cm) and tox is
the gate oxide thickness. This inversion layer charge is injected into the drift region
producing the drain current:

ID,sat ¼ Qinvvsat, nZ ð6:143Þ
where Z is the width of the channel. Combining Eqs. (6.141) and (6.143):
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ID,sat ¼ Cox VG � VTð Þvsat, nZ ¼ εox
tox

VG � VTð Þvsat, nZ ð6:144Þ

According to this equation, the transfer characteristic of the MOSFET is linear in
spite of the device being operated in the current saturation regime. The
corresponding transconductance is given by:

gm ¼ Coxvsat, nZ ¼ εox
tox

vsat, nZ ð6:145Þ

indicating that the transconductance is independent of the gate bias. This results in an
ideal linear transfer characteristic that is highly desirable for amplification of audio
and RF signals.

A more complete description of the drain current-voltage relationship can be
derived by taking into account the electron velocity-field curve. As mentioned
above, the drain current is determined by the electrons injected from the inversion
layer (MOS channel) unto the drift region. If the drain voltage is insufficient to
transport them at the saturated drift velocity through the drift region, the drain
current is determined by the electron velocity (vn) corresponding to the electric
field in the drift region:

ID ¼ QinvvnZ ð6:146Þ
Combining Eqs. (6.141) and (6.146):

ID ¼ Cox VG � VTð ÞvnZ ¼ εox
tox

VG � VTð ÞvnZ ð6:147Þ

with the electron velocity related to the electric field in the drift region [20] by:

vn ¼ 107 � E
105 þ E1:3
� �0:77 ð6:148Þ

where the electric field (E) in the drift region is determined by the drain bias (VD) and
the length (LD) of the drift region:

E ¼ VD

LD
ð6:149Þ

under the assumption that the electric field is uniform in the drift region. In the case
of uniformly doped drift regions in conventional vertical power MOSFET structures,
such as the one shown in Fig. 6.3, the electric field is not uniform across the drift
region. However, for the devices which are based up on the charge-coupling concept
[13, 18], the electric field indeed becomes uniform in the drift region. This expres-
sion is then valid for analytical calculations of their drain current-voltage
relationship.
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Combining Eqs. (6.147) and (6.148):

ID ¼ εox
tox

VG � VTð Þ 107 � E
105 þ E1:3
� �0:77
" #

Z ð6:150Þ

Using this equation, the output characteristics of the superlinear MOSFET structure
can be analytically modeled using appropriate physical parameters. Since the drain
resistance is dominant for the superlinear MOSFET structures, this equation models
the device characteristics to high operating voltages.

As an example of a superlinear MOSFET structure, consider the case of a gate
oxide thickness of 500 Å and a channel length of 1 μm. The output characteristics
predicted for gate bias values ranging from 3 to 10 V are shown in Fig. 6.68 for a
device with a threshold voltage of 2 V. Note that the drain current has been
calculated for a device with a width (Z ) of 1 mm. In contrast with the conventional
MOSFET characteristics, it can be observed that the curves are equally spaced with
increasing gate bias steps. The boundary for the transition from a resistive current-
voltage relationship at low drain voltages to a high output resistance domain at large
drain voltages is not as well defined as for the channel pinch-off model. This is due to
a monotonic variation of the electron drift velocity with increasing drain bias.

An approximate boundary between these zones of operation can be created by
defining the transition to occur when the drift velocity becomes 80% of the saturated
drift velocity. Using this definition, the boundary has been indicated in Fig. 6.68 with
a dashed line marked VD,sat. Since the velocity-field curve is independent of the drain
current (and hence the gate voltage), the transition voltage (VD,sat) is also observed to

Fig. 6.68 Output characteristics of a superlinear MOSFET structure
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be independent of the gate bias voltage. This is in contrast to an increase in the
transition drain voltage with increasing gate bias for the conventional MOSFET
structures as indicated by the dashed line in Fig. 6.37. For a device designed to
support 80 V using a drift length of 3.5 μm, the value for VD,sat is about 6 V. This is
satisfactory for allowing large drain voltage excursions enabling delivery of high
output power in amplifiers.

From the above figure, it is obvious that the drain current increases linearly with
increasing gate voltage. The transconductance of the superlinear MOSFET structure
can be derived from Eq. (6.150):

gm ¼ dID
dVG

¼ εox
tox

107 � E
105 þ E1:3
� �0:77
" #

Z ð6:151Þ

As indicated by this expression, the transconductance is independent of the gate
voltage. This behavior is illustrated for the superlinear MOSFET structure in
Fig. 6.69. The impact of reducing the gate oxide from 500 to 250 Å is provided in
the figure. The transconductance for the superlinear MOSFET structure is compa-
rable in magnitude to that for the conventional device.

Power MOSFET structures with superlinear characteristics have been developed
for RF cellular base station applications [13]. These devices have been shown to
provide an order of magnitude improvement in the distortion of the signals. This
improvement is sufficient for the elimination of the feed-forward circuitry required
with the power LD-MOSFET structures.
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6.12 Output Characteristics

The output characteristics for the lateral n-channel MOSFET structure were derived
in Sect. 6.5.5. In the case of the power MOSFET structures, the characteristics are
modified at low drain bias voltages by the addition of all the internal resistance to the
channel resistance contribution. In addition, the drain current is observed to increase
slightly with increasing drain bias voltage even after the onset of channel pinch-off
as illustrated in Fig. 6.70 for a power VD-MOSFET structure. The structure was
assumed to have a channel length of 1 μm, cell pitch of 20 μm, and a gate oxide
thickness of 500 Å. A channel mobility of 200 cm2/V-s was used with a threshold
voltage of 2 V. Power MOSFET structures exhibit a finite output resistance after
drain current saturation by channel pinch-off.

The slight increase in the drain current with increasing drain voltage beyond
channel pinch-off is associated with a reduction of the channel length with increas-
ing drain bias as was illustrated in the figures in Sect. 6.5.5. The reduction of the
channel length with increasing drain bias can be modeled as an extension of the
depletion region into the channel from the drain side:

ΔLCH ¼ KO

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSVD

q

ND

NA NA þ NDð Þ

 �s

ð6:152Þ

where NA and ND are the doping concentrations in the P-base and N-drift regions.
The parameter KO has been introduced to account for the shielding of the channel
potential by the JFET region.

Fig. 6.70 Output characteristics of a power VD-MOSFET structure with finite output resistance
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After taking into account the depletion of the P-base region, the saturated drain
current for the power MOSFET structure is given by:

ID,sat ¼ ZμniCOX

LCH � ΔLCHð Þ VG � VTHð Þ2 ð6:153Þ

The presence of two channels in each cross-sectional cell pitch (WCell) has been
accounted for when deriving this expression from Eq. (6.49). The saturated current
density in the power MOSFET structure can be obtained by dividing the above
current by the cell area:

JD,sat ¼ μniCOX

WCell LCH � ΔLCHð Þ VG � VTHð Þ2 ð6:154Þ

The specific output resistance can be obtained by taking the first derivative of the
drain current density in relation to the drain voltage:

1
RO,SP

¼ dJD,sat
dVD

¼ μniCOX VG � VTHð Þ2
WCell

d

dVD

1

LCH � b
ffiffiffiffiffiffi
VD

p
� �

ð6:155Þ

where

b ¼ KO

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εS
q

ND

NA NA þ NDð Þ

 �s

ð6:156Þ

From these equations, an expression for the specific output resistance can be derived:

RO,SP ¼ WCell

μniCOX VG � VTHð Þ2 b
ffiffiffiffiffiffi
VD

p LCH
b

� VD

� �2

ð6:157Þ

The above expression is based upon assuming an abrupt junction with uniform
doping concentrations on both sides. In practical devices, a graded doping profile is
produced due to the diffusion of the P-base region into the N-drift region as
illustrated in Fig. 6.8. The compensation at the junction greatly reduces the doping
concentration in the vicinity of the junction resulting in a depletion region extension
into the P-base region at low drain bias voltages below the channel pinch-off voltage.
This phenomenon shrinks the effective channel length well below that shown in
Fig. 6.44 as LCH, namely, the difference in the lateral junction depths of the P-base
and N+ source regions. The smaller effective channel length increases the
transconductance of the power MOSFET structures. Fortunately, as the drain bias
increases, the depletion of the P-base region is suppressed by its increasing doping
concentration away from the P-base/N-drift junction. This phenomenon produces
output characteristics with a large output resistance.
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Simulation Example
The output characteristics of a power VD-MOSFET structure obtained by using
two-dimensional numerical simulations are described here. The structure was
designed with a 30 V rating with cell pitch of 20 μm. It had a drift region thickness
of 3 μm with a doping concentration of 1.3 � 1016 cm�3 located below the P-base
region. The P-base region and N+ source regions had vertical depths of 3 and 1 μm,
respectively. The doping concentration in the JFET region was enhanced by using an
additional N-type doping concentration of 1 � 1016 cm�3 with a depth of 3 μm. The
lateral doping profile for this structure taken along the surface under the gate
electrode was previously shown in Fig. 6.44. From the profile, it can be observed
that the doping concentration of the JFET region has been increased to 2.1� 1016 cm
�3 due to the additional doping. This reduced the lateral extension of the P-base
region to 2.4 μm when compared to a vertical depth of 3 μm. The N+ source region
has a lateral depth of 0.8 μm leading to a channel length of 1.6 μm. The maximum
compensated P-type doping concentration in the channel is 1.5 � 1017 cm�3. In
conjunction with a gate oxide thickness of 500 Å, a threshold voltage of 3.8 V was
obtained for this doping concentration as shown previously in the transfer charac-
teristics in Fig. 6.67.

The output characteristics of the power VD-MOSFET obtained using the simu-
lations are shown in Fig. 6.71. The structure exhibits excellent current saturation
with flat output characteristics. The traces for increasing gate bias voltages are
nonuniformly spaced due to the square-law behavior of the transfer characteristics.
The saturated drain current at a gate bias of 7 V is 730 A/cm2. The saturated drain
current predicted by using analytical model based up on channel pinch-off physics
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with a channel length of 1.6 μm is 980 A/cm2. Using the data extracted from the
numerical simulations, a specific output resistance of 4.2 Ω-cm2 was computed for
this structure at a gate bias of 7 V. This value is 2600 times larger than the specific
on-resistance for the structure. The specific output resistance computed by using the
analytical model matches the simulations if a channel length of 1.6 μm is used with
parameter KO set at 0.11.

The output characteristics of the power U-MOSFET obtained using the simu-
lations are shown in Fig. 6.72. This structure also exhibits excellent current
saturation with flat output characteristics. The traces for increasing gate bias
voltages are nonuniformly spaced due to the square-law behavior of the transfer
characteristics. The current density is larger by an order of magnitude when
compared with the power VD-MOSFET structure because of the smaller cell
pitch and channel length. The saturated drain current at a gate bias of 6 V is
9400 A/cm2. The saturated drain current predicted by using the analytical model
based up on channel pinch-off physics with a channel length of 1.0 μm is 10,500 A/
cm2. Using the data extracted from the numerical simulations, a specific output
resistance of 0.255 Ω-cm2 was computed for this structure at a gate bias of 6 V.
This value is 1160 times larger than the specific on-resistance for the structure. The
specific output resistance computed by using the analytical model matches the
simulations if a channel length of 1.0 μm is used with parameter KO set at 0.11. It
can, therefore, be concluded that the same value for KO can be utilized for
modeling both power MOSFET structures.
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6.13 Device Capacitances

The on-state current flow in a power MOSFET structure occurs by unipolar trans-
port, namely, only electrons are involved for an n-channel device. The absence of
minority carrier injection allows interruption of the current flow immediately after
reduction of the gate bias below the threshold voltage. The process by which the
majority carrier density is returned to equilibrium in a semiconductor [10] is referred
to as the dielectric relaxation time. The dielectric relaxation time is given by:

τd ¼ εS
σS

ð6:158Þ

where σS is the conductivity of the semiconductor. For typical doping concentrations
in the drift regions of silicon power MOSFET structures, the dielectric relaxation
time is on the order of picoseconds. Although this implies a very fast switching
speed for the power MOSFET structures, in practice the switching speed is limited
by the device capacitances.

The input drive signal for a power MOSFET structure is applied to the gate
electrode, which is a part of a MOS sandwich. The MOS sandwich comprises a
significant capacitance due to the small thickness of the gate oxide. The rate at which
the power MOSFET structure can be switched between the on- and off-states is
determined by the rate at which the input capacitance can be charged or discharged.
In addition, the capacitance between the drain and the gate electrodes has been found
to play an important role in determining the drain current and voltage transitions
during the switching event. These capacitances are analyzed in this section for the
power VD-MOSFET and U-MOSFET structures.

6.13.1 Basic MOS Capacitance

In an n-channel power MOSFET structure, the inversion layer channel is formed
over the surface of a P-type base region. An elemental portion of the gate structure in
the P-base region is shown in Fig. 6.73a when a negative gate bias is applied to the
gate electrode and in Fig. 6.73b when a positive gate bias is applied to the gate
electrode. When a negative bias is applied to the gate electrode, mobile holes are
attracted from the bulk toward the oxide-semiconductor interface as illustrated in
Fig. 6.73a to form an accumulation layer. As majority carriers in the P-base region,
the holes can respond to an AC signal superposed on the negative DC voltage
applied to the gate electrode. Consequently, the capacitance for the MOS structure
becomes equal to that of the gate oxide under accumulation conditions:
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CACCUM ¼ COX ¼ εOX
tOX

ð6:159Þ

where COX is the specific capacitance of the gate oxide.
When a positive bias is applied to the gate electrode, a depletion region first forms

in the P-type semiconductor region as illustrated in Fig. 6.73b. The charge associated
with the ionized acceptors in the depletion region is indicated by the square boxes in
the figure. The application of an AC signal superposed on the positive DC voltage
applied to the gate electrode produces a response only from the P-base region located
at the edge of the depletion layer because there are no mobile charges within the
depletion region. Consequently, the capacitance for the MOS structure becomes
equal to that of the series combination of the gate oxide capacitance and the
depletion layer capacitance within the semiconductor. Under depletion mode
operation:

1
CDEPL

¼ 1
COX

þ 1
CS

ð6:160Þ

where CS is the specific capacitance of the semiconductor depletion region.
When the positive bias applied to the gate electrode is increased, eventually an

inversion layer forms at the oxide-semiconductor interface. This is illustrated in
Fig. 6.73b by the mobile electrons located just below the oxide. Once the inversion
layer forms, any further increase in the DC voltage applied to the gate electrode is
supported across the gate oxide as discussed in Sect. 6.5.3. Consequently, the
thickness of the depletion region reaches a maximum value. Despite the creation
of a layer of mobile electrons at the oxide-semiconductor interface, the application of
an AC signal superposed on the positive DC voltage applied to the gate electrode
produces a response only from the P-base region located at the edge of the depletion
layer. Any variation in the charge in the inversion layer must be produced by the
carrier generation process. The space-charge generation lifetime in silicon is usually
far larger than the period of the high-frequency (typically 1 MHz) AC signal used to
measure the gate capacitance. Consequently, the charge in the inversion layer cannot
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respond to the AC signal applied to the gate electrode, and the capacitance for the
MOS structure becomes equal to that of the series combination of the gate oxide
capacitance and the depletion layer capacitance within the semiconductor. Under
inversion-mode operation:

1
CINV

¼ 1
COX

þ 1
CSMIN

ð6:161Þ

where CSMIN is the minimum specific capacitance of the semiconductor
corresponding to the maximum depletion region width.

The capacitance associated with the depletion region formed in the semiconduc-
tor can be derived from the space charge in the semiconductor, which was analyzed
in Sect. 6.5.2:

CS ¼ dQS

dψS
ð6:162Þ

where ψS is the semiconductor surface potential. Using Eq. (6.21) for the semicon-
ductor charge:

CS ¼
εS 1� e� qψS=kTð Þ þ nP0=pP0ð Þ e qψS=kTð Þ � 1

� �� �
ffiffiffi
2

p
LDF qψS=kT; nP0=pP0ð Þ ð6:163Þ

The variation of the capacitance of the MOS structure with gate bias in accor-
dance with the above equations is illustrated in Fig. 6.74 by the green line. The
capacitance asymptotes to that of the gate oxide when a negative gate bias is applied.
When a positive gate bias is applied, the capacitance reduces due to the formation of
the depletion region in the semiconductor. The capacitance asymptotes to its mini-
mum value once the depletion region width reaches its maximum value.
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Fig. 6.74 Capacitance variation for a basic MOS structure with P-type substrate
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However, this behavior is not observed in power MOSFET structures. In the
power MOSFET structure, the inversion layer charge can be supplied from the N+

source region circumventing the slow minority carrier generation process. Conse-
quently, at large positive gate bias voltages, the capacitance asymptotes to that of the
gate oxide as shown by the red line in Fig. 6.74. Consequently, the input capacitance
of the power MOSFET structure can be computed by using the oxide capacitance
after accounting for the gate geometry. Furthermore, a deep depletion region forms
in the drift region under the gate oxide due to the presence of the adjacent junction
that sweeps out the minority carriers. Consequently, the capacitance between the
gate and the drain electrodes must be computed by taking this effect into account.

6.13.2 Power VD-MOSFET Structure Capacitances

The capacitances within the power VD-MOSFET structure can be determined by
using the analysis in the previous section in conjunction with the geometry of the
device structure. The capacitances that are pertinent for analyzing the switching
performance of the power VD-MOSFET structure are indicated in Fig. 6.75, where
the portion of the structure in the vicinity of the gate electrode is shown. The input
(or gate) capacitance of the structure is primarily determined by the overlap of the
gate electrode with the N+ source and P-base regions. Due to high doping concen-
trations of the N+ source and P-base regions, it is satisfactory to assume that these
capacitances are determined by the oxide capacitance.
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It is a common design practice in power VD-MOSFET structures to overlap the
source electrode over the gate electrode. This allows the formation of a large source
metal area avoiding the need for defining narrow metal fingers that are traditionally
used for lateral devices in integrated circuits. The formation of a large source metal
can be accomplished with a very thick metal layer (typically 4–10 μm of aluminum)
to reduce its resistance between points at which source bond wires are applied to
chip. However, the overlap of the source electrode with the gate electrode produces
an additional input capacitance. This capacitance can be reduced by using a rela-
tively thick (typically 6000 Å) inter-electrode dielectric film (tIEOX).

The specific input (or gate) capacitance for the power VD-MOSFET structure can
be obtained by combining the above capacitance contributions:

CIN,SP ¼ CNþ þ CP þ CSM ¼ 2xPL
WCell

εOX
tOX

� �
þ WG

WCell

εOX
tIEOX

� �
ð6:164Þ

where tOX and tIEOX are the thicknesses of the gate and inter-electrode oxides,
respectively. The calculated input capacitance for the power VD-MOSFET structure
(assumed to be independent of the gate and drain bias voltages) for the case of a
structure with polysilicon window of 8 μm is provided in Fig. 6.76. At a polysilicon
gate width of 10 μm, the specific input capacitance calculated using the above
expression is 21.35 nF/cm2 when a lateral junction depth of 2.4 μm is used for the
P-base region.

The capacitance between the gate and drain electrodes is determined by the width
of the JFET region where the gate electrode overlaps the N-drift region. The MOS
structure in this portion of the power VD-MOSFET structure operates under deep
depletion conditions when a positive voltage is applied to the drain. Using

Fig. 6.76 Input capacitance for the power VD-MOSFET structure
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Eq. (6.160) for the specific capacitance of the MOS structure under depletion
conditions, the gate-drain (or reverse transfer) capacitance for the power
VD-MOSFET structure is given by:

CGD,SP ¼ WG � 2xPLð Þ
WCell

COXCS,M

COX þ CS,M

� �
ð6:165Þ

where CS,M is the semiconductor capacitance under the gate oxide, which decreases
with increasing drain bias voltage. The specific capacitance of the semiconductor
depletion region can be obtained by computation of the depletion layer width.

The electric field distribution for the MOS structure under deep depletion condi-
tions is illustrated in Fig. 6.77. The applied drain bias is shared between the oxide
and the semiconductor:

VD ¼ VOX þ VS ¼ EOXtOX þ 1
2
E1WD,MOS ð6:166Þ

where VOX is the voltage supported by the oxide and VS is the voltage supported
within the semiconductor. The electric field (E1) in the semiconductor at the oxide
interface and the electric field (EOX) in the oxide are interrelated via Gauss’s law:

EOX ¼ εS
εOX

E1 ð6:167Þ

In addition, the electric field in the semiconductor (E1) is related to the depletion
layer width by:

E1 ¼ qND

εS
WD,MOS ð6:168Þ

Combining these relationships:

Fig. 6.77 Electric field
profile for the MOS
structure
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VD ¼ qND

COX
WD,MOS þ qND

2εS
W2

D,MOS ð6:169Þ

where COX is the specific capacitance of the gate oxide (εOX/tOX). The solution for
this quadratic equation provides the depletion layer width in the semiconductor
under the gate oxide:

WD,MOS ¼ εS
COX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2VDC2

OX

qεSND

s
� 1

8<
:

9=
; ð6:170Þ

The specific capacitance for the semiconductor is then obtained using:

CS,M ¼ εS
WD,MOS

ð6:171Þ

The gate-drain (or reverse transfer) capacitance can be computed by using
Eq. (6.165) with the above equations to determine the semiconductor capacitance
as a function of the drain bias voltage.

As an example, the specific gate transfer capacitance obtained by using the above
analytical formulae is shown in Fig. 6.78 for the case of a 30 V power VD-MOSFET
structure with 20 μm cell pitch, polysilicon window of 8 μm, and polysilicon gate
width of 12 μm. This structure has a gate oxide thickness of 500 Å and a lateral
junction depth of 2.4 μm for the P-base region. The gate-drain (reverse transfer)
capacitance decreases with increasing drain bias voltage due to the expansion of the

Fig. 6.78 Gate-drain capacitance for the power VD-MOSFET structure
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depletion region in the semiconductor. At a drain bias of 15 V, the specific reverse
transfer capacitance has a magnitude of 3.0 nF/cm2 for this design.

The reverse transfer capacitance for the power VD-MOSFET structure is strongly
dependent on the gate width because this parameter determines the area for the
overlap between the gate and the drain regions. As the gate width is increased, the
specific reverse transfer capacitance increases in spite of an increase in the cell pitch.
This is illustrated in Fig. 6.79 where the reverse transfer capacitance is plotted as a
function of the gate width. The polysilicon window was kept constant at 8 μm in all
these power VD-MOSFET structures. All the other structural parameters were also
maintained at the same values for comparison of the devices. It can be observed that
the specific transfer capacitance can be greatly reduced when the gate width is made
small. However, this produces an increase in the specific on-resistance

An additional capacitance that is present in the power VD-MOSFET structure is
associated with the coupling of the drain to the source electrode. This is referred to as
the output capacitance (CO). Since the P-base region intervenes between the source
and drain electrodes in the power VD-MOSFET structure, the output capacitance is
associated with the capacitance of the junction between the P-base region and the
N-drift region as indicated in Fig. 6.75. The specific junction capacitance can be
derived by using:

CS, J ¼ εS
WD,J

ð6:172Þ

Fig. 6.79 Gate-drain capacitance for power VD-MOSFET structures
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where the depletion region thickness at the junction (WD,J) is related to the drain bias
voltage:

WD,J ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εS VD þ Vbið Þ

qND

s
ð6:173Þ

This depletion layer width is larger than that under the gate oxide because all the
applied drain voltage must be supported across the P-N junction.

The specific output capacitance for the power VD-MOSFET structure can then be
obtained by assuming (Model A) that the area of the junction within the cell is
(WPW þ 2xPL) Z:

CO ¼ WPW þ 2xPL
WCell

� �
CS, J ð6:174Þ

where xPL is the lateral extension of the P-base region under the gate electrode.
However, the above expression is found to predict a larger output capacitance than
observed with numerical simulations as shown later in this section. Consequently, an
alternate Model B for the specific output capacitance for the power VD-MOSFET
structure is proposed by assuming that the area of the junction within the cell is
(WPW + xPL) Z:

CO ¼ WPW þ xPL
WCell

� �
CS, J ð6:175Þ

As an example, the specific output capacitance obtained by using the above
analytical Model B is shown in Fig. 6.80 for the case of a power VD-MOSFET
structure with 20 μm cell pitch, polysilicon window of 8 μm, and polysilicon gate
width of 12 μm. This structure has a gate oxide thickness of 500 Å and a lateral
junction depth of 2.4 μm for the P-base region. A built-in potential of 0.8 V was
assumed for the P-base/N-drift junction. The drift region has a doping concentration
of 1.3 � 1016 cm�3. The specific output capacitance decreases with increasing drain
bias voltage due to the expansion of the depletion region under the P-base region. At a
drain bias of 15 volts, the specific output capacitance has a magnitude of 4.3 nF/cm2

for this design.

Simulation Example
The results of two-dimensional numerical simulations on a structure (with cell pitch
of 20 μm, a gate width of 12 μm, and a polysilicon window width of 8 μm) designed
with a 30 V rating are described here to validate the model for the capacitances of the
power VD-MOSFET structure. The structure had a drift region thickness of 3 μm
with a doping concentration of 1.3 � 1016 cm�3 located below the P-base region.
The P-base region and N+ source regions have vertical depths of 3 and 1 μm,
respectively. The doping concentration in the JFET region was enhanced by using
an additional N-type doping concentration of 1 � 1016 cm�3 with a depth of 3 μm.
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The lateral doping profile for this structure taken along the surface under the gate
electrode was previously shown in Fig. 6.44. From the profile, it can be observed that
the doping concentration of the JFET region has been increased to 2.1 � 1016 cm�3

due to the additional doping. This reduced the lateral extension of the P-base region
to 2.4 μm when compared to a vertical depth of 3 μm. The N+ source region has a
lateral depth of 0.8 μm leading to a channel length of 1.6 μm. The maximum
compensated P-type doping concentration in the channel is 1.5 � 1017 cm�3. In
conjunction with a gate oxide thickness of 500 Å, a threshold voltage of 3.8 V was
obtained for this doping concentration as shown in the transfer characteristics in
Fig. 6.67.

The input capacitances can be extracted by performing the numerical simulations
with a small AC signal superposed on the DC gate bias voltage. The values obtained
for the above power VD-MOSFET structure with a cell pitch of 20 μm are shown in
Fig. 6.81. The input capacitance is comprised of two components – the first is
between the gate electrode and the source electrode (CGS), while the second is
between the gate electrode and the base electrode (CGB). The total input capacitance
can be obtained by the addition of these capacitances because they are in parallel and
share a common contact electrode in the actual power VD-MOSFET structure. From
the figure, a total specific input capacitance of about 20 nF/cm2 is observed which is
approximately independent of the gate bias voltage. At gate bias voltages below the
threshold voltage, there is significant coupling between the P-base region and the
gate electrode leading to a large contribution to the input capacitance from this path.
When the gate bias voltage exceeds the threshold voltage, the inversion layer screens
the P-base region from the gate electrode and couples it with the N+ source region.
Consequently, the contribution from CGB decreases to zero while that from CGS

Fig. 6.80 Output capacitance for the power VD-MOSFET structure
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increases as the gate bias voltage is increased. The specific input capacitance
extracted from the numerical simulations is in excellent agreement with that calcu-
lated with the analytical model (see Fig. 6.76) providing validation for the model.

The input capacitance was also extracted by using numerical simulations for the
power VD-MOSFET structures with various gate widths. The width of the
polysilicon window was kept at 8 μm for all these structures. All other structures
parameters were also the same as those provide above. The specific input capaci-
tance can be observed to reduce with increasing gate width as shown in Fig. 6.82.
The values extracted from the simulations are in good agreement with those calcu-
lated by using the analytical model providing further validation for the utility of the
model.

The drain-gate (reverse transfer) capacitance can be extracted by performing the
numerical simulations with a small AC signal superposed on the DC drain bias
voltage. The values obtained for the above power VD-MOSFET structure with a cell
pitch of 20 μm are shown in Fig. 6.83. The gate-to-drain and base-to-drain capac-
itances are shown in the figure for comparison. Both of these capacitances decrease
with increasing drain bias voltage. For this power VD-MOSFET structure, the
reverse transfer (gate-drain) capacitance is comparable to the output (base-drain)
capacitance. This implies a strong feedback path between the drain and the gate
electrodes which is detrimental to the switching speed and power loss for the power
MOSFET structure. The values for the reverse transfer and output capacitances
obtained by using the analytical model at various drain bias voltages are also
shown in Fig. 6.83 by the square and circular symbols, respectively. The excellent

Sp
ec

ifi
c 

In
pu

t C
ap

ac
ita

nc
es

 (n
F/

cm
2 )

Power VD-MOSFET Structure

30
0 2 4 6 8 10

Gate Bias Voltage (Volts)

10

0

CGB

20

CGS

CIN

Fig. 6.81 Input
capacitances for the
VD-MOSFET structure with
20 μm cell pitch

6.13 Device Capacitances 401



agreement with the simulation values provides validation for the analytical models
for both these capacitances.

The reverse transfer capacitance was also extracted by using numerical simula-
tions for the power VD-MOSFET structures with various gate widths. The width of
the polysilicon window was kept at 8 μm for all these structures. All other structures

Fig. 6.82 Input capacitances for VD-MOSFET structures
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parameters were also the same as those provide above. The specific reverse transfer
capacitance can be observed to reduce drastically at smaller gate widths as shown in
Fig. 6.84. The values extracted from the simulations are in good agreement with
those calculated by using the analytical model providing validation for the model.

In order to understand the differences between the two models for the output
capacitance, its value was extracted by using numerical simulations for the power
VD-MOSFET structures with various gate widths. The width of the polysilicon
window was kept at 8 μm for all these structures. All other structures parameters
were also the same as those provide above. The specific output capacitance can be
observed to decrease as the gate width is made larger as shown in Fig. 6.85. The
values extracted from the simulations fall in between those obtained from both the
analytical models.

According to the analytical models, the specific output capacitance is a strong
function of the drain bias voltage. In order to validate this behavior, the values
calculated using Model B are shown in Fig. 6.83 by the circular symbols. The
excellent agreement with the results of the numerical simulations provides credence
for the model.

6.13.3 Power U-MOSFET Structure Capacitances

The capacitances within the power U-MOSFET structure can be analyzed by using
the basic MOS capacitances analyzed in Sect. 6.13.1 in conjunction with the
geometry of the device structure. The capacitances that are pertinent for analyzing

Fig. 6.84 Reverse transfer capacitances for VD-MOSFET structures

6.13 Device Capacitances 403



the switching performance of the power U-MOSFET structure are indicated in
Fig. 6.86 where the portion of the structure in the vicinity of the gate electrode is
shown. The input (or gate) capacitance of the structure is primarily determined by the
overlap of the gate electrode with the N+ source and P-base regions along the

Fig. 6.85 Output capacitances for VD-MOSFET structures at a drain bias of 15 V

Fig. 6.86 Capacitances within the power U-MOSFET structure
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sidewalls of the trench. Due to high doping concentrations of the N+ source and
P-base regions, it is satisfactory to assume that these capacitances are determined by
the oxide capacitance.

As in the case of the power VD-MOSFET structure, it is common design practice
in power U-MOSFET structures to overlap the source electrode over the gate
electrode. This allows the formation of a large source metal area avoiding the need
for defining narrow metal fingers that are traditionally used for lateral devices in
integrated circuits. The formation of a large source metal can be accomplished with a
very thick metal layer (typically 4–10 μm of aluminum) to reduce its resistance
between points at which source bond wires are applied to chip. However, the overlap
of the source electrode with the gate electrode produces an additional input capac-
itance. This capacitance can be reduced by using a relatively thick (typically 6000 Å)
inter-electrode dielectric film (tIEOX).

The specific input (or gate) capacitance for the power U-MOSFET structure can
be obtained by combining the above capacitance contributions:

CIN,SP ¼ CNþ þ CP þ CSM ¼ 2xJP
WCell

εOX
tOX

� �
þ WT

WCell

εOX
tIEOX

� �
ð6:176Þ

where tOX and tIEOX are the thicknesses of the gate and inter-electrode oxides,
respectively. The input capacitance for the power U-MOSFET structure can be
assumed to be independent of the gate and drain bias voltages. For the case of a
structure with 2 μm cell pitch and 1 μm wide mesa and trench regions, the specific
input capacitance calculated using the above expression is 105 nF/cm2 when a
vertical junction depth of 1.5 μm is used for the P-base region with a gate oxide
thickness of 500 Å. This value is much larger than that for the power VD-MOSFET
structure. Thus, the reduction of the specific on-resistance with the power
U-MOSFET structure is attended with an increase in the input gate capacitance.
The specific input capacitance of the power U-MOSFET structure can be reduced by
increasing the mesa width as shown in Fig. 6.87. However, this is accompanied by
an increase in the specific on-resistance.

The capacitance between the gate and drain electrodes in the power U-MOSFET
structure is determined by the width of the bottom of the trench. The MOS structure
in this portion of the power U-MOSFET structure operates under deep depletion
conditions when a positive voltage is applied to the drain. Using Eq. (6.160) for the
specific capacitance of the MOS structure under depletion conditions, the gate-drain
(or reverse transfer) capacitance for the power U-MOSFET structure is given by:

CGD,SP ¼ WT þ 2 tT � xJPð Þ
WCell


 �
COXCS,M

COX þ CS,M

� �
ð6:177Þ

where CS,M is the semiconductor capacitance under the gate oxide, which decreases
with increasing drain bias voltage. The specific capacitance of the semiconductor
depletion region (CS,M) can be obtained by using Eq. (6.171) with the depletion
region width under the gate oxide given by Eq. (6.170) as previously derived for the
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power VD-MOSFET structure. The gate-drain (or reverse transfer) capacitance can
be computed by using Eq. (6.177) with the above equations to determine the
semiconductor capacitance as a function of the drain bias voltage.

As an example, the specific gate transfer capacitance obtained by using the above
analytical formulae is shown in Fig. 6.88 for the case of a power U-MOSFET
structure with 2 μm cell pitch, mesa width of 1 μm, and trench width of 1 μm.

Fig. 6.87 Input capacitance for the power U-MOSFET structures

Fig. 6.88 Gate-drain capacitance for the power U-MOSFET structure
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This structure has a gate oxide thickness of 500 Å and a vertical junction depth of
1.5 μm for the P-base region. The trench extends to a depth of 2 μm. The gate-drain
(reverse transfer) capacitance decreases with increasing drain bias voltage due to the
expansion of the depletion region in the semiconductor. At a drain bias of 15 V, the
specific reverse transfer capacitance has a magnitude of 8.2 nF/cm2 for this design,
which is much larger than that for the power VD-MOSFET structure.

The reverse transfer capacitance for the power U-MOSFET structure can be
reduced by increasing the mesa width. This is illustrated in Fig. 6.89 where the
specific reverse transfer capacitance at a drain bias of 15 V is plotted as a function of
the gate width. The trench width was kept constant at 1 μm in all these power
U-MOSFET structures. All the other structural parameters were also maintained at
the same values for comparison of the devices. It can be observed that the specific
transfer capacitance can be greatly reduced when the mesa width is enlarged.
However, this produces an increase in the specific on-resistance

The output capacitance for the power U-MOSFET structure is associated with the
capacitance of the junction between the P-base region and the N-drift region as
indicated in Fig. 6.86 because the P-base region intervenes between the source and
drain electrodes. The specific junction capacitance can be derived by using
Eq. (6.172) in conjunction with Eq. (6.173). The specific output capacitance for
the power U-MOSFET structure can then be obtained by assuming (for Model A)
that the area of the junction within the cell is (WM�Z ):

Fig. 6.89 Gate-drain capacitances for power U-MOSFET structures
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CO ¼ WM

WCell

� �
CS, J ð6:178Þ

where WM is the mesa width. This model predicts a higher value for the specific
output capacitance than observed with the simulations as shown later in this section.
This is due to the screening of the P-base region from the drain potential by the
presence of the trench electrode which is located deeper than the junction.

The effective junction area for determination of the output capacitance is reduced
by the screening to:

AEFF ¼ WM � 2KS tT � xJP � tOXð Þ½ �Z ð6:179Þ
where KS is a screening parameter. Here, the fact that the gate electrode extends
above the trench bottom by the gate oxide thickness has been taken into account. The
specific output capacitance obtained using this Model B is then given by:

CO ¼ WM � 2KS tT � xJP � tOXð Þ
WCell


 �
CS, J ð6:180Þ

As an example, the specific output capacitance obtained by using the above
analytical Model B is shown in Fig. 6.90 for the case of a power U-MOSFET
structure with 5 μm cell pitch, mesa width of 4 μm, and trench width of 1 μm.
This structure has a gate oxide thickness of 500 Å and a trench depth of 2 μm. A
built-in potential of 0.8 V was assumed for the P-base/N-drift junction, and the drift
region has a doping concentration of 1.3 � 1016 cm�3. A screening factor (KS) of
0.75 was used in this case. The specific output capacitance decreases with increasing

Fig. 6.90 Output capacitance for the power U-MOSFET structure
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drain bias voltage due to the expansion of the depletion region under the P-base
region. At a drain bias of 15 V, the specific output capacitance has a magnitude of
5.5 nF/cm2 for this design.

The specific output capacitance for the power U-MOSFET structure increases
with enlargement of the mesa region. This is illustrated in Fig. 6.91 for the case of a
structure with trench width of 1 μm at a drain bias of 15 V by using the equations
derived for both models. All the structural parameters for the device are the same as
those used for the previous graphs in this section. It can be seen that the Model A
without screening (KS ¼ 0) predicts a much larger specific output capacitance when
compared with Model B using a screening factor KS ¼ 0.75 especially at small mesa
widths. A screening factor (KS) of 0.75 is observed to provide agreement with the
values extracted from numerical simulations as discussed below.

Simulation Example
The results of two-dimensional numerical simulations on a structure with a cell pitch
of 2 μm (a trench width of 1 μm and a mesa width of 1 μm) are described here to
confirm the model for the capacitances of the 30 V power U-MOSFET structure. The
structure had a drift region thickness of 3 μm with a doping concentration of
1.3 � 1016 cm�3 located below the P-base region. The P-base region and N+ source
regions have vertical depths of 1.5 and 0.5 μm, respectively. The trench had a depth
of 2 μm with a gate oxide thickness of 500 Å.

The input capacitances can be extracted by performing the numerical simulations
with a small AC signal superposed on the DC gate bias voltage. The values obtained
for the above power U-MOSFET structure with a cell pitch of 2 μm are shown in
Fig. 6.92. The input capacitance is comprised of two components – the first is
between the gate electrode and the source electrode (CGS), while the second is

Fig. 6.91 Output capacitances for power U-MOSFET structures
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between the gate electrode and the base electrode (CGB). The total input capacitance
can be obtained by the addition of these capacitances because they are in parallel and
share a common contact electrode in the actual power U-MOSFET structure. From
the figure, a total specific input capacitance of about 100 nF/cm2 is observed which is
independent of the gate bias voltage. At gate bias voltages below the threshold
voltage, there is significant coupling between the P-base region and the gate elec-
trode leading to a large contribution to the input capacitance from this path. When
the gate bias voltage exceeds the threshold voltage, the inversion layer screens the
P-base region from the gate electrode and couples it with the N+ source region.
Consequently, the contribution from CGB decreases to zero while that from CGS

increases as the gate bias voltage is increased. The specific input capacitance
extracted from the numerical simulations is in excellent agreement with that calcu-
lated with the analytical model (see Fig. 6.87) providing validation for the model.

The input capacitance was also extracted by using numerical simulations for the
power U-MOSFET structures with two mesa widths. The width of the trench was
kept at 1 μm for these structures. All other structures parameters were also the same
as those provide above. The specific input capacitance can be observed to reduce
with increasing mesa width as shown in Fig. 6.93. The values extracted from the
simulations are in good agreement with those calculated by using the analytical
model providing further validation for the utility of the model.

The drain-gate (reverse transfer) capacitance can be extracted by performing the
numerical simulations with a small AC signal superposed on the DC drain bias
voltage. The values obtained for the above power U-MOSFET structure with a cell
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pitch of 2 μm are shown in Fig. 6.94. The gate-to-drain and base-to-drain capaci-
tances are shown in the figure for comparison. Both of these capacitances decrease
with increasing the drain bias voltage. The base-to-drain capacitance is determined
by the depletion layer width under the P-base/N-drift junction. For this power
U-MOSFET structure, the reverse transfer capacitance (gate-drain capacitance) is

Fig. 6.93 Input capacitances for U-MOSFET structures
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much greater than the base-drain capacitance. This implies a very strong feedback
path between the drain and the gate electrodes which is detrimental to the switching
speed and power loss for the power MOSFET structure. The values for the reverse
transfer capacitance obtained by using the analytical model at various drain bias
voltages are also shown in Fig. 6.94 by the square symbols. The excellent agreement
with the simulation values provides validation for the analytical model. The specific
reverse transfer capacitance for the U-MOSFET structure is much larger than that of
the power VD-MOSFET structure.

The reverse transfer capacitance was also extracted by using numerical simula-
tions for the power U-MOSFET structures with two mesa widths. The width of the
trench was kept at 1 μm for these structures. All other structures parameters were
also the same as those provide above. The specific reverse transfer capacitance can
be observed to reduce at larger mesa widths as shown in Fig. 6.95. The values
extracted from the simulations are in good agreement with those calculated by using
the analytical model providing validation for the model.

According to the analytical models, the specific output capacitance is a strong
function of the drain bias voltage. In order to validate this behavior, the values
calculated using Model B with a screening factor (KS) of 0.75 are shown in Fig. 6.94
by the circular symbols. The excellent agreement with the results of the numerical
simulations provides credence for the model when the screening of the mesa region
by the trench-gate electrode is taken into account.

In order to understand the differences between the two models for the output
capacitance, its value was extracted by using numerical simulations for the power
U-MOSFET structures with two mesa widths. The width of the trench was kept at
1 μm for these structures. All other structures parameters were also the same as those

Fig. 6.95 Reverse transfer capacitances for U-MOSFET structures
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provided above. The specific output capacitance can be observed to increase as the
mesa width is enlarged as shown in Fig. 6.96. The values extracted from the
simulations are lower than those predicted by the model. This can be attributed to
the highly graded doping profile in the vicinity of the junction as shown in Fig. 6.56.
The low doping concentration at the junction and doping gradient in its vicinity
produce an increase in the depletion layer thickness which is not accounted for by
Eq. (6.173), which was based upon an abrupt junction approximation.

6.13.4 Equivalent Circuit

The symbol for the n-channel power MOSFET structure is provided in Fig. 6.97.
The connection between the source electrode and P-base region is indicated by the
arrow in the symbol. The direction of the arrow represents the direction for current
flow when the body diode in the structure is forward biased. For the n-channel power
MOSFET structure, this would occur when the drain potential is negative with
respect to the source potential.

The capacitances between the various terminals of the power MOSFET structure
are also shown in the figure. The gate-to-source capacitance (CGS) is also referred to
as the input capacitance. The capacitance (CDS) between the drain and the source
terminals is also referred to as the output capacitance. The capacitance (CGD)
between the gate and the drain terminals is sometimes referred to as the Miller
capacitance. All of these capacitances play a role in determining the switching
performance for the power MOSFET structure. The capacitances provided by

Fig. 6.96 Output capacitances for U-MOSFET structures at a drain bias of 15 V
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manufacturers in their datasheets are related to the capacitances in Fig. 6.73:
CiSS ¼ (CGS + CGD); CrSS ¼ CGD; CoSS ¼ (CDS + CGD).

In order to reduce the on-state power losses, it is necessary to increase the area of
the power MOSFET structure to reduce its on-resistance. However, this leads to an
increase in the input capacitance. A larger gate drive current is necessary to charge a
greater input capacitance within the same time frame. This is undesirable because it
increases the cost of the gate drive circuit. A larger chip area also increases the drain-
gate capacitance. This prolongs the switching time interval as discussed later in the
chapter. A special effort is undertaken during modern power MOSFET design to
reduce the drain-gate capacitance in order to reduce power losses in high-frequency
power converters.

6.14 Gate Charge

As discussed in the previous sections, the drain-gate capacitance is highly nonlinear
and varies considerably with drain bias voltage. In order to aid circuit design and
analysis, it is therefore customary to describe power MOSFET structures in terms of
the gate charge. For example, the gate-drain charge can be related to the gate-drain
capacitance by:

QGD ¼
ðVDS

VON

CGD VDð ÞdVD ð6:181Þ

where VDS is the drain supply voltage and VON is the on-state voltage. In writing this
expression, it has been assumed that the power MOSFET is being turned off with a
voltage supply attached to the drain through a load resistance.

CGD

CGS

CDS

Drain

Source

Gate

Fig. 6.97 Capacitances for
the power MOSFET
structure

414 6 Power MOSFETs



6.14.1 Charge Extraction

It is a standard practice in the industry to extract the gate charge by the application of
a constant current source at the gate terminal while turning on the power MOSFET
structure from the blocking state. The linearized current and voltage waveforms
observed during the turn-on process are shown in Fig. 6.98. During the turn-on
process, the gate current is used to charge the capacitances CGS and CGD shown in
Fig. 6.97. The capacitance between the gate and source terminals (CGS) remains
approximately constant as discussed in the previous sections. The capacitance
between the gate and drain terminals (CGD) also remains constant as long as the
drain voltage remains constant at the supply voltage (VDS). This is applicable for the
time interval from zero to time t2. Consequently, the gate voltage increases at a
constant rate given by:

Fig. 6.98 Linearized
waveforms for the power
MOSFET structure during
turn-on with a constant gate
current
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dvGS
dt

¼ JG
CGS þ CGD VDSð Þ½ � ð6:182Þ

where the gate-drain capacitance must be computed at the drain supply voltage
(VDS). The gate voltage increases linearly with time during this phase:

vGS tð Þ ¼ JGt

CGS þ CGD VDSð Þ½ � ð6:183Þ

The gate voltage reaches the threshold voltage at time t1 given by:

t1 ¼ VTH CGS þ CGD VDSð Þ½ �
JG

ð6:184Þ

After this time interval, the drain current begins to increase with increasing gate
bias voltage:

JD tð Þ ¼ gm,sp vGS tð Þ � VTH½ � ð6:185Þ

If the transconductance is assumed to be constant (independent of the gate bias and
drain current level), the drain current increases linearly with time as shown in the
figure.

However, in power MOSFET structures operating under channel pinch-off con-
ditions as discussed in Sect. 6.5.5, the transconductance is given by:

gm,sp ¼
2μniCOX

WCellLCH
vGS tð Þ � VTH½ � ð6:186Þ

The drain current density is then given by:

JD tð Þ ¼ 2μniCOX

WCellLCH
vGS tð Þ � VTH½ �2 ð6:187Þ

Using Eq. (6.183):

JD tð Þ ¼ 2μniCOX

WCellLCH

JGt

CGS þ CGD VDSð Þ½ � � VTH


 �2
ð6:188Þ

The drain current increases up to time t2 when it reaches the on-state current density
(JON). The time t2 derived by using the above equation is:

t2 ¼ CGS þ CGD VDSð Þ
JG

� �
VTH þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JONWCellLCH
2μniCOX

s !
ð6:189Þ
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After time interval t2, the drain voltage begins to decrease, while the drain current
remains constant as shown in Fig. 6.98. Since the drain current is constant, the gate
voltage also remains constant at:

VGP ¼ VTH þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JONWCellLCH
2μniCOX

s
ð6:190Þ

This behavior is often referred to as the gate voltage plateau. The gate-drain
capacitance is discharged by the gate current during this time interval producing a
reduction of the drain voltage. None of the gate current flows into the gate-source
capacitance during this time because the gate voltage is constant.

The rate of change in the drain voltage is given by:

dvD
dt

¼ � JG
CGD vDð Þ ð6:191Þ

The rate of change in the drain voltage will be constant as shown in the figure if the
gate-drain capacitance does not vary with drain voltage. However, as discussed in
Sect. 6.13, the gate-drain capacitance increases with decreasing drain voltage pro-
ducing a reduction in the rate of change of the drain voltage. The gate-drain
capacitance is of the form:

CGD vDð Þ ¼ KG
COXCS,M

COX þ CS,M

� �
ð6:192Þ

where the semiconductor capacitance (CS,M) is determined by the width of the
depletion layer under the gate oxide (WD,MOS) given by Eq. (6.170). In this expres-
sion, KG is a geometry factor to account for the gate-drain overlap area. From
Eq. (6.165) for the power VD-MOSFET structure:

KG VD-MOSFETð Þ ¼ WG � 2xPL
WCell

� �
ð6:193Þ

while using Eq. (6.177) for the power U-MOSFET structure:

KG U-MOSFETð Þ ¼ WT þ 2 tT � xPð Þ
WCell

� �
ð6:194Þ

At time t3, the drain voltage reaches the on-state voltage drop (VON) of the power
MOSFET structure. This time can be obtained by combining the above expressions
to get:

�COXKG

JG

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qεSND

qεSND þ 2vD tð ÞC2
OX

s
dvD ¼ dt ð6:195Þ

Since the drain voltage changes from VDS to VON during the time interval from t2 to t3:
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ðVON

VDS

�COXKG

JG

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qεSND

qεSND þ 2vD tð ÞC2
OX

s
dvD ¼

ðt3
t2

dt ð6:196Þ

leading to a solution for the time interval:

t3 � t2 ¼ 2KG

JG

qεSND

COX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2VDSC2

OX

qεSND

s
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2VONC2

OX

qεSND

s2
4

3
5 ð6:197Þ

During this time interval, the drain voltage decreases as given by:

vD tð Þ ¼ qεSND

2C2
OX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2VDSC2

OX

qεSND

s
� JGCOX t � t2ð Þ

2KGqεSND

2
4

3
5
2

� 1

8<
:

9=
; ð6:198Þ

Beyond time t3, the gate-drain capacitance again becomes constant albeit at a large
value due to the small on-state drain bias voltage. The gate voltage then increases in
accordance with Eq. (6.182) with a larger value for the gate-drain capacitance:

vGS tð Þ ¼ JGt

CGS þ CGD VONð Þ½ � ð6:199Þ

Thus, the rate of rise of the gate voltage after time t3 is smaller than the rate of rise of
the gate voltage up to time t2. Eventually, the gate voltage reaches its supply voltage
(VGS) at time t4 given by:

t4 � t3 ¼ VGS � VGPð Þ
JG

CGS þ CGD VONð Þ½ � ð6:200Þ

The largest power dissipated by the power MOSFET structure during the
switching event occurs during the time span (t3 � t1) because both the drain current
and the voltage are large. Consequently, this is the time interval of most interest
when comparing power MOSFET structures. For comparison of power MOSFET
structures (and in datasheets for applications), it is common practice to define a gate
charge associated with various time intervals in the gate waveform as indicated in
Fig. 6.98. These charges are defined as:

– Pre-threshold gate charge ¼ QGS1

– Post-threshold gate charge ¼ QGS2

– Gate charge ¼ QGS

– Gate-drain charge ¼ QGD

– Gate switching charge ¼ QSW

– Total gate charge ¼ QG

Some of these charges are interrelated as follows:
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QGS ¼ QGS1 þ QGS2 ð6:201Þ
QSW ¼ QGS2 þ QGD ð6:202Þ

The gate switching charge QSW is considered the most significant parameter for
power MOSFET performance because it is associated with the time interval (t3 � t1)
when the most power loss occurs during the switching interval. The gate-drain
charge (QGD) is usually a dominant portion of the switching charge and is therefore
also given importance during device design and power MOSFET structural
comparisons.

Since a constant gate current IG is applied to the power MOSFET structure during
the turn-on event, the various components of the gate charge can be derived by its
multiplication with the appropriate time intervals:

QGS1 ¼ JGt1 ¼ VTH CGS þ CGD VDSð Þ½ � ð6:203Þ

QGS2 ¼ JG t2 � t1ð Þ ¼ CGS þ CGD VDSð Þ½ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JONWCellLCH
2μniCOX

s
ð6:204Þ

QGS ¼ JGt2 ¼ CGS þ CGD VDSð Þ½ � VTH þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JONWCellLCH
2μniCOX

s !
ð6:205Þ

QGD ¼ JG t3 � t2ð Þ ¼ 2KGqεSND

COX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2VDSC2

OX

qεSND

s
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2VONC2

OX

qεSND

s2
4

3
5 ð6:206Þ

QSW ¼ JG t3 � t1ð Þ ¼ CGS þ CGD VDSð Þ½ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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qεSND

s2
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3
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þ CGS þ CGD VONð Þ½ � VG � VGPð Þ

ð6:208Þ

It is worth pointing out that these gate charge expressions are not dependent on the
magnitude of the gate drive current.

As an example, the waveforms obtained by using the above analytical expres-
sions are shown in Fig. 6.99 for the 30 V power VD-MOSFET structure with 20 μm
cell pitch and polysilicon gate width of 12 μm with a gate oxide thickness of 500 Å.
A gate drive current density of 0.1 A/cm2 was used to turn on the device from a
steady-state blocking voltage of 20 V. In order to account for the enhanced doping
concentration in the JFET region, the doping concentration used to compute the
gate-drain capacitance was chosen as the average value of the peak doping at the gate
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oxide interface and the doping concentration of the drift region. The gate geometry
factor (KG) obtained for this structure using the structural dimensions is 0.36.

The gate voltage initially increases linearly with time. After reaching the thresh-
old voltage of 3.5 V, the drain current can be observed to increase in a nonlinear
manner because the transconductance is a function of the gate bias voltage. In this
example, the drain current density increases until it reaches an on-state current
density of 200 A/cm2. This transition occurs rapidly when compared with the time
taken for the drain voltage to decrease during the next time interval. The on-state
current density determines the gate plateau voltage which has a value of 5.3 V in this
example. During the gate voltage plateau phase, the drain voltage decreases in a
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nonlinear manner until it reaches the on-state voltage drop. After this time, the gate
voltage again increases but at a slower rate than during the initial turn-on phase. The
gate charge values obtained for the power VD-MOSFET structure by using the
above equations are QGS1 ¼ 80 nC/cm2; QGS2 ¼ 42 nC/cm2; QGS ¼ 122 nC/cm2;
QGD¼ 206 nC/cm2;QSW¼ 248 nC/cm2; andQG¼ 503 nC/cm2. It can be concluded
that the gate-drain charge (QGD) is the dominant portion (83%) of the gate switching
charge (QSW).

In the above model, the reduction of the specific on-resistance during the time
period from t3 to t4 due to the increasing gate bias voltage has been ignored. At time t3,
the voltage drop vDS (t) is determined by the on-state current density and the
on-resistance for a gate bias equal to the gate plateau voltage (VGP) and not the final
gate bias voltage (VGS). As the gate voltage increases during the time period from t3
to t4, the on-resistance decreases producing a gradual decline in the on-state voltage
drop, which is not shown in Fig. 6.99. Consequently, the gate-drain capacitance also
increases during this period, and the gate voltage does not increase at a linear rate as
shown in the figure.

Simulation Example
The results of two-dimensional numerical simulations on a structure with cell pitch of
20 μm, a gate width of 12 μm, and a gate oxide thickness of 500 Å are described here
to confirm the model for the gate charge of the 30 V power VD-MOSFET structure.
The structure had a drift region thickness of 3 μm with a doping concentration of
1.3 � 1016 cm�3 located below the P-base region. The P-base region and N+ source
regions have vertical depths of 3.0 and 1.0 μm, respectively. The doping concentra-
tion in the JFET region was enhanced to a surface concentration of 2.3 � 1016 cm�3

with a diffusion depth of 3 μm.
The gate charge waveforms obtained by using an input gate current density of

0.1 A/cm2 when turning on the power VD-MOSFET structure from a blocking state
with drain bias of 20 V are shown in Fig. 6.100. The on-state current density is
200 A/cm2 at a DC gate bias of 10 V at the end of the turn-on transient. The gate
voltage increases at a constant rate at the beginning of the turn-on process as
predicted by the analytical model. When the gate voltage reaches the threshold
voltage (3.5 V), the drain current begins to increase. The drain current increases as
predicted by the analytical model in a quadratic manner until it reaches the on-state
current density of 200 A/cm2.

Once the drain current reaches the on-state value, the gate voltage remains
constant at the plateau voltage (VGP). The plateau voltage for this structure is
5.3 V for the drain current density of 200 A/cm2 as governed by the
transconductance of the device. The drain voltage decreases during the plateau
phase in a nonlinear manner. After the end of the plateau phase, the gate voltage
again increases until it reaches the gate supply voltage. Although the increase in gate
voltage is nonlinear at the beginning of this transition, it becomes linear over most of
the time after the plateau phase. The waveforms obtained using the analytical model
(see Fig. 6.99) are very similar to those observed in the numerical simulations
providing validation for the model.
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The values for the various components of the gate charge extracted from the
numerical simulations are compared with those calculated by using the analytical
model in Fig. 6.101. There is a very good agreement between these values indicating
that the analytical model is a good representation of the physics of turn-on for power
MOSFET structures.

6.14.2 Voltage and Current Dependence

The gate charge is a function of the initial DC blocking voltage (VDS) and the final
on-state current density (JON) which determines the on-state voltage drop (VON) at
the end of the turn-on process. This can be illustrated with the help of an example.
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Consider the 30 V power VD-MOSFET structure, with 20 μm cell pitch and
polysilicon gate width of 12 μm with a gate oxide thickness of 500 Å. The gate
charge waveforms obtained by using the above expressions are shown in Fig. 6.102
for three values for the initial DC blocking voltage. A small decrease in the charge
(QGS) required to reach the gate voltage plateau is observed with increasing DC drain
bias voltage because of the reduction of the gate-drain capacitance (CGD). The
increase in the gate-drain charge (QGD) with increasing DC drain bias voltage is
quite prominent. This increase is associated with the charging of the gate-drain
capacitance over a larger voltage range when the initial blocking voltage (VDS) is
increased.

The impact of changing the on-state current density on the gate charge waveforms
obtained by using the above expressions is shown in Fig. 6.103 by using four values

Specific Gate
Charge

Numerical
Simulation
(nC/cm2)

Analytical
Model

(nC/cm2)

QGS1 75 80

QGS2 35 42

QGS 110 122

QGD 205 206

QSW 240 248

QG 550 503

Fig. 6.101 Gate charge
extracted from numerical
simulations for the power
VD-MOSFET structure with
20 μm cell pitch

Fig. 6.102 Gate charge waveforms for the power VD-MOSFET structure: drain voltage
dependence
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for the on-state current density with the initial drain bias kept at 20 V. As expected,
the gate plateau voltage increases with increasing on-state current density. Conse-
quently, the gate charge (QGS) required to reach the plateau voltage also increases.
The gate-drain charge (QGD) is nearly independent of the on-state current density.
The increase in the on-state voltage drop, which accompanies an increase in the
on-state current density, produces a small decrease in the gate-drain charge (QGD)
not only due to the smaller voltage excursion but also because of the reduction of the
final value for the gate-drain capacitance (CGD). The slope of the waveforms after the
plateau phase changes with the on-state current density because of the differences
between the gate-drain capacitances (CGD) during on-state operation.

Simulation Example
The results of two-dimensional numerical simulations are described here for a
structure with cell pitch of 20 μm, a gate width of 12 μm, and a gate oxide thickness
of 500 Å to confirm the model for the gate charge of the 30 V power VD-MOSFET
structure. The structure had a drift region thickness of 3 μm with a doping concen-
tration of 1.3� 1016 cm�3 located below the P-base region. The P-base region and N+

source regions have vertical depths of 3.0 and 1.0 μm, respectively. The doping
concentration in the JFET region was enhanced to a surface concentration of 2.3� 10
16 cm�3 with a diffusion depth of 3 μm.

The gate charge waveforms obtained from the numerical simulations for the case
of four on-state current densities are shown in Fig. 6.104 while maintaining the same
initial drain bias of 20 V and a gate charging current density of 0.1 A/cm2. The
behavior observed in the numerical simulations is very similar to that predicted by
the analytical model (see Fig. 6.103). As the on-state current density is increased, the
plateau voltage increases as predicted by the model. This prolongs the time taken for

Fig. 6.103 Gate charge waveforms for the power VD-MOSFET structure: drain current depedence
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the current to reach the on-state value. The duration for the plateau phase is not
significantly impacted by the on-state current density which is also consistent with
the analytical model. The values for the various components of the gate charge
extracted from the simulations are compared with those calculated by using the
analytical model in Fig. 6.105. There is very good agreement between these values
indicating that the analytical model is a good representation of the physics of turn-on
for power MOSFET structures.

As a further validation of the analytical model, the gate charge waveforms were
obtained using numerical simulations with three values for the initial drain bias
voltage while using the same on-state current density of 200 A/cm2 and a gate
charging current density of 0.1 A/cm2. The values for the various components of the
gate charge extracted from the simulations are compared with those calculated by
using the analytical model in Fig. 6.106. There is very good agreement between
these values indicating that the analytical model is a good representation of the
physics of turn-on for power MOSFET structures.

6.14.3 VD-MOSFET Versus U-MOSFET Structure

There is a substantial difference between the gate charge waveforms for the power
U-MOSFET and power VD-MOSFET structures. The smaller cell pitch for the
power U-MOSFET structure was previously shown to lead to larger specific input
capacitance. This has a detrimental impact on the gate charge waveform for the
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power U-MOSFET structure. In order to illustrate this, the gate charge waveform for
the 30 V power U-MOSFET structure, with 2 μm cell pitch and trench width of 1 μm
with a gate oxide thickness of 500 Å, is compared with the power VD-MOSFET
structure in Fig. 6.107 when switched on from a drain bias of 20 V. The on-state
current density for the U-MOSFET was 300 A/cm2 compared with 200 A/cm2 for
the Vd-MOSFET due to its smaller specific on-resistance. Based upon the structural
parameters, the gate geometry factor (KG) for the power VD-MOSFET structure is
0.36 while that for the power U-MOSFET structure is 1.0. The gate plateau voltage
for the power U-MOSFET structure is smaller due to its lower threshold voltage
(VTH ¼ 3 V) and larger transconductance.

Numerical
Simulation
(nC/cm2)

Analytical Model
(nC/cm2)

VGP (JON = 100 A/cm2)
QGD (JON = 100 A/cm2)

QSW (JON = 100 A/cm2)

VGP (JON = 200 A/cm2)

QGD (JON = 200 A/cm2)

QSW (JON = 200 A/cm2)

VGP (JON = 300 A/cm2)

QGD (JON = 300 A/cm2)

QSW (JON = 300 A/cm2)

VGP (JON = 600 A/cm2)

QGD (JON = 600 A/cm2)

QSW (JON = 600 A/cm2)

4.9 4.8
190 212

220 242

5.3 5.3

190 206

230 242

5.8 5.7

185 201

240 253

6.6 6.7

180 188

255 261

Fig. 6.105 Gate charge extracted from numerical simulations of the power VD-MOSFET structure
for various on-state current density

Fig. 6.106 Gate charge
extracted from numerical
simulations of the power
VD-MOSFET structure for
various drain bias voltages
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It can be observed that all the components of the gate charge are much larger for the
power U-MOSFET structure. The gate charge values obtained for the power
VD-MOSFET structure by using the analytical model are QGS1 ¼ 80 nC/cm2;
QGS2 ¼ 42 nC/cm2; QGS ¼ 122 nC/cm2; QGD ¼ 206 nC/cm2; QSW ¼ 248 nC/cm2;
and QG ¼ 503 nC/cm2. In the case of the power U-MOSFET structure with a cell
pitch of 2 μm switched on using the same circuit conditions, the gate charge
values obtained by using the analytical model are QGS1 ¼ 338 nC/cm2;
QGS2 ¼ 63 nC/cm2; QGS ¼ 401 nC/cm2; QGD ¼ 516 nC/cm2; QSW ¼ 579 nC/cm2;
and QG ¼ 1965 nC/cm2. It is apparent that the gate charge for the power U-MOSFET
structure is much larger than that for the power VD-MOSFET structure. Consequently,
the much lower specific on-resistance achieved with the power U-MOSFET structure,
which is beneficial for reducing on-state power loss, is offset by a much large gate
charge which leads to high switching losses.

Simulation Example
The results of two-dimensional numerical simulations are described here for a
structure with cell pitch of 2 μm, a trench width of 1 μm, and a gate oxide thickness
of 500 Å to confirm the model for the gate charge of the 30 V power U-MOSFET
structure. The structure had a drift region thickness of 3 μm with a doping
concentration of 1.3 � 1016 cm�3 located below the P-base region. The P-base
region and N+ source regions have vertical depths of 1.5 and 0.5 μm, respectively.
The trench had a depth of 2 μm.

The gate charge waveform obtained by using an input gate current density of
1 A/cm2 when turning on the power U-MOSFET structure from a blocking state with
drain bias of 20 V is shown in Fig. 6.108. The on-state current density was chosen as

Fig. 6.107 Gate charge waveforms for the power VD-MOSFET and U-MOSFET structures
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300 A/cm2 because of the much lower specific on-resistance for the power
U-MOSFET structure. The gate voltage increases at a constant rate at the beginning
of the turn-on process as predicted by the analytical model. When the gate voltage
reaches the threshold voltage (3.0 V), the drain current begins to increase (not shown
in the figure) until it reaches the on-state current density of 300 A/cm2.

Once the drain current reaches the on-state value, the gate voltage remains constant
at the plateau voltage (VGP). The plateau voltage for this structure is 3.56 V for the
drain current density of 300A/cm2 as governed by the transconductance of the device.
After the end of the plateau phase, the gate voltage again increases until it reaches the
gate supply voltage. The waveform obtained for the power U-MOSFET structure
using the analytical model (see Fig. 6.107) is very similar to that observed in the
numerical simulations providing validation for the model.

The values for the various components of the gate charge extracted from the
numerical simulations are compared with those calculated by using the analytical
model in Fig. 6.109. There is good agreement between these values indicating that
the analytical model is a good representation of the physics of turn-on for the power
U-MOSFET structure as well.

6.14.4 Impact of VD-MOSFET and U-MOSFET Cell Pitch

The gate charge for the power VD-MOSFET structure is altered by changes to the
width of the gate electrode because this not only varies the gate overlap area over the
N-drift region but also varies the specific capacitances due to a change in the cell
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pitch. In order to illustrate this, consider the case of a 30 V power VD-MOSFET
structure with a polysilicon window of 8 μm with a gate oxide thickness of 500 Å.
The gate-drain charge for these structures, when switched on from a drain bias of
20 V to on-state operation at a current density of 200 A/cm2 by using a 10 V gate
supply voltage, is plotted in Fig. 6.110 when the gate width is varied. It can be
observed that the gate-drain charge increases monotonically with increasing gate
width. It can be concluded that the gate-drain charge can be minimized by making
the gate width as small as possible to reduce the area for overlap of the gate with the

Specific Gate
Charge

Numerical
Simulation
(nC/cm2)

Analytical
Model

(nC/cm2)

QGS1 275 337

QGS2 60 63

QGS 335 400

QGD 505 515

QSW 565 578

QG 1960 1965

Fig. 6.109 Gate charge extracted from numerical simulations of the power U-MOSFET structure
with 2 μm cell pitch

Fig. 6.110 Gate-drain charge for power VD-MOSFET structures
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N-drift region. However, it was previously shown that the specific on-resistance
becomes extremely large when the gate width is made small.

The gate charge can be altered in the power U-MOSFET structure, by changing
the width of the mesa region due to its impact on the cell pitch. In order to illustrate
this, consider the case of a 30 V power U-MOSFET structure with a trench width of
1 μm and a gate oxide thickness of 500 Å. The gate charge for these structures, when
switched on from a drain bias of 20 V to on-state operation at a current density of
300 A/cm2 by using a 10 V gate supply voltage, is plotted in Fig. 6.111 when the
mesa width is varied. It can be observed that the gate-drain charge decreases
monotonically with increasing mesa width. It can be concluded that the gate-drain
charge can be reduced by making the mesa width as large as possible. However, it
was previously shown that the specific on-resistance becomes larger when the mesa
width is made larger.

Simulation Example
Further validation of the model for computing the gate charge for power MOSFET
structures can be obtained by analysis of the impact of changes in the cell structure.
The results of two-dimensional numerical simulations on structures designed with a
30 V rating are described here to validate the model for the gate charge of the power
VD-MOSFET structure. The gate width for these structures was varied while
maintaining a polysilicon window of 8 μm and a gate oxide thickness of 500 Å.
All the structures had a drift region thickness of 3 μm with a doping concentration of
1.3 � 1016 cm�3 located below the P-base region. The P-base region and N+ source
regions have vertical depths of 1.5 and 0.5 μm, respectively. The doping

Fig. 6.111 Gate-drain charge for power U-MOSFET structures
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concentration in the JFET region was enhanced to a surface concentration of
2.3 � 1016 cm�3 with a diffusion depth of 3 μm.

The gate-drain charge acquired from numerical simulations using an input gate
current density of 0.1 A/cm2 when turning on the power VD-MOSFET structure
from a blocking state with drain bias of 20 V is shown in Fig. 6.112. The on-state
current density for all devices was maintained at 200 A/cm2 at a DC gate bias of 10 V
at the end of the turn-on transient. The gate-drain charge was observed to increase
with increasing gate width as expected due to the larger gate overlap with the N-drift
region. A good agreement is observed between the values obtained using the
analytical model and those extracted from the simulations indicating that the
model can be utilized over a broad range of power VD-MOSFET structural
parameters.

The gate-drain charge acquired from numerical simulations using an input gate
current density of 1 A/cm2 when turning on the power U-MOSFET structure from a
blocking state with drain bias of 20 V is shown in Fig. 6.113. The on-state current
density for all devices was maintained at 300 A/cm2 at a DC gate bias of 10 V at the
end of the turn-on transient. The gate-drain charge was observed to decrease with
increasing mesa width as expected due to the larger cell pitch. A good agreement is
observed between the values obtained using the analytical model and those extracted
from the simulations indicating that the model can be utilized over a broad range of
power U-MOSFET structural parameters.

Fig. 6.112 Gate-drain charge for power VD-MOSFET structures with 8 μm polysilicon window
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6.15 Optimization for High-Frequency Operation

In Sect. 6.7.1, it was shown that the specific on-resistance can be minimized by
adjusting the width of gate electrode for the power VD-MOSFET structure. Simi-
larly, in Sect. 6.9, it was shown that the specific on-resistance can be reduced by
decreasing the width of mesa region for the power U-MOSFET structure. These
procedures are appropriate for the design of power MOSFET structures used in
low-frequency applications, such as automotive electronics, where the on-state
power loss is dominant. In this situation, an arbitrarily large die area can be chosen,
within the constraints of increasing cost, to reduce the absolute on-resistance of the
power MOSFET device used in the application. In other applications with high
operating frequencies, such as switch mode power supplies, the switching losses
become an equally important consideration during system design. In this case, it
becomes necessary to choose an optimum chip area to achieve minimum total power
dissipation within the power MOSFET device [21].

6.15.1 Input Switching Power Loss

Significant power switching losses can arise from the charging and discharging of
the large input capacitance in power MOSFET devices at high frequencies. The input
capacitance (CIN) of the power MOSFET structure must be charged to the gate
supply voltage (VGS) when turning on the device and then discharged to 0 V when

Fig. 6.113 Gate-drain charge for power U-MOSFET structures with 1 μm trench width
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turning off the device during each period of the operating cycle. The energy loss
during the turn-on and turn-off event is given by:

EON ¼ EOFF ¼ 1
2
CINV

2
GS ð6:209Þ

The total power loss can be obtained by summing the on-state power dissipation for a
duty cycle δ ¼ tON/T and the switching power losses:

PT ¼ PON þ PSW ¼ δRONI
2
ON þ CINV

2
GSf ð6:210Þ

where RON is the on-resistance of the power MOSFET structure, ION is the on-state
current, and f is the operating frequency. In writing this equation, the power
switching losses due to the drain current and voltage transitions have been neglected.
These switching power losses are treated in the next section.

As discussed in the previous sections of this chapter, each power MOSFET
structure and cell design has a unique combination of specific on-resistance and
specific input capacitance. When expressed using these parameters, the total power
dissipation is given by:

PT ¼ RON,sp

A
δI2ON þ CIN, spAV

2
GSf ð6:211Þ

where A is the active area of the power MOSFET device. From this expression, it can
be seen that the on-state power loss will decrease as the device active area is
increased, while the switching loss will increase in proportion to the active area.

A minimum total power loss occurs for each power MOSFET structure at an
optimum active area. This is demonstrated in Fig. 6.114 for the 30 V power
VD-MOSFET structure with a cell pitch of 20 μm at an operating frequency of
100 KHz using a 50% duty cycle. This device has a specific on-resistance of
1.6 mΩ-cm2 and a specific input capacitance of 20 nF/cm2. The plot in the figure
was computed by using an on-state current of 10 A and a gate bias voltage of 10 V.
The smallest total power loss occurs for this particular device structure at an active
area of 0.63 cm2.

It can be observed from the figure that the on-state and switching power losses are
equal at the optimum active area. By equating these terms in Eq. (6.211), an
expression for the optimum active area is obtained:

AOPT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
RON,sp

CIN, sp

s
ION
VGS

� � ffiffiffi
δ

f

s !
ð6:212Þ

The second and third terms in this equation are determined by the circuit operating
conditions. However, a useful technology figure of merit can be defined from the
first term in this expression:
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FOM Að Þ ¼ RON,sp

CIN, sp
ð6:213Þ

This figure of merit has a unique value based upon the power MOSFET structural
design. For the 30 V power VD-MOSFET structure with 20 μm cell pitch, this
technology figure of merit has a value of 80,000 cm4/s. According to Eq. (6.212), a
larger optimum area is required with increasing on-state current levels, larger duty
cycles, and decreasing operating frequency.

In the power electronics community, there is trend toward increasing the operat-
ing frequency for switch mode power supplies in order to reduce the size and weight
of the magnetic components. The impact of changes in the operating frequency upon
the optimum active area for the power VD-MOSFET structure with the 20 μm cell
pitch is provided in Fig. 6.115. The location of the optimum area is indicated by the
vertical arrows in the figure. It can be observed that the optimum area becomes
smaller when the operating frequency is increased. This is beneficial for reducing the
cost of the power MOSFET device. However, the minimum total power loss
becomes larger with increasing frequency. This is detrimental to obtaining high
efficiency for power conversion as well as for reducing the thermal budget and heat
sinking capability. From the above equations, an expression for the minimum total
power dissipation can be obtained:

PT minð Þ ¼ 2IONVGS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δRON,spCIN, sp f

p ð6:214Þ
The minimum total power dissipated in the power MOSFET device doubles when
the frequency is quadrupled. Consequently, the ability to migrate to higher operating

Fig. 6.114 Optimization of the active area for power VD-MOSFET structures with 20 μm cell
pitch
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frequencies in power conversion circuits is dependent on making enhancements to
the power MOSFET technology.

A second technology figure of merit related to the minimum power dissipation
can be defined from Eq. (6.214) as:

FOM Bð Þ ¼ RON,spCIN, sp ð6:215Þ
For the 30 V power VD-MOSFET structure with 20 μm cell pitch, this technology
figure of merit has a value of 32 ps.

In the previous sections, it was shown that the power U-MOSFET structure with
2 μm cell pitch has a much smaller specific on-resistance and larger input capaci-
tance than the power VD-MOSFET structure. For this power U-MOSFET design,
the specific on-resistance is 0.31 mΩ-cm2 with a specific input capacitance of
105 nF/cm2. Consequently, the technology FOM(A) for this power U-MOSFET
design is 2952 cm4/s, which leads to much smaller optimum active area for the
device as shown in Fig. 6.116. The optimum active area is reduced from 0.63 cm2 for
the power VD-MOSFET structure to only 0.12 cm2 for the power U-MOSFET
structure. This leads to a smaller device cost even with a more complex process
technology for the power U-MOSFET devices. However, the technology FOM
(B) for the power U-MOSFET structure has a value of 33 ps, which is nearly
identical to that for the power VD-MOSFET structure. This results in the same
minimum total power dissipation for both structures indicating that there is no gain
in power conversion efficiency by replacing the power VD-MOSFET structure with
the power U-MOSFET structure.

Fig. 6.115 Optimization of the active area for power VD-MOSFET structures with 20 μm cell
pitch
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The power VD-MOSFET structure can be optimized for improving its high-
frequency performance by varying the width of the gate electrode. As an example,
the figures of merit A and B obtained for a power VD-MOSFET structure with a
polysilicon window of 8 μm and gate oxide of 500 Å are provided in Fig. 6.117. It
can be observed that both of the figures of merit go through minima as the gate
electrode width is increased. The area at which the minima occur is indicated in the
figure by the vertical arrows. For the FOM(A), the optimum gate electrode width is
8.3 μm, while for the FOM(B) the optimum gate electrode width is 11.6 μm. In this
situation, it is better to select the smaller gate width of 8.3 μm as the optimum design
because the FOM(B) increases by only 10% from its minimum value. The optimum
gate electrode width of 8.3 μm obtained for high-frequency operation is slightly
smaller than the optimum gate electrode width of 9.4 μm for minimizing the specific
on-resistance of the power VD-MOSFET structure.

The power U-MOSFET structure can also be optimized for improving its high-
frequency performance using the same approach as the optimization of its specific
on-resistance by varying the width of the mesa region. As an example, the figures of
merit A and B obtained for a power U-MOSFET structure with a trench width of
1 μm and gate oxide of 500 Å are provided in Fig. 6.118 when the mesa width is
varied from 0.5 to 5 μm. It can be observed that neither of the figures of merit goes
through a minimum as the mesa width is increased. The FOM(A) increases mono-
tonically with increasing mesa width indicating that a small mesa width is desirable
for reducing the active area and cost for the power U-MOSFET device. However, the
FOM(B) decreases monotonically with increasing mesa width indicating that a large

Fig. 6.116 Comparison of the optimum active area for the power VD-MOSFET structure with that
for the power U-MOSFET structure
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mesa width is desirable for reducing the total power dissipation. As a compromise, a
power U-MOSFET design with a mesa width of 2 μm would be suitable for this
example. The mesa width of 2 μm obtained for high-frequency operation is also
desirable for reducing the specific input and gate-drain capacitances of the power
U-MOSFET structure as shown in Figs. 6.87 and 6.89.

Fig. 6.117 Optimization of the figures of merit for the power VD-MOSFET structure

Fig. 6.118 Optimization of the figures of merit for the power U-MOSFET structure
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6.15.2 Output Switching Power Loss

In most applications for power MOSFET structures with high operating frequency,
the switching losses associated with the drain current and voltage transitions become
a dominant portion of the total power loss. These power losses were previously
discussed in the context of Fig. 1.4 for both the turn-on and turn-off events during
each switching cycle. In Sect. 6.14, it was demonstrated that the time period
associated with the increase of the drain current and decrease of the drain voltage
is determined by the charging of the device capacitances. It is therefore common
practice in the industry to use the following figures of merit to compare the
performance of power MOSFET products:

FOM Cð Þ ¼ RON,spQGD,sp ð6:216Þ
and

FOM Dð Þ ¼ RON,spQSW,sp ð6:217Þ

Although FOM(D) encompasses both the drain current and voltage transitions, it is
customary to use FOM(C) because the gate-drain charge tends to dominate in the
switching gate charge. One advantage of using these expressions is that the figure of
merit becomes independent of the active area of the power MOSFET device. These
figures of merit therefore provide a good measure of the quality of the power
MOSFET structure, cell design, and process technology.

As an example, the 30 V power VD-MOSFET structure with 20 μm cell pitch can
be compared with the power U-MOSFET structure with 2 μm cell pitch. The FOM
(C) for the power VD-MOSFET structure is 330 mΩ*nC versus 160 mΩ*nC for the
power U-MOSFET structure. In the case of FOM(D), the value for the power
VD-MOSFET structure is 387 mΩ*nC versus 191 mΩ*nC for the power
U-MOSFET structure. Consequently, the power U-MOSFET structure has become
the preferred choice for switch mode power supply applications. Recent enhance-
ments to the trench device structure, including selectively increasing the thickness of
the oxide at the bottom of the trench, have enabled improving the FOM(C) to below
30 mΩ*nC.

The figure of merit for the power VD-MOSFET structure is governed by the
width of the gate electrode. This is demonstrated in Fig. 6.119 for the case of a
structure with polysilicon window of 8 μm and gate oxide thickness of 500 Å. A
sharp minimum of the FOM(C) is observed at a gate electrode width of 6 μm, which
is well below the width for achieving the lowest specific on-resistance. The lowest
FOM(C) for the power VD-MOSFET structure is 130 mΩ*nC making it competitive
with that for the power U-MOSFET structure. However, its much large specific
on-resistance (2.7 mΩ-cm2) is a disadvantage from the cost and packaging
viewpoint.

The planar power VD-MOSFET structure (named the SSCFET structure), shown
in Fig. 6.120, has been reported with improved FOM(C) by utilizing the screening of

438 6 Power MOSFETs



the gate with a deep P+ region [22] that extends beyond the edge of the P-base
region. A retrograde doping profile [23] was also incorporated in this structure to
achieve a potential barrier below the gate electrode while reducing the resistance of
the JFET region. With the power SSCFET architecture, the cell pitch for the
VD-MOSFET structure can be greatly reduced to the same size (2 μm) as that

Fig. 6.119 Optimization of the figure of merit C for power VD-MOSFET structures
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Fig. 6.120 The power SSCFET structure
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used in power U-MOSFET devices, and the gate width (WG) can be reduced to only
1 μm by using a high doping level in the JFET region. In addition, the screening of
the gate region by the deep P+ regions enables reduction of the electric field at
location A, which suppresses reach-through breakdown problems. This allows
supporting the rated blocking voltage with much shorter channels than required in
either the power VD-MOSFET or U-MOSFET structures. Consequently, the specific
on-resistance for the 30 V power SSCFET structure becomes comparable to that for
the power U-MOSFET structure. At the same time, the screening of the gate
electrode by the P+ regions reduces the gate-drain capacitance and charge. These
features have enabled obtaining a FOM(C) for the power SSCFET structure of
20 mΩ*nC (ps) making it an attractive choice for power supply applications

6.15.3 Gate Propagation Delay

It is necessary to use a refractory gate electrode material during the fabrication of the
power MOSFET structures because of the high temperatures required to anneal and
diffuse the ion-implanted regions. The most commonly used gate electrode material
is polysilicon. For a typical thickness of 0.5 μm, heavily doped, N-type, polysilicon
has a sheet resistance of 30 Ω/sq. As illustrated in the cross sections for the power
MOSFET structures (see Figs. 6.3 and 6.4), the gate electrode is submerged below
the source electrode by using an inter-metal dielectric to enable formation of a large
source metal bonding area over the active area of the device. The contact to the gate
electrode must then be achieved at selected locations orthogonal to the cross section
shown in the figures.

A top view and cross section for a typical layout for the gate fingers are shown in
Fig. 6.121 for the case of a linear cell geometry. The active area is located below the
source metal, while a gate contact pad is formed on the left-hand side. When a gate
bias is applied to the device, the gate voltage is impressed at the gate contact pad
instantaneously if the package resistance is neglected. However, the gate voltage is
not immediately available at the end of the fingers because of the finite time for
charging the gate capacitance. This propagation delay for the gate voltage impacts
the on-resistance of the device during the turn-on transient.

A worst-case analysis of the R-C time constant for propagation of the gate voltage
can be performed by assuming that all the resistance of the gate polysilicon finger
charges all the input gate capacitance for the finger. The resistance for the gate finger
is given by:

RGF ¼ ρSQ,POLY
ZF

WG
ð6:218Þ

where RSQ,POLY is the sheet resistance of the polysilicon gate electrode and ZF is the
length of the gate finger. The input capacitance for each gate finger is given by:
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CGF ¼ COXZFWG ð6:219Þ
where COX is the specific capacitance of the gate oxide. Combining these expres-
sions, the R-C time constant for charging the gate is given by:

τG ¼ RGFCGF ¼ ρSQ,POLYCOXZ
2
F ð6:220Þ

From this equation, it can be concluded that a small gate charging time constant can
be achieved by using short gate fingers. However, this reduces the proportion of the
active area within the device degrading its on-resistance. For a polysilicon gate
electrode and a gate oxide thickness of 500 Å, the propagation time constant is 0.1 μs
for a gate finger length of 2 mm. This can be reduced by replacing the polysilicon
gate electrode with a silicided gate electrode whose sheet resistance is one-tenth of
that for polysilicon.

6.16 Switching Characteristics

The power MOSFET structure is most often used as a power switch in circuits for
energy conversion and management applications. When designed with a low
blocking voltage capability (<100 V), the power MOSFET has a low on-state
voltage drop due to its low specific on-resistance. At the same time, the power
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Fig. 6.121 Gate electrode contact configuration
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MOSFET structure has a fast inherent switching speed due to unipolar operation.
The switching behavior of power MOSFET structures is governed by the gate drive
circuit and the nature of the load. Most often the power MOSFET device is used to
control the current in inductive loads, such as the windings of motors, using pulse-
width-modulation (PWM) control. In these circuits, a free-wheeling diode carries the
load current during a portion of the operating cycle.

The operation of a power MOSFET device in an inductive load circuit is
illustrated in Fig. 6.122. The device is switched on and off by a control or gate
drive circuit, which can be represented (Thevenin’s equivalent) as a DC voltage
(VGS) with a series resistance (RG). The load current IL transfers between the power
MOSFET device and the free-wheeling diode during each operating cycle. The
inductor is charged (i.e., its current increases) when the power MOSFET device is
turned on, while it is discharged when the load current flows via the diode. However,
the change in the inductor current is small during one PWM cycle allowing the
assumption that the current IL is constant [24]. The stray inductance is included to
account for package and board parasitic elements.

In the above circuit, the load current flows through the free-wheeling diode
whenever the power MOSFET device is in the off-state. The operation of the
power MOSFET in the off-state is ensured by the switch S2 in the control circuit
being in the closed position, while switch S1 is in an open position. These switches
are usually comprised of lateral MOSFET structures within the control (integrated)
circuit. The power MOSFET device can be switched on by opening switch S2 and
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Fig. 6.122 Power MOSFET device operating in an inductive load circuit
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closing switch S1 in the control circuit. The current then transfers from the diode to
the power MOSFET device. During the turn-off transient, this operation is reversed
to transfer the current from the power MOSFET device back to the diode.

6.16.1 Turn-On Transient

Prior to the turn-on transient, the power MOSFET device is operating in its off-state
because switch S2 is closed and switch S1 is open. The load current is therefore
flowing through the free-wheeling diode. These initial conditions are defined by
vG ¼ 0; iD ¼ 0; and vD ¼ VDS. When switch S2 is opened and switch S1 is closed
shortly thereafter by the control circuit during the turn-on process, the gate bias
voltage source (VGS) begins to charge the capacitances of the power MOSFET
device. Since no drain current can flow through the power MOSFET device until
the gate voltage exceeds its threshold voltage, the drain voltage initially remains at
the drain bias voltage. The gate-drain capacitance CGD(VDS) remains constant
because the drain voltage is constant. Consequently, the time constant for charging
the gate of the power MOSFET device is RG*[CGS + CGD(VDS)] resulting in a gate
voltage given by:

vG tð Þ ¼ VGS 1� e�t=RG CGSþCGD VDSð Þ½ �
n o

ð6:221Þ

The gate voltage reaches the threshold voltage at time:

t1 ¼ RG CGS þ CGD VDSð Þ½ � ln VGS

VGS � VTH

� �
ð6:222Þ

This time can be considered to be a delay time before any drain current begins to flow
in the circuit after the turn-on is initiated by the control circuit.

Once the gate voltage exceeds the threshold voltage, drain current begins to flow
during the second phase of the turn-on process. For the power MOSFET structure
operating with channel pinch-off physics, the drain current is given by:

iD tð Þ ¼ gm vG tð Þ � VTH½ � ¼ μniCOXZ

2LCH
vG tð Þ � VTH½ �2 ð6:223Þ

Although the drain current increases during the second phase, the drain voltage
remains at the drain supply voltage (VDS) because the diode cannot sustain any
voltage until all of the load current is transferred to the power MOSFET device.
Since the drain voltage remains constant, the drain-gate capacitance is also invariant
during the second phase of the turn-on process. Consequently, the gate voltage
continues to increase at an exponential rate as described by Eq. (6.221) with the
same time constant. The drain current increases as the square of the gate voltage as
described by Eq. (6.223) with a nonlinear waveform as illustrated in Fig. 6.123.
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The drain current increases until it becomes equal to the load current (IL) at the end of
the second phase (time t2) given by:

t2 ¼ RG CGS þ CGD VDSð Þ½ � ln VGSμniCOXZ

VGSμniCOXZ � LCH
ffiffiffiffiffi
IL

p � VTHμniCOXZ


 �
ð6:224Þ

All of the load current has transferred from the diode to the power MOSFET
device at time t2, and the diode is now able to support voltage. (The reverse recovery
process for the diode will be ignored to simplify the analysis here.) The drain voltage
of the power MOSFET device therefore begins to reduce at this time. Since the drain
current is constant (equal to the load current), the gate voltage at time t2 is given by:

vG t2ð Þ ¼ VGP ¼ IL
gm

þ VTH ð6:225Þ

Combining this expression with the dependence of the transconductance on the gate
bias voltage, an expression is obtained for the plateau voltage:
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Fig. 6.123 Turn-on waveforms for the power MOSFET structure
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VGP ¼ VTH þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ILLCH

μniCOXZ

s
ð6:226Þ

The gate voltage remains constant at the plateau voltage until the drain voltage has
reduced to the on-state voltage drop corresponding to the product of the load current
and the on-resistance of the device at a gate bias equal to the plateau voltage.

Since the gate voltage is constant during the plateau phase, all the gate current
iG(t) is used to charge the gate-drain or Miller capacitance. The gate current during
the plateau phase is given by:

iGP ¼ VGS � VGP

RG
G

¼ 1
RG

VGS � VTH þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ILLCH

μniCOXZ

s !" #
ð6:227Þ

As this current charges the gate-drain capacitance, its voltage decreases at a rate
given by:

dvGD
dt

¼ � iGP
CGD vDð Þ ð6:228Þ

Since the gate-source voltage is constant at VGP during this time, the drain voltage
also decreases at the same rate:

dvD
dt

¼ dvGD
dt

¼ � iGP
CGD vDð Þ ¼ � VGS � VGP

RGCGD vDð Þ ð6:229Þ

As indicated in this expression, the gate-drain capacitance is a function of the drain
voltage. The drain voltage decreases in accordance with Eq. (6.198) derived earlier
in Sect. 6.14, and the time duration (t3 � t2) is given by Eq. (6.197). Alternately, the
gate-drain capacitance can be assumed to have a constant average (CGD, av) value
during the transient. In this case, the drain voltage decreases linearly with time as
given by:

vD tð Þ ¼ VDS � VGS � VGPð Þt
RGCGD,av

ð6:230Þ

This behavior is illustrated in Fig. 6.123.
At the end of the plateau phase (at time t3), the drain voltage becomes equal to the

on-state voltage drop corresponding to the plateau gate bias voltage:

vD t3ð Þ ¼ ILRON VGPð Þ ð6:231Þ
where RON(VGP) is the on-resistance of the power MOSFET device at a gate bias
equal to the plateau voltage. Using these relationships, the time interval (t3 � t2) is
given by:
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t3 � t2 ¼ RGCGD,av

VGS � VGPð Þ VDS � ILRON VGPð Þ½ � ð6:232Þ

Beyond this point in time, the gate voltage increases exponentially as shown in the
figure until it reaches the gate supply voltage. The time constant for this exponential
rise is different from the initial phase due to the larger gate-drain capacitance. The
increasing gate voltage produces a reduction of the on-resistance of the power
MOSFET device resulting in a small reduction of the drain voltage during this
fourth phase of the turn-on process.

The largest power dissipation during the turn-on transient occurs during the time
interval (t3 � t1) when either the drain current or the drain voltage has large
magnitudes. This time interval can be reduced by decreasing the gate-drain capac-
itance (CGD) and charge (QGD), which has been an important objective over the years
when creating improved device technologies such as the SSCFET.

6.16.2 Turn-Off Transient

After carrying the load current during its duty cycle, the power MOSFET device is
switched off to transfer the current back to the free-wheeling diode. Prior to the turn-
off transient, the device is operating in its on-state because switch S1 is closed and
switch S2 is open. These initial conditions are defined by vG ¼ VGS; iD ¼ IL; and
vD ¼ VON(VGS). In order to initiate the turn-off process, switch S1 is opened, and
switch S2 is subsequently closed by the control circuit. The gate electrode of the
power MOSFET device is then connected to the source via the gate resistance to
discharge its capacitances. However, no changes in the drain current or voltage occur
until the gate voltage reaches the magnitude required to operate the power MOSFET
device at a saturated drain current equal to the load current. (The small increase in the
drain voltage, due to the increase in on-resistance resulting from the reduction of the
gate bias voltage, has been neglected here.) This gate plateau voltage is given by
Eq. (6.226). During this time interval, the gate-drain capacitance CGD(VON) remains
constant because the drain voltage is constant. Consequently, the time constant for
discharging the gate of the power MOSFET device is RG*[CGS + CGD(VON)], and the
gate voltage decreases exponentially with time, as shown in Fig. 6.124 and is given
by:

vG tð Þ ¼ VGSe
�t=RG CGSþCGD VONð Þ½ � ð6:233Þ

The time t4 for reaching the gate plateau voltage can be obtained by using this
equation with Eq. (6.226) for the plateau voltage:
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t4 ¼ RG CGS þ CGD VONð Þ½ � ln VGS

VGP


 �
ð6:234Þ

This time can be considered to a turn-off delay time before the drain voltage begins to
increase after the turn-off is initiated by the control circuit.

The drain voltage begins to increase at time t4, but the drain current remains
constant at the load current IL because the current cannot be transferred to the diode
until the voltage at the drain of the MOSFET device exceeds the supply voltage VDS

by one diode drop to forward bias the diode. Since the drain current is constant, the
gate voltage also remains constant at the gate plateau voltage as shown in Fig. 6.124.

Consequently:

iGP ¼ VGP

RG
G
¼ 1

RG
VTH þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ILLCH

μniCOXZ

s !
ð6:235Þ

Since all of the gate current is used to discharge the gate-drain capacitance during the
plateau phase because there is no change in the voltage across the gate-source
capacitance:
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Fig. 6.124 Turn-off
waveforms for the power
MOSFET structure
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dvD
dt

¼ dvGD
dt

¼ iGP
CGD vDð Þ ð6:236Þ

As indicated in this expression, the gate-drain capacitance is a function of the drain
voltage. Alternately, the gate-drain capacitance can be assumed to have a constant
average (CGD, av) value during the transient. In this case, the drain voltage increases
linearly with time as given by:

vD tð Þ ¼ VON þ 1
RGCGD,av

VTH þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ILLCH

μniCOXZ

s !
t � t4ð Þ ð6:237Þ

This behavior is illustrated in the figure during the period from t4 to t5. This time
interval can be determined by assuming that the drain voltage becomes equal to the
drain supply voltage (VDS) plus one diode drop (VFD) at time t5:

t5 � t4 ¼ RGCGS,av
VDS þ VFD � VONð Þ

VGP
ð6:238Þ

At the end of the plateau phase (at time t5), the load current begins to transfer from
the power MOSFET device to the free-wheeling diode. Since the drain voltage
remains constant, the gate-drain capacitance can also be assumed to remain constant
during this phase. The current flowing through the gate resistance (RG) discharges
both the gate-drain and gate-source capacitances leading to an exponential fall in
gate voltage from the plateau voltage:

vG tð Þ ¼ VGPe
� t�t5ð Þ=RG CGSþCGD VDSð Þ½ � ð6:239Þ

as illustrated in the figure. The drain current follows the gate voltage as given by
Eq. (6.223) until it reaches zero when the gate bias becomes equal to the threshold
voltage at time t6. The time interval for reaching the threshold voltage can be
obtained by using Eq. (6.239):

t6 � t5 ¼ RG CGS þ CGD VDSð Þ½ � ln VGP

VTH

� �
ð6:240Þ

Beyond this point in time, the gate voltage decreases exponentially as shown in the
figure until it reaches zero. The time constant for this exponential decay is different
from the initial phase due to the smaller gate-drain capacitance.

The largest power dissipation during the turn-off transient occurs during the time
interval (t6 � t4) when either the drain current or the drain voltage has large
magnitudes. This time interval can be reduced by decreasing the gate-drain capac-
itance (CGD). This has been an important objective during improved device struc-
tural design.
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6.16.3 Switching Power Losses

When used as a switch in power conversion circuits, the power MOSFET device
incurs power dissipation during the on-state due to its finite on-resistance and during
the two switching intervals for each operating cycle. The total power dissipation is
given by:

PT ¼ PON þ PTURN-ON þ PTURN-OFF ð6:241Þ
The on-state power loss is given by:

PON ¼ tON
T

RONI
2
L ð6:242Þ

where the first term is the duty cycle (on-time tON divided by the period T ) for the
power MOSFET device. The switching power losses are:

PTURN-ON ¼ t3 � t1ð Þ
2T

ILVDS ð6:243Þ

PTURN-OFF ¼ t6 � t4ð Þ
2T

ILVDS ð6:244Þ

under the assumption that the drain current and voltage excursions are approximately
linear with time. Since the switching power losses are proportional to the frequency
of operation, they become of greater significance in applications such as switch
mode power supplies, where the operating frequency is in the range of 500 kHz. For
these applications, power MOSFET structures with reduced gate-drain capacitance
and charge are required to achieve high efficiencies [22].

6.16.4 [dV/dt] Capability

During operation in a circuit with high operating frequency, the drain voltage of
the power MOSFET device undergoes a very rapid change, i.e., a very high [dV/dt]
is imposed on the drain. One example of such a circuit is the voltage regulator
module (VRM) used to supply power to microprocessors and graphics chips. The
commonly used circuit configuration for the VRM is the sync-buck topology
shown in Fig. 6.125. The circuit is used to convert a back-plane input voltage
(VIN) in the range of 12–20 V into a well-regulated, low-voltage DC source (VOUT)
in the range of 3.3–0.9 V for delivery of power to microprocessors. Two power
MOSFET devices are used in this topology: the control-FET as the switch to
regulate the voltage and the sync-FET to act as a synchronous rectifier. The
control-FET must exhibit excellent high-speed switching capability, while the
sync-FET must have a low on-resistance with low input capacitance as well. The
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sync-FET is subjected to a high [dV/dt] during each cycle as the control-FET turns
on and off. This stress can cause device failure to occur due to two operating
problems as discussed below.

Mode 1: Capacitive Turn-On

When the voltage at the drain of the sync-FET is subjected to a high [dV/dt], the
voltage at its drain is shared between the two capacitors shown in the circuit leading
to a gate voltage given by:

vG tð Þ ¼ CGD

CGD þ CGSð Þ
dVD

dt


 �
t ð6:245Þ

In writing this expression, it has been assumed that the impedance of the gate-source
capacitance is much smaller than the resistance (RG) in the gate control circuit. If it is
assumed that the ramp produces a voltage equal to the input voltage (neglecting any
ringing in the circuit due to stray inductances), the maximum voltage induced at the
gate is given by:

vG,max ¼ CGD

CGD þ CGSð ÞV IN ð6:246Þ

If the maximum gate voltage exceeds the threshold voltage, the sync-FET will be
turned on without initiation by the control chip. The control-FET is also in its
on-state during this event. Consequently, the input power supply is short-circuited
to ground due to the inadvertent turn-on of the sync-FET by the high [dV/dt]. This
produces a large shoot-through current, which can lead to destructive failure of both
the transistors. Based upon the above expression, the sync-FET structure must have a
small ratio for the gate-drain to gate-source (CGD/CGS) capacitances to avoid the
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Fig. 6.125 The sync-buck circuit topology for voltage regulator modules
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shoot-through problem. This has been achieved by screening the gate from the drain
in the SSCFET structure [22].

An alternate analysis of the sync-buck circuit topology can be performed under
the assumption that the resistance (RG) of the control circuit is much lower than the
impedance of the gate-source capacitance of the sync-FET. In this case, the current
induced by the high [dV/dt] at the drain electrode of the sync-FET produces a current
through the gate-drain capacitance:

iGD ¼ CGD
dVD

dt


 �
ð6:247Þ

When this current flows through the gate resistance (RG) of the control circuit, it
produces a voltage at the gate terminal of the sync-FET:

vG ¼ iGDRG ¼ RGCGD
dVD

dt


 �
ð6:248Þ

If the gate voltage exceeds the threshold voltage, the sync-FET can be inadvertently
turned on leading to destructive failure because of the shoot-through current flow.
The largest [dV/dt] that is allowable prior to shoot-through is given by:

dVD

dt


 �
max

¼ VTH

RGCGD
ð6:249Þ

Since the maximum operating frequency for the VRM circuit is limited by the largest
allowable [dV/dt], this expression indicates that it is important to reduce the gate-
drain capacitance for the sync-FET.

Mode 2: Bipolar Turn-On

The power MOSFET structure contains an inherent parasitic N-P-N bipolar transis-
tor formed between the two internal junctions. The turn-on of the bipolar transistor is
suppressed by short-circuiting the junction between the N+ source and P-base
regions as shown in the cross section in Fig. 6.126. In spite of this, the emitter-
base junction of the parasitic bipolar transistor can be turned on at location A
because of the finite resistance RPB of the P-base region.

Under the presence of a high [dV/dt] at the drain terminal, a displacement current
flows through the drain-base capacitance (CDB):

iD ¼ CDB
dVD

dt


 �
ð6:250Þ

When this displacement current flows through the resistance of the P-base region, the
voltage drop across the resistance forward biases the emitter-base junction at loca-
tion A. Injection from the junction begins to occur when the voltage drop is equal to
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the built-in potential (Vbi) for the junction. The largest [dV/dt] that can be applied at
the drain terminal before initiating the injection from the junction is given by:

dVD

dt


 �
max

¼ Vbi

RPBCDB
ð6:251Þ

A larger [dV/dt] capability can be obtained for the power VD-MOSFET structure
by reducing the base resistance. The base resistance is given by:

RPB ¼ ρSQ,PB
LNþ
Z

ð6:252Þ

where ρSQ,PB is the sheet resistance of the P-base region including the impact of
compensation by the N+ source region. This is referred to as the pinch sheet
resistance. A small value for the base resistance can be achieved by reducing the
length LN+ for the N+ source region by using improved process design rules.
Alternately, the sheet resistance for the P-base region can be reduced by the inclusion
of a deep P+ region as illustrated in Fig. 6.127. It is necessary to use an additional
masking step to define the ion implantation window for the deep P+ region, and its
lateral extension must be restricted to avoid encroachment into the channel to avoid
an increase in the threshold voltage of the power VD-MOSFET structure.

The P-base resistance in the presence of the deep P+ region is given by:

RPB ¼ ρSQ,PB
L1
Z

þ ρSQ,Pþ
L2
Z

ð6:253Þ

where ρSQ,Pþ is the sheet resistance of the deep P+ region. The lengths L1 and L2 are
indicated in the figure. For a typical power VD-MOSFET structure with LN+ of 5 μm,
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the P-base resistance is 1.5 Ω/cm of channel width (Z ) based upon a P-base pinch
sheet resistance of 3000 Ω/sq. The P-base resistance can be reduced to 0.3 Ω/cm of
channel width (Z ) by including the P+ region with a sheet resistance of 50Ω/sq if the
P+ region is diffused until L1 is 1 μm. Consequently, it is possible to improve the
[dV/dt] capability by a factor of 5 times by the addition of the P+ region.

With effective shorting of the P-base region with the N+ source region, the
breakdown voltage of the power MOSFET structure becomes equal to that of the
diode between the P-base region and the N-drift region. From the point of view of the
parasitic N-P-N transistor, this corresponds to the open-emitter breakdown voltage
(BVCB0). When injection from the emitter begins to occur, the transistor breakdown
voltage reduces to the open-base breakdown voltage (BVCE0), which can be half the
magnitude of BVCB0. Since the operating voltage at the drain is usually greater than
half the rated breakdown voltage capability of the device, the power MOSFET
structure will then undergo destructive failure under normal circuit operating con-
ditions. These problems are aggravated as the device heats up during operation
because of a reduction in the built-in potential (Vbi) and an increase in the sheet
resistance of the P-base region due to a reduction of the mobility. Consequently, it is
common practice to include a deep P+ region when fabricating power VD-MOSFET
structures to ensure adequate ruggedness in applications in spite of the
additional cost.

6.17 Safe Operating Area

The safe operating area (SOA) defines the space within the i–v characteristics of a
power MOSFET structure where it can be operated without destructive failure as
long as the device temperature stays within the maximum junction temperature limit.
For the power MOSFET structure, one limit to the SOA is determined by a

N-Drift Region

Drain

Source

Gate
N+ N+

P-BaseP+ Region
L1

L2

N+ Substrate

Fig. 6.127 The power
VD-MOSFET structure with
a deep P+ region

6.17 Safe Operating Area 453



maximum drain current (ID,max) as indicated in Fig. 6.128 by the horizontal blue line.
The maximum drain current is determined by the fusing current for the wire bonds
used on the source side of the device. For the example shown in the figure, this is
assumed to be at 25 A.

A second important limit to the SOA is the blocking voltage rating of the power
MOSFET structure, which is indicated by the vertical blue line at a voltage BV,
assumed to be 400 V for the example in the figure. A third limit to the operating area
for the device (shown as the green line in the figure) is based upon its on-state
voltage drop, which depends on the on-resistance (RON) of the device. This limit is
given by:

ID ¼ VD

RON
ð6:254Þ

In the figure, a 5 Ω on-resistance was assumed for the device.
The other boundaries for the SOA of the power MOSFET structure are deter-

mined by the maximum junction temperature (TJ,max). When operated under DC bias
conditions, the junction temperature is determined by:

T J � TAð Þ ¼ PDissRθ ¼ IDVDRθ ð6:255Þ
where Rθ is the thermal resistance of the package. Based upon this equation, the
drain current is limited to:

Fig. 6.128 Typical safe operating area for a power MOSFET structure
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ID ¼ T J,max � TAð Þ
VDRθ

ð6:256Þ

The safe operating area delineated by the above limitations is shown in the figure by
the solid red line when a maximum junction temperature of 150 �C is assumed with
an ambient temperature of 50 �C.

Under pulsed operation, a much larger drain current can be carried by the power
MOSFET structure due to the reduced duty cycle and power dissipation. For the case
of a single pulse, the thermal impedance is a function of the pulse duration (tP):

Zθ ¼ ZDCZK
ffiffiffiffi
tP

p
ZDC þ ZK

ffiffiffiffi
tP

p ð6:257Þ

where ZDC is the thermal impedance which is steady state. When this is factored into
Eq. (6.256), the drain current becomes limited to:

ID ¼ T J,max � TAð Þ ZDC þ ZK
ffiffiffiffi
tP

p½ �
VDZDCZK

ffiffiffiffi
tP

p ð6:258Þ

The drain current values computed using this expression are plotted in the figure for
the case of various pulse widths. In this example, the transient thermal impedance
was computed using a steady-state value (ZDC) of 2.5 �C/W with a coefficient ZK of
10 �C/W-s1/2. The SOA becomes enlarged as the pulse width is reduced until at a
pulse width of 1 μs, an ideal square-shaped SOA is obtained. This safe operating area
is determined solely by thermal limitations. However, the power MOSFET structure
contains a parasitic bipolar transistor. If this parasitic bipolar transistor becomes
activated, the safe operating area can be greatly reduced leading to destructive failure
of the device. In addition, the safe operating area can be reduced by the body bias
effect as discussed below.

6.17.1 Bipolar Second Breakdown

A reduction of the blocking voltage capability can occur in the power bipolar
transistors due a phenomenon termed second breakdown. This phenomenon can
also occur in power MOSFET devices due to the presence of a parasitic N-P-N
bipolar transistor within the n-channel power MOSFET structure. When the drain
bias applied to the power MOSFET structure is close to its avalanche breakdown
voltage, significant drain current flows due to impact ionization. This current must be
removed via the contact to the P-base region as illustrated in Fig. 6.129. The lateral
current flow path through the P-base region produces a forward bias across the
emitter-base junction of the parasitic bipolar transistor at location A. If this voltage
drop becomes close to the built-in potential of the junction, the emitter will begin to
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inject electrons leading to the activation of the parasitic bipolar transistor. The
breakdown voltage will then reduce from the open-emitter breakdown voltage
(BVCB0) to the open-base breakdown voltage (BVCE0).

The power VD-MOSFET structure is illustrated in Fig. 6.129 together with the
equivalent circuit for analysis of the bipolar second breakdown problem. The normal
channel current (IM) for the MOSFET structure is also indicated in the figure
together with the bipolar transistor currents. These currents can be related by using
Kirchhoff’s laws as follows:

ID ¼ IC þ IM ð6:259Þ
IS ¼ IE þ IM þ IB � IE þ IM ð6:260Þ

IB ¼ IE � IC ð6:261Þ
and

IC ¼ α IE ¼ γEαTMIE ð6:262Þ
Due to the narrow width and low doping concentration of the P-base region, the
emitter injection efficient (γE) and the base transport factor (αT) can be assumed to
nearly unity for the parasitic bipolar transistor in a power MOSFET structure.

The potential at location A in the P-base region is determined by the voltage drop
across the lumped resistance RPB due to the base current IB:

VA ¼ RPBIB ð6:263Þ
This forward bias across the emitter-base junction of the parasitic bipolar transistor
produces an emitter current given by:
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Fig. 6.129 Impact of parasitic bipolar transistor in the power MOSFET structure
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IE ¼ I0e
qVA=kT ð6:264Þ

Combining the above equations:

IE ¼ I0exp
qRPB

kT
M � 1ð ÞIE


 �
ð6:265Þ

Using a first-order expansion of the exponential term in Eq. (6.265):

IE ¼ I0
1� qRPB=kTð Þ M � 1ð ÞI0½ � ð6:266Þ

The multiplication coefficient depends upon the applied drain bias:

M ¼ 1

1� VD=BVð Þ6
h i ð6:267Þ

As the drain bias is increased, the multiplication coefficient (M ) increases leading to
an increase in the emitter current. The drain bias at which the emitter current
becomes very large can be obtained by equating the denominator of Eq. (6.266) to
zero:

VD,SB ¼ BV

qRPBI0=kT½ �1=6
ð6:268Þ

The bipolar second breakdown mode can be suppressed by reduction of the P-base
resistance with the addition of a P+ region as illustrated in Fig. 6.127.

6.17.2 MOS Second Breakdown

The voltage drop across the P-base resistance due to the avalanche breakdown-
induced current produces a body bias effect that can also lead to a reduction of the
voltage than be supported by the power MOSFET structure. A body bias coefficient
can be defined to account for the increase in the drain current due to a change in the
P-base potential (VA) in the vicinity of the channel at point A:

γB ¼ δ ID
δVA

ð6:269Þ

The source current is then given by:

IS ¼ IM þ γBVA ¼ IM þ γBRPBIB ð6:270Þ
The base current generated by the avalanche multiplication at high drain bias
voltages is given by:
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IB ¼ M � 1ð ÞID ð6:271Þ
Combining these expressions:

IB ¼ M � 1ð Þ IM þ γBRBIBð Þ ð6:272Þ
leading to:

IB ¼ M � 1ð ÞIM
1� γBRPB M � 1ð Þ ð6:273Þ

and

ID ¼ IM
1� γBRPB M � 1ð Þ ð6:274Þ

As the drain voltage increases, this expression indicates that the current will increase
catastrophically when its denominator becomes zero. By using Eq. (6.267), the drain
bias at which the second breakdown occurs is then obtained:

VD,SB ¼ BV

γBRPB½ �1=6
ð6:275Þ

The MOS second breakdown mode can also be suppressed by reduction of the
P-base resistance with the addition of a P+ region as illustrated in Fig. 6.127. In
modern power VD-MOSFET designs, the second breakdown phenomena are well
suppressed with the addition of the P+ regions. Consequently, these devices exhibit
the safe operating area shown in Fig. 6.128.

6.18 Integral Body Diode

High voltage is supported across the junction formed between the P-base region and
the N-drift region in the power n-channel MOSFET structure when a positive drain
bias is applied. The same junction becomes forward biased if a negative bias is
applied to the drain terminal. This P-N junction diode can therefore be utilized to
conduct current through the power MOSFET structure in the third quadrant of
operation. The equivalent circuit for the power MOSFET structure with the integral
diode is shown in Fig. 6.130. The current flow path through the integral diode within
the structure is shown on the cross section in the figure. In motor control circuits, it is
desirable to utilize this current path to avoid the cost of an additional flyback diode.
The primary difficulty with the utilization of the integral diode in the power
MOSFET structure is its poor reverse recovery characteristic due to the high lifetime
in the N-drift region. In addition, the presence of the N+ source region can lead to the
turn-on of the parasitic N-P-N bipolar transistor during the reverse recovery transient
leading to destructive failure.
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6.18.1 Reverse Recovery Enhancement

In Chap. 5, it was demonstrated that the reverse recovery performance of P-i-N
rectifiers can be improved by using lifetime control processes. Methods for reducing
the lifetime consist of the addition of deep level centers such as gold or platinum or
by the use of high-energy particle bombardment. The application of these techniques
to the power MOSFET structure is hindered by the degradation of the gate oxide and
its interface properties with the silicon. The diffusion of gold into an MOS structure
has been found to produce an accumulation of the gold near the oxide interface
resulting in a strong shift in the threshold voltage and a reduction of the channel
mobility.

Based upon the results of radiation damage studies on power MOSFET struc-
tures, it has been established that a positive charge is developed in the oxide due to
the particle bombardment. The threshold voltage for n-channel power MOSFET
structures is shifted to below zero preventing the device from blocking voltage in the
first quadrant. Fortunately, it was discovered that this oxide charge can be removed
by annealing the devices at relatively low temperatures (between 150 and 200 �C)
while maintaining the deep levels created by the particle bombardment within the
bulk silicon regions [25]. Using this procedure, it has been demonstrated that the
reverse recovery time (tRR) of the integral diode can be reduced from 400 to 100 ns
by adjusting the radiation dose. Electron irradiation provides a clean and precise
process for improving the reverse recovery behavior of the integral diode without
compromising any of the power MOSFET device characteristics.
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6.18.2 Impact of Parasitic Bipolar Transistor

During the reverse recovery process, the current in the integral diode is reversed until
it begins to support a positive drain bias voltage. The path for the reverse recovery
current is illustrated in Fig. 6.131. The entire P-base/N-drift junction collects the
current which then flows into the contact to the P-base region. This current path
occurs via the finite resistance (RPB) of the P-base region. The voltage drop across
the resistance forward biases the junction between the N+ source region and the
P-base region. If the voltage across this junction at point A exceeds the built-in
potential, the emitter of the parasitic bipolar transistor becomes activated. Under
these conditions, the blocking voltage capability of the power MOSFET structures is
degraded from the open-emitter breakdown voltage (BVCB0) to the open-base
breakdown voltage (BVCE0). The drain blocking voltage during the reverse recovery
transient can exceed the open-base breakdown voltage of the parasitic N-P-N
transistor resulting in destructive failure. This problem can be overcome by the
addition of the P+ region in the structure as shown in Fig. 6.127.

6.19 High-Temperature Characteristics

Power MOSFET structures have superior high-temperature operating capability
when compared with bipolar devices with the same voltage ratings. Commercial
devices are available with a maximum junction temperature of up to 200 �C.
However, changes in the semiconductor properties with temperature have an impact
on the electrical characteristics of the power MOSFET structures.
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6.19.1 Threshold Voltage

As discussed in Sect. 6.5.4, the threshold voltage for a power MOSFET structure is
given by:

VTH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4εSkTNA ln NA=nið Þp

COX
þ 2kT

q
ln

NA

ni

� �
� QOX

COX
ð6:276Þ

The threshold voltage for power MOSFET structures decreases with increasing
temperature due to the increase in the intrinsic carrier concentration. The change
in the threshold voltage is shown in Fig. 6.132 for the case of a P-base doping
concentration of 1 � 1017 cm�3. A gate oxide thickness of 500 Å was assumed with
a fixed charge of 2 � 1011 cm�2 together with N+ polysilicon as the gate electrode
material. The threshold voltage has been normalized to its value at room tempera-
ture. It can be observed from the figure that the threshold voltage changes by about a
factor of 2 times over the temperature range of �50 to 200 �C. The reduction of the
threshold voltage at elevated temperatures must be taken into account during the
design of power MOSFET structures so that its value does not fall below 1 V at the
highest anticipated operating junction temperature.

Fig. 6.132 Impact of increasing temperature on the threshold voltage of the power MOSFET
structure
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6.19.2 On-Resistance

The on-resistance of power MOSFET structures is observed to increase with
increasing temperature. This is attributed to the reduction of the mobility in the
drift region and the inversion layer. The decrease in the mobility in the drift region is
proportional to T�2.42 as discussed in Chap. 2. The change in the inversion layer
mobility is smaller (T�1) because of the high doping concentration of the P-base
region. The reduction in the threshold voltage with temperature that was discussed in
the previous section also contributes to the variation of the on-resistance.

As an example, the change in the on-resistance with temperature is provided in
Fig. 6.133 for the case of the 30 V power VD-MOSFET structure with a gate width
of 10 μm and cell pitch of 18 μm. The device has a channel length of 1.6 μm and a
gate oxide thickness of 500 Å. It can be observed that the on-resistance increases by
about 70% at 150 �C and 100% at 200 �C. This increase in on-resistance produces
larger on-state power losses in power MOSFET structures when operated at high
ambient temperatures, such as in automotive electronics, as well as due to self-
heating during operation in power circuits.

Although an increase in the resistance is undesirable due to the enhanced power
dissipation, it is an important feature for power MOSFET structures because it
prevents current localization within the structure. If the current density increases in
a local portion of the device, there is an increase in the local temperature because of
the higher power dissipation at this location. The increase in the on-resistance due to
the increased temperature favors a redistribution of the current to other locations
within the device. This prevents the formation of “hot spots” that can lead to current
filamentation and destructive failure. Another benefit of a positive temperature

Fig. 6.133 Impact of increasing temperature on the on-resistance of the power VD-MOSFET
structure
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coefficient for the on-resistance is that multiple power MOSFET devices can be
connected in parallel for enhancing the power handling capability with good sharing
of the total current.

6.19.3 Saturation Transconductance

In Sect. 6.5.5, it was shown that the transconductance for the MOSFET structure in
the saturated current regime of operation is given by:

gms ¼
ZμniCOX

LCH
VG � VTHð Þ ð6:277Þ

The temperature-dependent terms in this expression are the channel mobility and the
threshold voltage. The reduction of the channel inversion layer mobility is compen-
sated by the reduction of the threshold voltage when the temperature increases. The
net result is a reduction of the transconductance with increasing temperature. This is
demonstrated in Fig. 6.134 for a power VD-MOSFET structure with the same
parameters as given in the previous section. It can be observed that the
transconductance is reduced to 70% of its value at room temperature when the
device temperature increases to 200 �C. This has an impact upon the switching
times for the power MOSFET structure.

Fig. 6.134 Impact of increasing temperature on the transconductance of the power VD-MOSFET
structure
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6.20 Complementary Devices

Most of the discussion and analysis in this chapter has been focused on the n-channel
power MOSFET structure because of its predominance in applications. The
n-channel power MOSFET structure is favored over the p-channel power MOSFET
structure because the larger mobility for electrons than holes in silicon results in
smaller specific on-resistance for n-channel devices. However, p-channel power
MOSFET devices are preferable in many portable power management applications
because of the drive simplicity. The p-channel structure can be inserted between the
power source and the load to regulate the power with simply pulling down the gate
voltage to ground.

6.20.1 P-channel Structure

The p-channel power MOSFET structures are shown in Fig. 6.135. When compared
with the n-channel counterpart, all the N-type semiconductors regions are replaced
by P-type regions. The basic operating principles for the p-channel device are the
same as those discussed in the previous sections for the n-channel structure. How-
ever, all the bias voltages must be changed from positive to negative values for the
p-channel structure. During the 1990s, the planar VD-MOSFET structure shown in
Fig. 6.135a was replaced with the trench-gate U-MOSFET structure shown in
Fig. 6.135b due to its smaller specific on-resistance [26, 27].

P-Drift Region

Drain

Source

Gate

N-Base
J1

J2
P+

P+ Substrate

J1

P-Drift Region

N-Base

Drain

Gate

P+ Substrate

Source

J2
P+

a b

Fig. 6.135 The p-channel power MOSFET structures
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6.20.2 On-Resistance

The components of the on-resistance for the p-channel structure are identical to those
for the corresponding n-channel structure. However, the magnitude for the specific
on-resistance for the various components is larger in the p-channel structure due to
the lower mobility for holes than electrons in silicon. In the drift region, the bulk
mobility for holes is about three times smaller (see Chap. 3). In the channel region,
the inversion layer mobility for holes is also about three times smaller than for
electrons (see Chap. 3). Consequently, all the components for the on-resistance for
the p-channel device increase by a factor of 3 times when compared with the
n-channel structure resulting in a threefold increase in the total specific
on-resistance as well. In addition, the optimization of the DMOSFET cell for the
p-channel device produces the same optimum value for the width of the gate
electrode.

6.20.3 Deep-Trench Structure

Due to their relatively high specific on-resistance, the p-channel power MOSFET
structures have been utilized primarily in applications with low blocking voltage
requirements. In the case of DC-bus voltages of less than 5 volts, the breakdown
voltage for the device can be reduced to only 12 V. In this case, it is feasible to utilize
the deep-trench architecture illustrated in Fig. 6.136 without a drift region. Although
first proposed for n-channel devices [28], this INV-FET structure has also been used
for making p-channel devices with low specific on-resistance [27]. In the deep-
trench architecture, the trench is extended from the upper surface into the N+ or P+
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substrate. When the gate bias is applied to turn on the device, an inversion layer is
formed along the trench sidewalls within the base region extending all the way from
the source to the drain region allowing a reduction of the specific on-resistance due
to elimination of the drift region component in the traditional trench U-MOSFET
structure. This concept is useful only for devices with low blocking voltage capa-
bility because the drain voltage must be supported across the gate oxide during the
off-state. For a typical gate oxide thickness of 500 Å, the blocking voltage is limited
to about 20 V from reliability considerations even though the oxide rupture voltage
is 50 V. With the INV-FET structure, n-channel devices with a blocking voltage of
26 V and specific on-resistance of 0.3 mΩ-cm2 have been reported by using a cell
pitch of 6 μm [28]. A specific on-resistance of 0.2 mΩ-cm2 has been achieved for the
p-channel structure with a blocking voltage of 15 V by reducing the cell pitch to
2.4 μm [27].

6.21 Silicon Power MOSFET Process Technology

The first power MOSFET devices were developed by using the V-groove process.
This process fell out of favor due to reliability problems associated with the sharp
point of the V-groove gate structure and instabilities associated with the potassium
hydroxide-based etching solutions. The planar VD-MOS process gained favor
during the 1970s due to its simplicity and compatibility with main stream CMOS
technology. The process for planar VD-MOSFET structures was refined during the
1980s with the utilization of improved design rules to reduce the size of the diffusion
window leading to a lower specific on-resistance. However, the presence of the JFET
region in the power VD-MOSFET structure was found to be a major impediment to
reducing the specific on-resistance especially for devices designed for low blocking
voltages (<100 V). With the availability of reactive-ion etching (RIE)-based trench
formation chemistry and production equipment used for manufacturing dynamic
random access memories (DRAMs), it became feasible to make power MOSFET
devices with the trench-gate structure. The power U-MOSFET devices have become
prevalent since the 1990s to achieve a lower specific on-resistance. The process used
for manufacturing these devices is briefly described in this section.

6.21.1 Planar VD-MOSFET Process

Most modern power VD-MOSFET devices are manufactured with a P+ region
included in the structure to provide adequate ruggedness as described in previous
sections. Although some self-aligned processes for fabricating this region have been
proposed and demonstrated, most products are manufactured by using an additional
masking step for this region. This process is described here with the aid of
Fig. 6.137.
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The power VD-MOSFET structure is fabricated by starting with an N+ substrate
in which an N-type epitaxial layer has been grown with doping concentration and
thickness chosen to achieve the desired blocking voltage rating. A thick field oxide is
first grown for the formation of the appropriate edge termination (not shown in
Fig. 6.137). Next, a termination mask is used to define an opening for the active area
and windows for the floating field rings. The doping concentration in the JFET
region can be enhanced by the addition of an N-type ion implant in the active area at
this stage in the process. The JFET dopant extends to the dashed line in the figure
during the drive-in cycle for the P+ region. A photoresist mask is then used to define
the location of the P+ implant within the VD-MOSFET cell window. The same
implant can be utilized to form the P+ region for the edge termination. A cross
section of the power VD-MOSFET structure is shown in Fig. 6.137a after driving-in
the P-type dopant (usually boron).

The gate oxide is now grown on the silicon surface immediately followed by the
deposition of the polysilicon gate electrode. A cross section of the power
VD-MOSFET structure is shown in Fig. 6.137b after patterning the polysilicon. A
good alignment between the P+ region and the polysilicon is required to prevent
encroachment of the P-type dopant into the channel. The P-base region is now
implanted using the polysilicon as a mask. A cross section of the power
VD-MOSFET structure is shown in Fig. 6.137c after driving-in the P-type dopant
(usually boron). A photoresist mask is now used as illustrated in Fig. 6.137d to define
the location of the N+ source region. During the ion implantation of the N-type dopant
(usually phosphorus), the polysilicon acts as one of the boundaries, while the photo-
resist is used to provide a region for short-circuiting the N+ source and P-base regions.

The inter-metal dielectric is now deposited to cover the polysilicon gate. This
dielectric is comprised of layers of silicon dioxide or oxynitrides that offer good step
coverage to passivate the edges of the polysilicon as well as its upper surface. A
mask is used to etch windows in the inter-metal dielectric film to open contacts to the
N+ source and P-base regions as illustrated in Fig. 6.137e. The same mask is used to
form the contact to the gate electrode at the gate pads. The alignment of the contact
mask with the edges of the polysilicon is a critical yield limiting step during the
fabrication of power VD-MOSFET devices. In order to achieve a low total
on-resistance, these devices must be fabricated with a very large channel width
(Z ), typically 1–20 m in size. Any defects in the inter-metal dielectric film, especially
at the edges of the polysilicon, can lead to short circuits between the gate and source
making the device unusable.

The source metal is now deposited and patterned to define the source electrode as
well as gate pads to complete the structure as illustrated in Fig. 6.137f. It is customary
to use a titanium-based contact layer followed by a thick (4–8 μm) aluminum layer
containing 1% silicon to suppress spiking. The thickness of the N+ substrate is then
reduced by grinding and polishing to reduce its contribution to the on-resistance,
followed by deposition of a solderable metal layer on the back surface to complete the
drain contact and electrode. A typical metal stack consists of a thin titanium film, a
thin nickel barrier layer, and a thick silver layer. The wafers are usually annealed after
the formation of the source and drain contacts to improve the contact resistance.

468 6 Power MOSFETs



The typical device fabrication sequence requires six mask levels with an additional
mask for defining windows for wire bonds in a passivation glass deposited on top of
the source and gate electrodes.

6.21.2 Trench U-MOSFET Process

The trench-gate structure for power U-MOSFET devices requires its own unique
process sequence as illustrated in Fig. 6.138. Although a variety of process options
have been proposed, a typical case is briefly described here. As in the case of the
power VD-MOSFET structure, an N+ substrate with an N-type epitaxial layer is used
as the starting material. A thick field oxide is first grown for the formation of the
appropriate edge termination. Next, a termination mask is used to define an opening
for the active area and windows for the floating field rings. A mask is then used to
define the location of the P+ implant within the U-MOSFET cell window. The same
implant can be utilized to form the P+ region for the edge termination. A cross
section of the power U-MOSFET structure is shown in Fig. 6.138a after driving-in
the P-type dopant (usually boron).

The P-base region is now implanted over the entire active area followed by a
drive-in cycle for the P-type dopant (usually boron). A photoresist mask is now used
to define the N+ source region. This establishes the locations of the short circuits
between the N+ source and P-base regions. A cross section of the power U-MOSFET
structure is shown in Fig. 6.138b after driving-in the N-type dopant (usually
phosphorus).

An oxide, to be utilized as an RIE etch mask, is then either deposited or grown on
the silicon surface. This oxide is patterned to open windows where the trenches are to
be formed. Reactive-ion etching is used to form vertically walled trenches in the
silicon. It is important to obtain a smooth trench surface to achieve high inversion
layer mobility as discussed in Chap. 2. Processes have also been developed for
rounding the bottom of the trench to reduce the electric field at the corners [6]. A
cross section of the power U-MOSFET structure is shown in Fig. 6.138c after the
formation of the trenches.

The gate oxide is now grown on the trench sidewalls and the bottom surface. A
cross section of the power U-MOSFET structure is shown in Fig. 6.138d after this
step in the process. The polysilicon gate electrode is now deposited using a confor-
mal process to refill the trenches. A cross section of the power U-MOSFET structure
is shown in Fig. 6.138e illustrating a cusp in the polysilicon at the middle of the
trench. It is important to use a sufficient polysilicon thickness to make the cusp small
and to avoid the formation of voids within the refill. The polysilicon is then
planarized to obtain a smoother topology as shown in Fig. 6.138f followed by
patterning it. The inter-metal dielectric is now deposited to cover the polysilicon
gate. As in the case of the VD-MOSFET process, this dielectric is comprised of
layers of silicon dioxide or oxynitrides that offer good step coverage to passivate the
edges of the polysilicon as well as its upper surface. A mask is used to etch windows
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in the inter-metal dielectric film to open contacts to the N+ source and P-base regions
as illustrated in Fig. 6.138g. The same mask is used to form the contact to the gate
electrode at the gate pads. The alignment of the contact mask with the edges of the
polysilicon is a critical yield limiting step during the fabrication of power
U-MOSFET devices. In order to achieve a low total on-resistance, these devices
must be fabricated with a very large channel width (Z ), typically 1–20 m in size. Any
defects in the inter-metal dielectric film, especially at the edges of the polysilicon,
can lead to short circuits between the gate and source making the device unusable.

The source metal is now deposited and patterned to define the source electrode as
well as gate pads to complete the structure as illustrated in Fig. 6.138g. It is customary
to use a titanium-based contact layer followed by a thick (4–8 μm) aluminum layer
containing 1% silicon to suppress spiking. The thickness of the N+ substrate is then
reduced by grinding and polishing to reduce its contribution to the on-resistance,
followed by deposition of a solderable metal layer on the back surface to complete the
drain contact and electrode. A typical metal stack consists of a thin titanium film, a
thin nickel barrier layer, and a thick silver layer. The wafers are usually annealed after
the formation of the source and drain contacts to improve the contact resistance.

6.22 Silicon Carbide Devices

As previously discussed in the introductory chapter, the specific on-resistance of the
drift region can be greatly reduced by replacing silicon with silicon carbide. The
Baliga’s figure of merit for 4H-SiC is more than 2000 times superior to that for
silicon. This makes silicon carbide a very attractive semiconductor for the develop-
ment of high-voltage power MOSFET structures.

The commercialization of power MOSFET devices from silicon carbide has been
curtailed by two issues. First, the quality of the interface between the thermally
grown oxide and the silicon carbide surface has been poor resulting in low inversion
layer mobility. Second, the high electric field generated within the silicon carbide
produces very high electric field within the gate oxide leading to its rupture during
operation. Innovative methods to overcome these challenges have evolved during
the 1990s. A detailed discussion of these silicon carbide-based power MOSFET
structures is available in separate books [29]. A brief discussion of two approaches to
building silicon carbide-based MOS-gated power switches is provided here.

6.22.1 The Baliga-Pair Configuration

The Baliga-Pair configuration was proposed [30] while awaiting the commerciali-
zation of silicon carbide power MOSFETs. This concept is still being commercial-
ized. In the Baliga-Pair configuration, a low breakdown voltage, normally off,
silicon MOSFET and a high-voltage, normally on, silicon carbide JFET/MESFET
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are connected together as shown in Fig. 6.139. Any trench-gate or planar-gate JFET/
MESFET structures discussed in Ref. [29] can be used to provide the high blocking
voltage capability. It is important that the silicon carbide FET structure be designed
for normally on operation with a low specific on-resistance. It is also necessary for
the silicon carbide FET to be able to block the drain bias voltage with a gate potential
less than the breakdown voltage of the silicon power MOSFET. The silicon power
MOSFET can be either a planar DMOS structure or a trench-gate UMOS structure,
discussed earlier in this chapter, with a low specific on-resistance. The source of the
silicon carbide FET is connected to the drain of the silicon power MOSFET. Note
that the gate of the silicon carbide FET is connected directly to the reference or
ground terminal. The path formed between the drain and the gate contact of the
silicon carbide FET creates the flyback diode. The composite switch is controlled by
the signal applied to the gate of the silicon power MOSFET.

Voltage Blocking Mode

The Baliga-Pair switch configuration can block current flow when the gate of the
silicon power MOSFET is shorted to ground by the external drive circuit. With zero
gate bias, the silicon power MOSFET supports any bias applied to its drain terminal
(DM) unless the voltage exceeds its breakdown voltage. Consequently, at lower
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voltages applied to the drain terminal (DB) of the composite switch, the voltage is
supported across the silicon power MOSFET because the silicon carbide JFET is
operating in its normally on mode. However, as the voltage at the drain (DM) of the
silicon MOSFET increases, an equal positive voltage develops at the source (SSiC) of
the silicon carbide FET. Since the gate (GSiC) of the silicon carbide FET is connected
to the ground terminal, this produces a reverse bias across the gate-source junction of
the silicon carbide FET. Consequently, a depletion layer extends from the gate
contact/junction into the channel of the silicon carbide FET. When the depletion
region pinches off the channel at location A, further increase in the bias applied to
the drain (DB) of the composite switch is supported across the silicon carbide FET.

After the channel in the silicon carbide JFET/MESFET is pinched-off, the
potential at the source of the silicon carbide FET is isolated from the drain bias
applied to the silicon carbide FET. The voltage across the silicon power MOSFET is
consequently also clamped to a value close to the pinch-off voltage of the silicon
carbide FET. This feature enables utilization of a silicon power MOSFET structure
with a low breakdown voltage. Such silicon power MOSFET devices have very low
specific on-resistance with a mature technology available for their production. From
this point of view, it is desirable to utilize silicon power MOSFETs with breakdown
voltages of below 50 V.

If the Baliga-Pair is designed to support a drain bias of 3000 V, the ability to
utilize a silicon power MOSFET with a breakdown voltage of 30 V requires
designing the silicon carbide FET so that the channel is pinched-off at a gate bias
of below 20 V. Thus, the blocking gain of the silicon carbide FET should be in
excess of 150. This is feasible for both the trench-gate and planar-gate architectures
for silicon carbide FET structures discussed in Ref. [29].

Forward Conduction Mode

The composite switch shown in Fig. 6.139 can be turned on by application of a
positive gate bias to the gate terminal (GB). If the gate bias is well above the
threshold voltage of the silicon power MOSFET, it operates with a low
on-resistance. Under these conditions, any voltage applied to the drain terminal
(DB) produces current flow through the normally on silicon carbide FET and the
silicon MOSFET. Due to the low specific on-resistance of both structures, the total
on-resistance of the Baliga-Pair configuration is also very small. Depending upon the
size of the two devices, an on-resistance of less than 10 mΩ is feasible even when the
switch is designed to support 3000 V. This indicates that the Baliga-Pair configura-
tion will have an on-state voltage drop of about 1 V with a nominal on-state current
density of 100 A/cm2

flowing through the devices. This is well below typical values
of around 4 V for an IGBT designed to support such high voltages resulting in much
lower power loss in the applications.
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Current Saturation Mode

One of the reasons for the success of the silicon power MOSFET and IGBT in power
electronics applications is the gate-controlled current saturation capability of these
devices. This feature enables controlling the rate of rise of current in power circuits
by tailoring the input gate voltage waveform rather than by utilizing snubbers that
are required for devices like gate turn-off thyristors. In addition, current saturation is
essential for survival of short-circuit conditions where the device must limit the
current.

The current saturation capability is inherent in the Baliga-Pair configuration. If
the gate voltage applied to the Baliga-Pair configuration is close to the threshold
voltage of the silicon MOSFET, it will enter its current saturation mode when the
drain bias increases. This produces a constant current through both the silicon
MOSFET and the silicon carbide FET, while the drain bias applied to the composite
switch increases. At lower drain bias voltages applied to the drain terminal (DB), the
voltage is supported across the silicon power MOSFET. As this voltage increases,
the channel in the silicon carbide FET gets pinched-off, and further voltage is then
supported by the silicon carbide FET. Under these bias conditions, both the devices
sustain current flow while supporting voltage. The level of the current flowing
through the devices is controlled by the applied gate bias. In this sense, the Baliga-
Pair behaves like a silicon power MOSFET from the point of view of the external
circuit on both the input and output side. This feature makes the configuration
attractive for use in power electronic systems because the existing circuit topologies
can be used. The safe operating area of the composite switch is mainly determined by
the silicon carbide FET because it supports a majority of the applied drain voltage.
The excellent breakdown strength, thermal conductivity, and wide bandgap of
silicon carbide ensure good safe operating area for the FET structures.

Switching Characteristics

The transition between the on and off modes for the Baliga-Pair configuration is
controlled by the applied gate bias. During turn-on and turn-off, the gate bias must
charge and discharge the capacitance of the silicon power MOSFET. Since silicon
power MOSFETs are extensively used for high-frequency power conversion, their
input capacitance and gate charge have been optimized by the industry. The
switching speed of the Baliga-Pair is consequently very high because of the avail-
ability of silicon power MOSFETs designed for high-frequency applications. The
main limitation to the switching speed of the Baliga-Pair is related to parasitic
inductances in the package.
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Flyback Diode

The Baliga-Pair contains an inherent high-quality flyback rectifier. When the drain
bias is reversed to a negative value, the gate-drain contact/junction of the silicon
carbide FET becomes forward biased. Since the gate of the silicon carbide FET is
directly connected to the ground terminal, current can flow through this path when
the drain voltage is negative in polarity. From this standpoint, it is preferable to use a
metal-semiconductor contact for the gate rather than a P-N junction. The Schottky
gate contact provides for a lower on-state voltage drop by proper choice of the work
function for the gate contact. In addition, the Schottky contact has no significant
reverse recovery current. This greatly reduces switching losses in both the rectifier
and the FETs. Thus, the Baliga-Pair configuration replaces not just the power switch
(such as the IGBT or GTO) in applications but also the power rectifier that is
normally used across the switch.

Simulation Example
Two-dimensional numerical simulations are described here by concatenating a
silicon power MOSFET structure with a silicon carbide MESFET structure, as
illustrated in Fig. 6.140, to demonstrate the operation of the Baliga-Pair configura-
tion. This allows observation of the potential and current distribution within both
devices during all modes of operation. The silicon carbide MESFET had a drift
region designed to support 3000 V. A trench-gate region with a depth of 1 μm was
chosen. The spacing between the gate regions (dimension “a” in the figure) was
chosen as 0.6 μm because this provides a good trade-off between normally on
operation with low specific on-resistance and a good blocking gain. A work function
of 4.5 eV was used for the gate contact corresponding to a barrier height of 0.8 eV.

The silicon power MOSFET had a trench-gate design to reduce its on-resistance
and make the structure compatible with the trench-gate silicon carbide FET for
simulations. The gate oxide for the MOSFET was chosen as 500 Å with a peak
P-base doping concentration of 3 � 1017 cm�3. This resulted in a threshold voltage
of 4.5 V for the MOSFET which is acceptable for high-voltage power switches that
can be driven using 10 V gate signals. The drift region for the silicon power
MOSFET had a doping concentration of 1.5 � 1016 cm�3 and thickness of 2.5 μm
designed to support 30 V.

The gate electrode (E5) for the silicon carbide MESFET was connected to the
source electrode (E1) of the silicon power MOSFET during all the simulations. The
electrode (E4) served as both the source contact to the silicon carbide MESFET and
the drain contact for the silicon power MOSFET. This electrode was treated as a
floating electrode (zero current boundary conditions) whose potential was monitored
to provide insight into the voltage sharing between the two devices. The high-
voltage DC bias was applied to the drain electrode (E2) of the silicon carbide
MESFET, while the input control signal was applied to the gate electrode (E3) of
the silicon power MOSFET.

To operate the Baliga-Pair configuration in the voltage blocking mode, the gate
electrode was held at zero bias, and a drain bias was applied to the drain (E2) of the
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silicon carbide MESFET structure. The composite switch was able to support
3000 V with the potential on the drain electrode (E4) of the silicon MOSFET
remaining below 30 V. The voltage developed across the silicon power MOSFET
can be monitored by examining the potential at the floating electrode (E4). As the
applied drain voltage increases, the potential at this electrode also increases as shown
in Fig. 6.141. The voltage at the floating electrode increases to 26.5 V when the
applied voltage to the drain of the composite switch reaches 3000 V. Consequently,
the maximum drain voltage experienced by the silicon power MOSFET is
maintained below 30 V for a composite switch capable of supporting 3000 V.
This is an important feature of the Baliga-Pair configuration because it allows the
use of silicon power MOSFETs with relatively low breakdown voltages (<50 V).
Such silicon power MOSFETs are commercially available with very low
on-resistance.

The Baliga-Pair configuration can be operated in the on-state by the application of
a positive gate bias to the silicon power MOSFET. When the gate bias is well above
the threshold voltage of the silicon power MOSFET, it can carry a high current
density with very low on-state voltage drop due to its low specific on-resistance.
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Under these conditions, the voltage difference between the source and gate of the
silicon carbide MESFET becomes very small. Consequently, the channel of the
silicon carbide MESFET remains un-depleted allowing current flow with low
on-resistance.

The transfer characteristic for the Baliga-Pair configuration was obtained by
increasing the gate bias applied to the silicon power MOSFET while maintaining a
bias of 1 V at the drain of the silicon carbide MESFET. From the transfer curve
shown in Fig. 6.142, it can be seen that a gate bias of 10 V is sufficient to operate the
Baliga-Pair with a low net on-resistance. At this gate bias, the current density
flowing through the structures was 570 A/cm2 corresponding to a specific
on-resistance of 1.9 mΩ-cm2. The silicon carbide MESFET contributes about 90%
of this on-resistance with the rest contributed by the silicon power MOSFET.

The ability to limit the current flow by current saturation within a power switch is
an attractive attribute from an applications standpoint. The extension of current
saturation to high voltages is very desirable because this provides a broad safe
operating area for the switching loci during circuit operation. These features were
analyzed for the Baliga-Pair configuration by application of various gate bias voltages
and examining the resulting output characteristics as shown in Fig. 6.143. It can be
seen that the composite switch exhibits an excellent current saturation capability to
very high drain bias voltages with very high output resistance until the gate bias
voltage exceeds 9V. Beyond this gate bias voltage, current compression is observed –
a phenomenon commonly observed in transistors at very high current densities
[13]. Note that the current density has reached a magnitude of 2 � 104 A/cm2 at a
gate bias of 9 V. Although such high current density can be a problem from a power
dissipation point of view, these results demonstrate that the Baliga-Pair has a

Drain Bias (Volts)
1000

VG = 0 Volts

0

Si
lic

on
 M

O
SF

E
T 

D
ra

in
 P

ot
en

tia
l (

Vo
lts

)

10

0 2000 3000

20

30Fig. 6.141 The silicon
MOSFET drain voltage in
the Baliga-Pair
configuration in the
blocking mode

6.22 Silicon Carbide Devices 477



Gate Bias (Volts)

Fo
rw

ar
d 

C
ur

re
nt

 D
en

si
ty

 (1
02  A

/c
m

2 )

1

2

3

4

5

6

0
0 20105 15

VD = 1 Volt

Fig. 6.142 Linear region
transfer characteristics for
the Baliga-Pair
configuration

Drain Bias (kV)

Fo
rw

ar
d 

C
ur

re
nt

 D
en

si
ty

 (1
04  A

/c
m

2 )

1

2

3

0
0 0.5

Baliga-Pair Configuration

1.0 1.5 2.0 2.5

5 V

Gate Bias

6 V

7 V

8 V

9 V

10 V15, 20 V

Fig. 6.143 Output
characteristics of the Baliga-
Pair configuration

478 6 Power MOSFETs



very broad safe operating area within which inductive load switching can be
performed.

The switching performance of the Baliga-Pair configuration was examined under
inductive load conditions by initially biasing the composite switch in its blocking
state with a drain bias of 2000 V while keeping the gate bias of the silicon MOSFET
structure at zero. The gate was then biased using a constant input current to charge
the gate capacitance. This method is commonly used for characterization of power
MOSFETs. The gate voltage at the silicon power MOSFET structure increases in
response to the stimulus as shown in Fig. 6.144. When the gate voltage exceeds the
threshold voltage at time t1, the drain current begins to rise. The simulations were
designed to maintain the drain current density at a constant value once it reached a
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magnitude of 200 A/cm2. At this time t2, the drain voltage falls rapidly until time t3
resulting in a high dV/dt at the output terminals of the FETs. The plateau in the gate
voltage until time t4 is associated with the charging of the Miller capacitance of the
silicon MOSFET

During the switching event for turning on the Baliga-Pair, high-power dissipation
occurs during the transition time (t2 � t1) for the drain current and the transition time
(t3 � t2) for the drain voltage. The switching energy associated with these events is
given by:

Eoff ¼ 0:5∗VD
∗ID

∗ t3 � t1ð Þ ð6:278Þ
For the simulated case with VD ¼ 2000 V and JD ¼ 200 A/cm2, the calculated
switching energy is 30 mJ/cm2. This would produce a power dissipation of 30 W/cm
2 at a typical operating frequency of 1 kHz. In comparison, the on-state power
dissipation is given by:

Pon ¼ RDSonsp
∗J2D ð6:279Þ

For the simulated Baliga-Pair configuration with specific on-resistance of 2 mΩ-cm2,
the conduction power loss is found to be 80 W/cm2. If the turn-off switching losses
are assumed to be comparable to the turn-on power loss computed above, the total
power loss is 140 W/cm2, which is acceptable from the point of view of cooling the
devices with available heat sink technology. This demonstrates that the Baliga-Pair
is capable of providing excellent switching performance for high-voltage power
systems.

It is also interesting to observe the behavior of the drain potential of the silicon
power MOSFET during the switching transient. As can be seen in Fig. 6.145, the
MOSFET drain voltage remains close to its value during operation in the blocking
mode until time t2 and then reduces to the on-state voltage drop of the silicon power
MOSFET. It is worth pointing out that the drain voltage of the silicon power
MOSFET ramps down during the entire time interval from t2 to t4, while the drain
voltage on the silicon carbide MESFET ramps down in a much shorter time interval
from t2 to t3. Since most of the voltage is supported by the silicon carbide MESFET,
this is a favorable outcome that results in smaller turn-off energy and switching
losses.

In addition, the current flow through the gate of MESFET is shown in Fig. 6.145
during the switching transient. This current remains at approximately a constant
value during the time interval from t2 to t3 when the drain voltage of the MESFET is
ramping down. This indicates that the Miller and output capacitances of the
MESFET are being charged through the gate electrode of the MESFET. This is
responsible for the faster reduction of the drain voltage for the silicon carbide
MESFET without being limited by the performance of the silicon MOSFET.
These observations indicate that the Baliga-Pair configuration has an excellent
switching behavior for power electronics applications.
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The Baliga-Pair configuration contains an inherent flyback rectifier that can be
useful in H-bridge and other power electronic circuit applications. The performance
of this rectifier can be examined by doing simulations with a negative bias applied to
the drain terminal of the silicon carbide MESFET while connecting the gate of the
silicon power MOSFET to the source terminal. The resulting characteristic is shown
in Fig. 6.146 at room temperature. Excellent characteristics are observed with an
on-state voltage drop of only 0.7 V. This indicates that a larger work function could
be used for the gate of the silicon carbide MESFET to reduce its leakage current if
necessary.

The simulations discussed above indicate that the Baliga-Pair configuration pro-
vides an excellent power switch for high-voltage power system applications. In
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terms of packaging, the two transistors within the Baliga-Pair configuration replace
the IGBT and the flyback rectifier resulting in a similar level of complexity and cost.
The attractive features of the Baliga-Pair configuration, also called the cascode
configuration, have been experimentally confirmed [31]. The turn-off time for the
Baliga-Pair configuration was found to be half that for a silicon carbide MOSFET
due to the smaller Miller capacitance.

6.22.2 Planar Power MOSFET Structure

The diffusion rate for dopants is extremely small in silicon carbide even at very high
temperatures. Consequently, it is not feasible to fabricate the power VD-MOSFET
structure. However, a planar power MOSFET structure can be fabricated from silicon
carbide by staggering the location of the ion implants for the P-base and N+ source
regions [32]. The basic structure of the planar SiC power MOSFET is shown in
Fig. 6.147 together with the location of the ion implantation edges. These devices
have been called DIMOSFETs because of the double-implant process used for their
fabrication [33].

Cell Pitch = 1.1 microns

Work Function = 4.5 eV

JF = 100 A/cm2

Baliga-Pair Configuration

Lo
g 

[D
ra

in
 C

ur
re

nt
] (

A
)

-5

-4

0-0.5

-10

-15

Drain Bias (Volts)

-11

-12

-6

-7

-8

-9

-1.0-1.5-2.0-2.5

-13

-14

Fig. 6.146 On-state
characteristics of the flyback
diode in the Baliga-Pair
configuration

482 6 Power MOSFETs



Blocking Characteristics

The voltage is supported by a depletion region formed on both sides of the P-base/N-
drift junction during the forward blocking mode in the planar power MOSFET
structure. The maximum blocking voltage is determined by the electric field at this
junction becoming equal to the critical electric field for breakdown if the parasitic N+

/P/N bipolar transistor is completely suppressed. This suppression is accomplished
by short-circuiting the N+ source and P-base regions using the source metal as shown
on the upper left-hand side of the cross section. However, a large leakage current can
occur when the depletion region in the P-base region reaches through to the N+

source region. The doping concentration and thickness of the P-base region must be
designed to prevent the reach-through phenomenon from limiting the breakdown
voltage. This problem becomes aggravated in silicon carbide devices due to the
much larger electric field at the blocking junction and the large doping concentration
of the drift region.

The applied drain voltage is supported by the N-drift region and the P-base region
with a triangular electric field distribution as shown in Fig. 6.148 if the doping is
uniform on both sides. The maximum electric field occurs at the P-base/N-drift
junction. The depletion width on the P-base side is related to the maximum electric
field by:

Fig. 6.147 Silicon carbide
planar power MOSFET
structure
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WP ¼ εSEm

qNA
ð6:280Þ

where NA is the doping concentration in the P-base region. The minimum P-base
thickness required to prevent reach-though limited breakdown can be obtained by
assuming that the maximum electric field at the P-base/N-drift junction reaches the
critical electric field for breakdown when the P-base region is completely depleted:

tP ¼ εSEC

qNA
ð6:281Þ

where EC is the critical electric field for breakdown in the semiconductor.
The calculated minimum P-base thickness for 4H-SiC power MOSFETs is

compared with that for silicon in Fig. 6.149. A critical electric field of 4 � 105 V/
cm was used for silicon and 3 � 106 V/cm for silicon carbide. At any given P-base
doping concentration, the thickness for 4H-SiC is about six times larger than for
silicon. This implies that the minimum channel length required for silicon carbide
devices is much larger than for silicon devices resulting in a big increase in the
on-resistance. The enhancement of the on-resistance is compounded by the low
channel inversion layer mobility observed for silicon carbide.

The minimum thickness of the P-base region required to prevent reach-through
breakdown decreases with increasing doping concentration as shown in Fig. 6.149. The
typical P-base doping concentration for silicon power MOSFETs is 1 � 1017 cm�3 to
obtain a threshold voltage between 1 and 3 V for a gate oxide thickness of 500–1000 Å.
At this doping level, the P-base thickness can be reduced to 0.5 μm without reach-
through limiting the breakdown voltage. In contrast, for 4H-SiC, it is necessary to
increase the P-base doping concentration to above 4 � 1017 cm�3 to prevent reach-
through with a 0.5 μm P-base thickness. This higher doping concentration increases the
threshold voltage beyond acceptable values as discussed below.

N-Drift

Em

WP WN

tP

P-BaseN+ N+

Fig. 6.148 Reach-through
problem in a SiC power
MOSFET structure

484 6 Power MOSFETs



Threshold Voltage

The on-state operation for the silicon carbide planar power MOSFET structure is
similar to that for the silicon counterpart. An n-channel region is formed on the
surface of the P-base region by the application of a positive gate bias to provide a
path from the source to the drain. The on-resistance can be modeled using the same
approach as described earlier for the silicon power VD-MOSFET structure [29]. The
gate bias must exceed the threshold voltage in order for the formation of the channel.
As discussed earlier in this chapter, the threshold voltage can be defined as the gate
bias at which onset of strong inversion begins to occur in the channel. This voltage is
given by:

VTH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4εSkTNA ln NA=nið Þp

Cox
þ 2kT

q
ln

NA

ni

� �
ð6:282Þ

where NA is the doping concentration of the P-base region, k is Boltzmann’s
constant, and T is the absolute temperature. The threshold voltage for 4H-SiC planar
MOSFETs calculated by using this equation is shown in Fig. 6.150 for the case of a
gate oxide thickness of 1000 Å. The results obtained for a silicon power MOSFET
with the same gate oxide thickness are also provided in this figure for comparison.

In the case of silicon devices, a threshold voltage of about 4 V is obtained for a
P-base doping concentration of 1 � 1017 cm�3. At this doping concentration, the
depletion width in the P-base region for silicon devices is less than 0.5 μm, as shown
earlier in Fig. 6.149, even when the electric field in the semiconductor approaches

Fig. 6.149 Comparison of minimum P-base thickness required to prevent reach-through break-
down in 4H-SiC and silicon
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the critical electric field for breakdown. This allows the design of silicon power
MOSFETs with channel lengths of below 0.5 μm without encountering reach-
through breakdown limitations. In contrast, a P-base doping concentration of
about 3 � 1017 cm�3 is required in 4H-SiC (see Fig. 6.149) to keep the depletion
width in the P-base region below 0.5 μmwhen the electric field in the semiconductor
approaches the critical electric field for breakdown. At this doping concentration, the
threshold voltage for the 4H-SiC MOSFET approaches 20 V. The much larger
threshold voltage for silicon carbide is due to its larger bandgap (which results in
an extremely small value for the intrinsic concentration in Eq. (6.282)) as well as the
higher P-base doping concentration required to suppress reach-through breakdown.
This indicates a fundamental problem for achieving reasonable levels of threshold
voltage in silicon carbide power MOSFETs if the conventional silicon structure is
utilized.

Oxide Field

The maximum blocking voltage capability of the power MOSFET structure is
typically determined by the drift region doping concentration and thickness as
already discussed in Chap. 3. However, in the silicon carbide power MOSFET
structure, a high electric field develops in the gate oxide under forward blocking
conditions. The electric field developed in the oxide is related to the electric field in
the underlying semiconductor by Gauss’s law:

Fig. 6.150 Threshold voltage of 4H-SiC planar MOSFETs. Dashed lines include the impact of N+

polysilicon gate and an oxide fixed charge of 2 � 1011 cm�2
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EOxide ¼ εSemi

εOxide

� �
ESemi ð6:283Þ

where εSemi and εOxide are the dielectric constants of the semiconductor and the oxide
and ESemi is the electric field in the semiconductor. In the case of both silicon and
silicon carbide, the electric field in the oxide is about three times larger than in the
semiconductor. Since the maximum electric field in the silicon drift region remains
below 3� 105 V/cm, the electric field in the oxide does not exceed its reliability limit
of about 3� 106 V/cm. However, for 4H-SiC, the electric field in the oxide reaches a
value of 9 � 106 V/cm when the field in the semiconductor reaches its breakdown
strength. This value not only exceeds the reliability limit but can cause rupture of the
oxide leading to catastrophic breakdown. It is therefore important to monitor the
electric field in the gate oxide when designing and modeling the silicon carbide
MOSFET structures.

Injection of electrons into the gate oxide can occur in any MOSFET structure
when the electrons gain sufficient energy in the semiconductor to surmount the
potential barrier between the semiconductor and the oxide. This leads to hot electron
injection-induced instability of the threshold voltage when hot electrons charge traps
in the gate oxide. The energy band offsets between the semiconductor and silicon
dioxide are shown in Fig. 6.151 for silicon and 4H-SiC for comparison. Due to the
larger bandgap of 4H-SiC, the band offset between the conduction band edges for
the semiconductor and silicon dioxide is significantly smaller for 4H-SiC than for the
case of silicon. This exacerbates the hot electron injection problem.

The band diagram for the 4H-SiC silicon dioxide interface is shown in Fig. 6.152
when a positive bias is applied to the gate. This bias condition is typical for the
on-state mode of operation in power MOSFET structures. In this illustration, the gate
was assumed to be formed using polysilicon. It can be seen that a narrow barrier is
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Fig. 6.151 Comparison of the energy band offsets between silicon/oxide and SiC/oxide
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formed at the semiconductor-oxide interface which can be penetrated by the tunnel-
ing of electrons from the conduction band into the oxide. This produces a Fowler-
Nordheim tunneling current that injects electrons into the oxide. This current has
been observed in measurements reported on both 6H-SiC [34] and 4H-SiC [35]
MOS capacitors. The trapping of these electrons within the gate oxide can cause
shifts in the threshold voltage of the MOSFET leading to reliability problems.

6.22.3 Shielded Planar Power MOSFET Structures

Two novel silicon carbide power MOSFET structures [36] that provide shielding of
the gate oxide from high electric field within the semiconductor are shown in
Fig. 6.153. In the case of the structure with the inversion layer channel, the P+

shielding region extends under both the N+ source region and the P-base region. It
could also extend beyond the edge of the P-base region. In the case of the structure
with the accumulation layer channel, the P+ shielding region extends under the N+

source region and the N-base region located under the gate. This N-base region can
be formed using an uncompensated portion of the N-type drift region, or it can be
created by adding N-type dopants with ion implantation to control its thickness and
doping concentration.

The gap between the P+ shielding regions is optimized to obtain a low specific
on-resistance while simultaneously shielding the gate oxide interface from the high
electric field in the drift region. In both structures shown above, a potential barrier is
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formed at location A after the JFET region becomes depleted by the applied drain
bias in the blocking mode. This barrier prevents the electric field from becoming
large at the gate oxide interface. When a positive bias is applied to the gate electrode,
an inversion layer or accumulation layer channel is formed in the structures enabling
the conduction of drain current with a low specific on-resistance.

Blocking Mode

In the forward blocking mode of the shielded planar MOSFET structure, the voltage
is supported by a depletion region formed on both sides of the P+ shielding region/N-
drift junction. The maximum blocking voltage can be determined by the electric field
at this junction becoming equal to the critical electric field for breakdown if the
parasitic N+/P/N bipolar transistor is completely suppressed. This suppression is
accomplished by short-circuiting the N+ source and P+ regions using the source
metal as shown on the upper left-hand side of the cross section. This short circuit can
be accomplished at a location orthogonal to the cell cross section if desired to reduce
the cell pitch while optimizing the specific on-resistance. If the doping concentration
of the P+ region is high, the reach-through breakdown problem discussed earlier in
this chapter is completely eliminated. In addition, the high doping concentration in
the P+ region promotes the depletion of the JFET region at lower drain voltages
providing enhanced shielding of the channel and gate oxide.

With the shielding provided by the P+ region, the minimum P-base thickness for
4H-SiC power MOSFETs is no longer constrained by the reach-through limitation.
This enables reducing the channel length below the values associated with any
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Fig. 6.153 Shielded planar MOSFET structures
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particular doping concentration of the P-base region in Fig. 6.149. In addition, the
opportunity to reduce the P-base doping concentration enables decreasing the
threshold voltage. The smaller channel length and threshold voltage provide the
benefits of reducing the channel resistance contribution.

In the case of the accumulation-mode planar MOSFET structure, the built-in
potential of the junction between the subsurface P+ shielding region and the N-base
region can completely deplete the N-base region if its doping concentration and
thickness are appropriately chosen. This enables normally off operation of the
accumulation-mode planar MOSFET with zero gate bias. It is worth pointing out
that this mode of operation is fundamentally different to that of buried channel MOS
devices [37]. Buried channel devices contain an un-depleted N-type channel region
that provides a current path for the drain current at zero gate bias. This region must
be depleted by a negative gate bias creating a normally on device structure.

In the accumulation-mode planar MOSFET structure, the depletion of the N-base
region is accompanied by the formation of the potential barrier for the flow of
electrons through the channel. The channel potential barrier does not have to have
a large magnitude because the depletion of the JFET region screens the channel from
the drain bias as well.

The maximum blocking voltage capability of the shielded planar MOSFET
structure is determined by the drift region doping concentration and thickness as
already discussed in Chap. 3. However, to fully utilize the high breakdown electric
field strength available in silicon carbide, it is important to screen the gate oxide from
the high field within the semiconductor. In the shielded planar MOSFET structure,
this is achieved by the formation of a potential barrier at location A by the depletion
of the JFET region at a low drain bias voltage.

Accumulation-Mode Threshold Voltage

As discussed previously, the threshold voltage for the inversion-mode silicon car-
bide power MOSFET structure is large due to the large energy bandgap for this
semiconductor. This is related to the extremely low values for the intrinsic concen-
tration in Eq. (6.282). However, the band bending required to create a channel in the
accumulation-mode planar MOSFET is much smaller than required for the
inversion-mode device. This provides the opportunity to reduce the threshold volt-
age while obtaining the desired normally off device behavior.

A model for the threshold voltage of accumulation-mode MOSFETs has been
developed [38] using the electric field profile shown in Fig. 6.154 when the gate is
biased at the threshold voltage. In this figure, the electric fields in the semiconductor
and oxide are given by:

E1 ¼ Vbi

WN
� qNDWN

2εS
ð6:284Þ
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E2 ¼ Vbi

WN
þ qNDWN

2εS
ð6:285Þ

Eox ¼ εS
εox

E1 ð6:286Þ

Note that this model is based upon neglecting any voltage supported within the P+

region under the assumption that it is very heavily doped. Using these electric fields,
the threshold voltage is found to be given by:

VTH ¼ φMS þ
εSVbi

εoxWN
� qNDWN

2εox

� �
tox ð6:287Þ

The first term in this equation accounts for the work function difference between the
gate material and the lightly doped N-base region. The second term represents the
effect of the built-in potential of the P+/N junction that depletes the N-base region.

The analytically calculated threshold voltage for 4H-SiC accumulation-mode
MOSFETs is provided in Fig. 6.155 as a function of the N-base doping concentra-
tion. A gate oxide thickness of 500 Å and N-base thickness of 0.2 μm were assumed
together with the inclusion of a metal-semiconductor work function difference of
1 V. For comparison purposes, the threshold voltage for the inversion-mode 4H-SiC
MOSFET is also given in this figure for the same gate oxide thickness. A strikingly
obvious difference between the structures is a decrease in the threshold voltage for
the accumulation-mode structure with increasing doping concentration in the N-base
region. This occurs due to the declining influence of the P+/N junction at the gate
oxide interface when the doping concentration of the N-base region is increased. It
can also be noted that the temperature dependence of the threshold voltage is smaller
for the accumulation-mode structure. Of course, the most important benefit of the
accumulation-mode structure is that lower threshold voltages can be achieved than in
the inversion-mode structures. At an N-base doping concentration of 1� 1016 cm�3,
the threshold voltage for the accumulation-mode structure is 2.8 V. This will be
reduced to just below 2 V in the presence of typical fixed oxide charge in the
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Fig. 6.154 Electric field
profile in the gate region for
the accumulation-mode
MOSFET structure
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4H-SiC/oxide system. Accumulation-mode silicon carbide planar power MOSFET
structures have been experimentally demonstrated [39] with low threshold voltages.

Simulation Example
Two-dimensional numerical simulations are described here for a structure with a
blocking voltage of 3000 V to gain insight into the operation of the planar 4H-SiC
shielded accumulation-mode MOSFET structure. The device had a gate oxide
thickness of 400 Å, a P+ region depth of 1 μm, and a JFET width of 1.5 μm. The
N-base region had a thickness of 0.2 μm with a doping concentration of 8.5 � 1015

cm�3. The cell pitch for the structure, corresponding to the cross section shown on
the right-hand side of Fig. 6.153, was 3.25 μm.

The blocking capability of the planar 4H-SiC shielded accumulation-mode
MOSFET was investigated by maintaining zero gate bias while increasing the
drain voltage. It was found that the drain current remains below 1 � 10�13 A up
to a drain bias of 3000 V. This behavior demonstrates that the depletion of the
N-base region by the built-in potential of P+/N junction creates a potential barrier for
electron transport through the channel. In addition, the shielding of the N-base
region by the underlying P+ region is very effective for preventing the reach-through
breakdown problem allowing the device to operate up to the full capability of the
drift region.

It is instructive to examine the potential distribution along the channel to under-
stand the ability to suppress current flow in the accumulation-mode structure in the
absence of the P-base region. The variation of the potential along the channel is
shown in Fig. 6.156 for the planar 4H-SiC shielded accumulation-mode MOSFET

Fig. 6.155 Threshold voltages for the 4H-SiC accumulation-mode MOSFETs. Solid line, 300�K;
dash line, 400�K; dotted line, 500�K
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described above for various drain bias voltages when the gate bias voltage is held at
zero volts. It can be seen that there is a potential barrier in the channel with a
magnitude of 2 eV at zero drain bias. This barrier for the transport of electrons from
the source to the drain is upheld even when a drain bias of up to 3000 V is applied.
This demonstrates the fundamental operating principle for creating a normally off
device with a depleted N-base region formed using the built-in potential of the
subsurface P+/N junction.

As in the case of the inversion-mode structure, the P+ region in the planar 4H-SiC
shielded accumulation-mode MOSFET structure can isolate the surface under the
gate oxide from the high electric fields developed in the drift region. In order to
demonstrate this, a three-dimensional view of the electric field distribution is shown
in Fig. 6.157 for this structure at a drain bias of 3000 V with zero gate bias. The field
distribution shown in this figure indicates that the electric field at the gate oxide is
suppressed by the presence of the P+ region. At the maximum blocking capability of
the drift region, the electric field at the gate oxide interface has reached a magnitude
of 1.5 � 106 V/cm, while the electric field in the bulk has reached a magnitude of
3 � 106 V/cm.

In the planar 4H-SiC shielded accumulation-mode MOSFET structure, the largest
electric field at the gate oxide interface occurs at the center of the JFET region. The
electric field distribution along the vertical direction at this location is shown in
Fig. 6.158 for the case of a planar 4H-SiC shielded accumulation-mode MOSFET
structure with a JFET width of 1 μm. It can be seen that the maximum electric field at
the gate oxide interface is reduced to 8.5 � 105 V/cm by the smaller JFET width
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Fig. 6.157 Electric field distribution in the planar 4H-SiC shielded accumulation-mode MOSFET
structure

Fig. 6.158 Electric field
distribution in the planar
4H-SiC shielded
accumulation-mode
MOSFET
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resulting in a maximum electric field in the gate oxide of only 2.1 � 106 V/cm at a
drain bias of 3000 V. This value is sufficiently low for reliable operation of the
structure especially due to the planar-gate structure, where there are no localized
electric field enhancements under the gate electrode.

The magnitude of the electric field developed in the vicinity of the gate oxide
interface in the planar 4H-SiC shielded accumulation-mode MOSFET structure is
dependent upon the width of the JFET region. The electric field at the gate oxide
interface becomes smaller as the JFET width is reduced as shown in Fig. 6.159. For a
structure with a drift region doping concentration of 1 � 1016 cm�3, the optimum
spacing lies between 1 and 2 μm. The JFET width cannot be arbitrarily reduced
because the resistance of the JFET region becomes very large when the width
approaches the zero-bias depletion width of the P+/N junction. For a drift region
doping concentration of 1 � 1016 cm�3, the zero-bias depletion width is approxi-
mately 0.6 μm. Consequently, using a JFET width of 1.5 μm provides adequate
space in the JFET region for current flow. A low specific on-resistance of 3 mΩ cm2

was observed for this structure with an accumulation layer mobility of 90 cm2/V-s.
Accumulation layer mobility values larger than this have been experimentally
demonstrated [38]. For a more detailed discussion of these devices, together with
more results of numerical simulations, the reader should consult Ref. [29].

Fig. 6.159 Electric field suppression in the planar 4H-SiC shielded accumulation-mode MOSFET
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On-Resistance

The on-resistance for the silicon carbide planar MOSFET structure can be modeled
by using the same approach previously described for the planar silicon
VD-MOSFET structure [29]. Due to the relatively small thickness for the drift
region, it is appropriate to use the current flow pattern shown in Fig. 6.39 for the
silicon carbide planar MOSFET structure. The equations developed in Sect. 6.6 can
then be utilized for the silicon carbide planar MOSFET structure with appropriate
parameters. Due to the relatively high doping concentrations in the drift region, it is
usually not necessary to enhance the doping concentration in the JFET region for the
silicon carbide planar MOSFET structure. For 4H-SiC structures, it is appropriate to
the use the following parameters: (a) specific contact resistance of 1 � 10�5 Ω-cm2,
(b) N+ source sheet resistance of 50Ω/sq, (c) inversion layer mobility of 20 cm2/V-s,
(d) accumulation layer mobility of 100 cm2/V-s, and (e) N+ substrate with a
resistivity of 0.02 Ω-cm and thickness of 200 μm.

6.22.4 Shielded Trench-Gate Power MOSFET Structure

As in the case of silicon power MOSFETs, it is desirable to use the trench-gate
architecture to reduce the specific on-resistance. The development of silicon carbide
power MOSFET devices began with the construction of trench-gate structures with
epitaxially grown P-base and N+ source regions [40]. The breakdown voltage of
these structures was found to be limited by the catastrophic rupture of the gate oxide
at voltages well below the intrinsic capability of the silicon carbide drift region. This
problem is related to the high electric field generated in the gate oxide during the
blocking mode as discussed earlier. As in the case of the planar structure, it is
possible to overcome this problem by the implementation of a shielding region
[30]. In the case of the power U-MOSFET structure, the heavily doped P-type (P+)
shielding region must be located at the bottom of the trench as illustrated in the cross
section shown in Fig. 6.160. The P+ shielding region is connected to the source
electrode at a location orthogonal to the device cross section shown above. The
structure then behaves like a monolithic version of the Baliga-Pair configuration
discussed in Sect. 6.22.1 with both the JFET and MOSFET formed in the same
semiconductor, namely, silicon carbide. From this point of view, the portion of the
N-drift region located just below the P-base region serves as both the drain of the
MOSFET and the source of the JFET region.

The shielded trench-gate power MOSFET structure can be fabricated by using the
same process described earlier for the conventional trench-gate device structure with
the addition of an ion implantation step to form the P+ shielding region. The ion
implant used to form the P+ shielding region must be performed after etching the
trenches. It is worth pointing out that this implantation step should not dope the
sidewalls of the trenches. This can be accomplished by doing the ion implant
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orthogonal to the wafer surface. Alternately, a conformal oxide can be deposited on
the trench sidewalls and removed from the trench bottom using anisotropic reactive-
ion etching to selectively expose the trench bottom to the P-type dopant during the
ion implantation. Another option to reduce the introduction of P-type doping on the
trench sidewalls is by using a relatively low P-type doping concentration for the
shielding region. The shielding is effective as long as the gate oxide is buffered from
the high electric field in the N-drift region.

A JFET region is formed due to the introduction of the P+ shielding regions in the
silicon carbide trench-gate MOSFET structure. The doping concentration in the
JFET region must be enhanced to maintain the small mesa width that is desirable
to achieve a low specific on-resistance [30].

Blocking Characteristics

The shielded trench-gate power MOSFET operates in the forward blocking mode
when the gate electrode is shorted to the source by the external gate drive circuit. At
low drain bias voltages, the voltage is supported by a depletion region formed on
both sides of the P-base/N-drift junction. Consequently, the drain potential appears
across the MOSFET located at the top of the structure. This produces a positive
potential at location “A” in Fig. 6.160, which reverse biases the junction between the
P+ shielding region and the N-drift region because the P+ shielding region is held at
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zero volts. The depletion region that extends from the P+/N junction pinches off the
JFET region producing a potential barrier at location “A.” The potential barrier tends
to isolate the P-base region from any additional bias applied to the drain electrode.
Consequently, a high electric field can develop in the N-drift region below the P+

shielding region, while the electric field at the P-base region remains low. This has
the beneficial effects of mitigating the reach-through of the depletion region within
the P-base region and in keeping a low electric field in the gate oxide at location “B”
where it is exposed to the N-drift region.

The P+ shielding region must be adequately short-circuited to the source terminal
in order for the shielding to be fully effective. The location of the P+ region at the
bottom of the trench implies that contact to it must be provided at selected locations
orthogonal to the cross section of the device shown in Fig. 6.160. Since the sheet
resistance of the ion-implanted P+ region can be quite high, it is important to provide
the contact to the P+ region frequently in the orthogonal direction during chip design.
This must be accomplished without significant loss of channel density if low specific
on-resistance is to be realized.

Forward Conduction

In the shielded trench-gate MOSFET structure shown in Fig. 6.160, current flow
between the drain and source can be induced by creating an inversion layer channel
on the surface of the P-base region. The current flows from the source region into the
drift region through the inversion layer channel formed on the vertical sidewalls of
the trench due to the applied gate bias. It must then flow through the first JFET region
which constricts the current at point “B” into the second JFET region at location “A.”
The current then spreads into the N-drift region at a 45� angle and becomes uniform
through the rest of the structure.

The current path in the shielded trench-gate MOSFET structure is illustrated in
Fig. 6.161 by the shaded area together with the zero-bias depletion boundaries of the
junctions indicated by the dashed lines. It can be seen that the addition of the P+

shielding region introduces two JFET regions into the basic trench-gate MOSFET
structure. The first one, labeled RJFET1 in the figure, is formed between the P-base
region and the P+ shielding region with the current constricted by their zero-bias
depletion boundaries. The spacing between these regions (labeled tB in the figure)
must be chosen to prevent it from becoming completely depleted. For a typical
N-drift region doping concentration of 1� 1016 cm�3, the zero-base depletion width
is about 0.6 μm. In this case, the spacing (tB) would have to be about 1.5 μm to
ensure the existence of an un-depleted path for the transport of electrons. This
spacing can be reduced if the doping concentration in the JFET region is selectively
increased [30] to about 1 � 1017 cm�3.

The second JFET region, labeled RJFET2 in the figure, is formed between the P+

shielding regions. Its resistance is determined by the thickness of the P+ shielding
region (labeled tP+ in the figure). Since the cross section for current flow through this
region is constricted by the zero-bias depletion width of the P+/N junction, it is again
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advantageous to increase the doping concentration in the JFET region to avoid
having to enlarge the mesa width [30]. A smaller mesa width allows maintaining a
smaller cell pitch which reduces the specific on-resistance due to a larger channel
density.

The total on-resistance for the shielded trench-gate power MOSFET structure is
determined by the resistance of all the components in the current path:

Ron, sp ¼ RCH þ RJFET1 þ RJFET2 þ RD þ Rsubs ð6:288Þ
where RCH is the channel resistance, RJFET1 and RJFET2 are the resistances of the two
JFET regions, RD is the resistance of the drift region after taking into account current
spreading from the channel, and Rsubs is the resistance of the N+ substrate. These
resistances can be analytically modeled by using the current flow pattern indicated
by the shaded regions in Fig. 6.161.

The specific channel resistance is given by:

RCH,SP ¼ LCH �WCellð Þ
μinvCox VG � VTHð Þ ð6:289Þ

where LCH is the channel length determined by the width of the P-base region as
shown in Fig. 6.161, μinv is the mobility for electrons in the inversion layer channel,
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Cox is the specific capacitance of the gate oxide, VG is the applied gate bias, and VTH

is the threshold voltage.
The specific resistance of the first JFET region can be calculated using:

RJFET1,SP ¼ ρJFET �WCell � xPþ þW J0

tB � 2W J0

� �
ð6:290Þ

where ρJFET is the resistivity of the JFET region, xP+ is the junction depth of the P+

shielding region, and WJ0 is the zero-bias depletion width in the JFET region. The
resistivity and zero-bias depletion width used in this equation must be computed
using the enhanced doping concentration of the JFET region. The specific resistance
of the second JFET region can be calculated using:

RJFET2,SP ¼ ρJFET �WCell � tPþ þ 2W J0

WM � xPþ �W J0

� �
ð6:291Þ

The specific drift region spreading resistance can be obtained by using:

RD,SP ¼ ρDWCell ln
WCell

WM � xPþ �W J0

� �

þ ρD t �WT � xPþ �WJ0
J0J0

� � ð6:292Þ
where t is the thickness of the drift region below the P+ shielding region andWT,WM

are the widths of the trench and mesa regions, respectively, as shown in the figure.
The contribution to the resistance from the N+ substrate is given by:

RSUB,SP ¼ ρsubs � tsubs ð6:293Þ
where ρsubs and tsubs are the resistivity and thickness of the substrate, respectively. A
typical value for this contribution is 4 � 10�4 Ω-cm2 for silicon carbide due to the
relatively high (0.02 Ω-cm) resistivity of available N+ substrates.

As an example, the specific on-resistance for the 4H-SiC shielded trench
MOSFET structure with a drift region doping concentration of 1 � 1016 cm�3 is
shown in Fig. 6.162. A gate oxide thickness of 500 Å was used here with a trench
width (WT) of 0.25 μm and a mesa width (WM) of 1.25 μm. The effective gate drive
voltage (VG � VTH) was assumed to be 5 V based upon a gate voltage of 10 V and a
threshold voltage of 5 V. This threshold voltage is consistent with the model for the
inversion-mode 4H-SiC MOSFET. The JFET region doping concentration was
enhanced to 5 � 1016 cm�3 to reduce its resistance contribution. The various
components of the on-resistance are shown in Fig. 6.162 when a channel inversion
layer mobility of 100 cm2/V-s was assumed. Inversion layer mobility larger than this
has been experimentally observed with silicon dioxide as the gate dielectric
[41]. The channel resistance increases with increasing channel length. The other
components are unaffected by the increase in channel length because the cell pitch
remains unaltered. It can be seen that the drift region resistance is dominant here,
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while the JFET resistances are very small. Due to the shielding of the P-base region,
the channel length for the trench-gate shielded MOSFET structure can be reduced
when compared with that for the unshielded conventional trench-gate MOSFET
structure. Consequently, with a channel length of 0.4 μm, a total specific
on-resistance of 1.9 mΩ-cm2 is obtained for the shielded structure, which is within
two times the ideal specific on-resistance of the drift region.

Simulation Example
Two-dimensional numerical simulations are described here for a structure with a
blocking voltage of 3000 V to gain insight into the operation of the shielded trench-
gate 4H-SiC power MOSFET structure. The device had a gate oxide thickness of
500 Å. The depth of the P-base region was reduced to 0.5 μm to take advantage of
the reduced channel length in the shielded structure. The N+ source region had a
depth of 0.1 μm leading to a channel length of 0.4 μm. A trench width (WT) of
0.55 μm was chosen with a mesa width (WM) of 1.25 μm, resulting in a cell pitch of
1.8 μm. The P+ region located at the bottom of the 1.5 μm deep trench had a junction
depth of 0.2 μm, resulting in a tP+ parameter of 0.4 μm. The doping concentration of
the JFET region was increased to 5 � 1016 cm�3 to reduce the zero-bias depletion
widths of the junctions [30].

The blocking capability of the shielded trench-gate 4H-SiC power MOSFET
structure was investigated by maintaining zero gate bias while increasing the drain
voltage. It was found that the device could sustain 3000 V without any reach-through
current despite the narrow width of the P-base region.

A serious problem for the conventional trench-gate silicon carbide MOSFET
structure is associated with the high electric field generated at the gate oxide interface

Fig. 6.162 Components of the on-resistance within a 4H-SiC shielded trench-gate MOSFET
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at the bottom of the trench. In order for the channel to span the P-base region, it is
necessary for the trench to penetrate through the P-base region into the N-drift
region. This exposes the gate oxide located at the bottom of the trench to the high
electric field developed in the silicon carbide drift region. This problem is overcome
in the shielded trench-gate structure. A three-dimensional view of the electric field
distribution for the shielded trench-gate 4H-SiC MOSFET structure is shown in
Fig. 6.163 for a drain bias of 3000 V with zero bias applied to the gate electrode. The
maximum electric field is generated at the junction between the P+ shielding region
and the N-drift region. The field distribution shown in this figure indicates that the
electric field at the junction is close to the breakdown field strength for 4H-SiC
(about 3 � 106 V/cm). Concurrently, the electric field at the P-base region is greatly
reduced to about 1 � 106 V/cm, and it is even smaller in the vicinity of the gate
oxide. These results demonstrate the ability to fully utilize the breakdown field
strength of the semiconductor without problems of rupture or reliability for the
gate oxide.

From Fig. 6.163, it can be seen that the electric field at the P-base region is
significantly reduced when compared with the maximum electric field generated in
the semiconductor. The largest electric field at the P-base junction occurs in the
middle of the mesa region (x ¼ 0 in Fig. 6.160). The behavior of this electric field is
shown in Fig. 6.164 for drain bias up to 3000 V. It can be observed that the formation
of a potential barrier due to the presence of the JFET region suppresses the electric
field at the P-base region to about one-half of the electric field generated in the drift

Fig. 6.163 Electric field distribution in the shielded trench-gate 4H-SiC MOSFET

502 6 Power MOSFETs



region. This is beneficial for preventing reach-through even with a narrow width for
the P-base region.

The reduction of the electric field in the gate oxide by the shielding provided by
the JFET region can be observed in the electric field profile shown in Fig. 6.165 for
various drain bias voltages. This profile was taken at a depth of 1 μm from the
surface at a location below the P-base region. It can be seen that the electric field in
the oxide is only 1.3 � 106 V/cm – far below its rupture strength – even when the
drain bias reaches 3000 V. The effective screening of the gate oxide in the shielded
trench-gate structure from the high electric fields in the drift region provides wide
latitude in choice of the gate oxide thickness and fabrication processes.

The on-state voltage drop for the shielded trench-gate 4H-SiC power MOSFET
structure is determined by its specific on-resistance. The simulations of the specific
on-resistance for the shielded trench-gate 4H-SiC MOSFET structure were
performed with different values for the channel inversion layer mobility. The
specific on-resistance was obtained by using a drain bias of 1 V and sweeping the
gate bias to 20 V to obtain the transfer characteristic. A drain bias of 1 V was used for
these simulations because the on-state voltage drop for these structures is typically in
this range. The transfer characteristics obtained by using this method are shown in
Fig. 6.166 for the device with cell pitch of 1.8 μm. From the transfer characteristics,
it can be seen that the threshold voltage that determines the on-resistance is approx-
imately 5 V (allowing operation of this device with a gate bias of 10 V). The impact
of changing the channel inversion layer mobility is also shown in this figure. As
expected, there is a reduction in the drain current as the channel mobility is reduced.
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The specific on-resistances obtained from the on-state simulations are compared
in Fig. 6.167 with the analytically calculated values obtained by using the model
developed in the previous section. It can be seen that the predictions of the analytical
model are in excellent agreement with the values obtained from the simulations.
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These results provide confidence in the ability to use the analytical model during the
design of the shielded trench-gate 4H-SiC power MOSFET structure. From the
figure, it can be concluded that a channel mobility of 50 cm2/V-s is satisfactory for
achieving a low specific on-resistance for a 3 kV shielded trench-gate 4H-SiC power
MOSFET structure with cell pitch of 1.8 μm.

Experimental results on an inversion-mode trench-gate 4H-SiC power MOSFET
structure with a P+ shielding region incorporated at the bottom of the trench [42]
were obtained by fabricating the devices using 50 μm thick N-type drift regions with
doping concentration of 8.5 � 1014 cm�3. An N-type layer with doping concentra-
tion of 2 � 1017 cm�3 was grown on the drift region to provide the enhanced doping
in the JFET region. The P-base region was formed by growth of a 1 μm thick P-type
layer with doping concentration of 2 � 1017 cm�3 followed by the growth of an N+

source region with doping concentration of 1� 1019 cm�3. The P+ shielding regions
were formed (after etching the trenches) with a junction depth of 0.8 μm by using
aluminum ion implantation with a dose of 4 � 1013 cm�2. The authors used two
sacrificial thermal oxidation steps to remove any surface residue remaining from the
implant anneal step. This may have also removed any P-type doping on the trench
sidewalls. A relatively thick gate oxide of 0.275 μm was prepared by the thermal
oxidation of a deposited layer of polysilicon into the trench to avoid the
nonuniformity of thermally grown oxide. The thick gate oxide resulted in a high
threshold voltage of 40 V. The devices exhibited a breakdown voltage of 3000 V by
the use of a JTE edge termination. A specific on-resistance of 120 mΩ-cm2 was
observed at a gate bias of 100 V. The relatively high value is due to the poor channel
density in the cell design, the large gate oxide thickness, and the low inversion layer
channel mobility (2 cm2/V-s) observed by the authors. However, these results
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demonstrated the ability to support high voltage in the drift region without encoun-
tering gate oxide rupture in a trench-gate device. The authors subsequently reported
[43] the fabrication of devices using 115 μm thick N-type drift regions with doping
concentration of 7.5 � 1014 cm�3. These devices exhibited a specific on-resistance
of 228 mΩ-cm2 at a gate bias of 40 V. The epitaxial layer was stated to be capable of
supporting 14 kV although the actual measured breakdown voltage was only 5 kV.
These results indicate the need for further optimization of the structure.

6.22.5 JBSFET Structure

Most applications for silicon carbide power MOSFETs, such as H-bridge motor
control, require current conduction in the third quadrant. Current flow in the third
quadrant is feasible in the SiC power MOSFET via the body diode. However, this
diode has a high on-state voltage drop of over 4 V with a knee voltage of 3 V due to
the large energy bandgap of SiC. Current conduction via the body diode occurs with
the injection of minority carriers into the drift region. This produces reverse recovery
current flow that increases power losses in applications [44]. In addition, it has been
found that the bipolar current flow in the on-state generates stacking faults that can
degrade the characteristics of the power MOSFET [45]. These problems can be
overcome by connecting a SiC Schottky diode, in practice a junction-barrier-con-
trolled Schottky (JBS) diode [46], in parallel with the SiC power MOSFET to carry
the current in the third quadrant. However, this approach increases the cost because
two packages are needed. The inductance in path between the two devices can also
force current into the body diode of the power MOSFET defeating the purpose of
adding the JBS diode.

The silicon carbide JBSFET structure integrates the JBS diode and the power
MOSFET with a single monolithic device. This can be achieved as illustrated in
Fig. 6.168 by placing the JBS diode within the power MOSFET cell [47]. The same
P+ contact and P+ shielding regions in the power MOSFET structure are used for the
JBS diode to eliminate extra process steps. Alternately, the JBS diode can be placed
in a portion of the chip active area with the rest of the space occupied by the power
MOSFET cells. It has been demonstrated that the nickel ohmic contact to the P+

region and the N+ source region can also be used to form the Schottky contact to the
N-drift region by annealing the contact at a lower temperature [48]. This
greatly simplifies the fabrication of the devices. JBSFETs with an on-state voltage
drop of about 2 V in the third quadrant were demonstrated for a 900 V power
MOSFET. The total area of silicon carbide needed for the JBSFET has been
shown to be about 30% smaller than the sum of the area of the separate SiC power
MOSFET and SiC JBS diode because a common edge termination can be used in the
JBSFET.
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6.22.6 Bidirectional Field-Effect Transistor

Cycloconverters or matrix converters require power devices with bidirectional
voltage blocking and current conduction capability [49]. These converters do not
require a DC-link energy storage capacitor allowing reduction in size and weight. It
is preferable that the power devices exhibit gate voltage-controlled output charac-
teristics with fast switching capability to allow the converters to operate at high
frequencies.

The implementation of the matrix converter has been hindered by the lack of
availability of high performance bidirectional power switches [49]. The previously
proposed bidirectional power switches have been implemented using multiple dis-
crete separately packaged devices as shown in Fig. 6.169. The option (a) utilizes five
discrete components consisting of an asymmetric blocking Si IGBT within a four-
diode bridge resulting in a high on-state voltage drop consisting of two diode voltage
drops plus the IGBT voltage drop and has high switching losses of the IGBT. The
option (b) utilizes four discrete components consisting of two asymmetric blocking
Si IGBTs and two diodes resulting in a high on-state voltage drop consisting of one
diode voltage drop plus the IGBT voltage drop and has high switching losses of the
IGBT. The option (c) utilizes two discrete components consisting of back-to-back
reverse blocking Si IGBTs resulting in a lower on-state voltage drop but has higher
switching losses of the symmetric-blocking IGBT (as shown in Chap. 9). The option
(d) utilizes four discrete components consisting of two source-connected SiC power
MOSFETs and two SiC JBS diodes resulting in an on-state voltage drop consisting
of one diode voltage drop plus the MOSFET voltage drop and has low switching
losses of the SiC MOSFETs. The option (e) utilizes six discrete components

Fig. 6.168 Silicon carbide
JBSFET structure
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consisting of two back-to-back SiC power MOSFETs with antiparallel and series
SiC JBS diodes resulting in an on-state voltage drop consisting of one diode voltage
drop plus the MOSFET voltage drop and has low switching losses of the SiC
MOSFETs. In conclusion, these approaches to implementing bidirectional power
switches in matrix converters used multiple discrete devices with high on-state
voltage drop and losses.

The monolithic bidirectional field-effect transistor (BiDFET) is a single four-
terminal device implemented using high-voltage vertical SiC power MOSFET
technology [50]. Figure 6.170 shows the BiDFET structure implemented with two
adjacent vertical SiC planar power JBSFETs, each with its own edge termination
(not shown in the figure). The BiDFET can be formed by using two power JBSFET
die that are mounted on a common metal baseplate inside the package. However,
since the devices share a common drift layer, N+ substrate, and drain contact metal, a
monolithic BiDFET device can be fabricated on a single chip by using two adjacent
power JBSFETs. Terminal T1 serves as the reference terminal of the BiDFET with
high AC voltages applied to terminal T2. Both gates G1 and G2 are used to control

Fig. 6.169 Power device configurations used for matrix converters
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the operation of the device in the first and third quadrant. It is worth emphasizing
that, unlike conventional power MOSFETs, no external electrical connection is
performed to the N+ substrate (drain) in the proposed BiDFET.

High blocking voltage capability in the first quadrant is achieved in the BiDFET
with zero bias applied to gate G1 with respect to terminal T1. Under these condi-
tions, the body diode of power JBSFET 2 is forward biased, and the high voltage is
supported across power JBSFET-1 and its edge termination. High blocking voltage
capability in the third quadrant is achieved with zero bias applied to gate G2 with
respect to terminal T2. Under these conditions, the body diode of power JBSFET 1 is
forward biased, and the high voltage is supported across power JBSFET-2 and its
edge termination.

Current conduction in the first quadrant is achieved in the BiDFET by the
application of a positive gate drive voltage to both gates G1 and G2 with reference
to the corresponding terminals T1 and T2. This turns on the channel for both SiC
power JBSFETs. The on-resistance of the BiDFET is then the sum of the
on-resistance of both SiC power JBSFETs 1 and 2. It can be reduced as desired by
scaling the area of both power JBSFETs to achieve a low on-state voltage drop.

Gate voltage-controlled current saturation with excellent output characteristics is
achieved in the BiDFET as previously demonstrated for SiC power MOSFETs
[51]. The BiDFET also has fast switching capability as previously demonstrated
for SiC power MOSFETs [51]. These features make it well suited for matrix
converters operating at high frequencies to achieve high-power density.

One of the problems that can be encountered in bidirectional switches used in
matrix converters occurs during the dead time or commutation time [49]. This can

Fig. 6.170 Monolithic SiC bidirectional FET
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lead to current conduction via the body diode in the MOSFETs within the BiDFET.
It has been documented that current flow via the body diode of SiC power MOSFETs
can lead to bipolar degradation of the devices. This problem can be circumvented in
the BiDFET by implementing it using SiC JBSFETs as shown in Fig. 6.170. In this
case, the current flow occurs via the integrated JBS diodes within the JBSFET
structure preventing current follow via the P-N body diode to completely suppress
the bipolar degradation phenomenon.

The BiDFET concept has been experimentally verified by using 1.2 kV SiC
JBSFETs [50]. All the characteristics discussed above were confirmed. The concept
can be scaled to other voltage ratings within the limitations of the increase in specific
on-resistance of SiC power MOSFETs.

A comparison of the BiDFET concept with other bidirectional switches is
provided in Fig. 6.171. The on-state voltage drop for the various bidirectional switch
approaches can be compared under the assumption that the typical on-state voltage
drop for diodes is 1.0 V, the asymmetric blocking IGBT is 1.5 V, the symmetric-
blocking IGBT is 2.0 V, and the SiC power MOSFET is 0.25 V (by scaling its
resistance down with larger chip size). An on-state voltage drop of more than 2 V is
observed for the silicon device options. The lowest on-state voltage drop of 1.25 V is
obtained with the prior approaches by using SiC power MOSFETs. In comparison,
the BiDFET concept allows considerable (2.5�) reduction of the on-state voltage
drop when compared with the prior approaches. It also offers the low switching
losses of prior approaches using SiC power MOSFETs together with excellent gate
voltage-controlled output characteristics and ruggedness. The BiDFET concept
allows implementation of matrix converters with a single device in each leg of the
converter, while the previous approaches have required multiple (2–6) discrete
devices. This reduces the complexity, size, and weight of converters.

AC Switch Option
Number of
Devices &
Packages

On-State
Voltage Drop 

(V)

Concept (a) 5 3.5

Concept (b) 4 2.5

Concept (c) 2 2.0

Concept (d) 4 1.25

Concept (e) 6 1.25

Concept (f) 1 0.5

Fig. 6.171 Comparison of bidirectional power switches
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6.23 Unclamped Inductive Load Turn-Off

Power MOSFETs used in inductive load circuits can be occasionally subjected to
adverse switching conditions. One such circumstance is the unclamped inductive
load (UIL) turn-off. The circuit used to evaluate the UIL ruggedness of the device is
shown in Fig. 6.172. The power MOSFET is turned on by application of a gate bias
(VGS) to first charge the inductor. The inductor current increases linearly with time as
shown in Fig. 6.173 during this period up to time t1. The power MOSFET is then
turned off by switching the gate voltage to zero to put it into the blocking mode. The
energy stored in the inductor at time t1 is:

E ¼ 1
2
LI2LM ð6:294Þ

where L is the magnitude of the load inductance and ILM is the maximum inductor
current at time t1. This energy stored in the inductor must be dissipated inside the
power MOSFET because there is no alternate path for current flow in this circuit.

During the UIL turn-off, the power MOSFET must sustain the inductor current
while operating under avalanche breakdown conditions. To avoid catastrophic
localized failure at the edge termination, it is necessary to design the edge termina-
tion to achieve a larger breakdown voltage than in the active area. This ensures that
the avalanche current is distributed in the active area (A).

The power dissipation in the power MOSFET during the UIL transient is given
by:

PD tð Þ ¼ IL tð ÞVAV ð6:295Þ
with
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Fig. 6.172 Unclamped inductive load turn-off circuit

6.23 Unclamped Inductive Load Turn-Off 511



IL tð Þ ¼ ILM 1� t

tAV

� �
ð6:296Þ

It is worth pointing out that the avalanche breakdown voltage (VAV) is considerably
larger than the breakdown voltage of the device typically measured at low leakage
current levels because of the large current flowing through the power MOSFET. The
power MOSFET current decreases linearly with time as shown in Fig. 6.173 during
the time interval tAV from t1 to t2. This time interval (tAV) can be obtained by
equating the energy dissipated in the power MOSFET to the stored energy in the
inductor:

tAV ¼ L
ILM
VAV

ð6:297Þ

The temperature rise in the power MOSFET occurs by adiabatic heating because
the short duration of the time tAV does not allow heat removal from the chip via the
package and heat sink. The temperature rise is then given by:

dT J ¼ PD tð Þ
AWSiCV

dt ð6:298Þ

Fig. 6.173 Unclamped
inductive load turn-off
waveforms and
temperature rise
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where WSi is the thickness of the chip and CV is the volumetric specific heat. Using
Eqs. (6.295) and (6.296), the rise in temperature can be derived:

T J tð Þ ¼ T J, 0 þ ILMVAV

AWSiCV
t � t2

2tAV

� �
ð6:299Þ

where TJ0 is the initial junction temperature. The maximum value for the junction
temperature that can be solved from this equation is found to occur at time tAV:

TJ,Max ¼ T J,0 þ ILMVAV tAV
2AWSiCV

ð6:300Þ

Using Eq. (6.297):

T J,Max ¼ T J, 0 þ LI2LM
2AWSiCV

ð6:301Þ

According to this solution, the maximum junction temperature increases with the
magnitude of the inductance, the current before turn-off, and decreases with increas-
ing chip active area. Device failure is observed when the maximum junction
temperature exceeds the intrinsic temperature for silicon devices [52]. The intrinsic
temperature is defined as the temperature at which the intrinsic concentration
becomes equal to the doping concentration of the drift region. The intrinsic temper-
ature for silicon power MOSFETs is approximately 425 �C because the drift region
doping concentration is in the mid 1015 cm�3 range.

The maximum avalanche current that can be tolerated by a power MOSFET
before destructive failure is obtained from Eq. (6.301):

ILM,Max ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2AWSiCV

L
T J, Int � T0ð Þ

r
ð6:302Þ

According to this equation, the maximum avalanche current should decrease with
increasing initial (ambient) temperature and with increasing load inductance. This
behavior has been experimentally observed for silicon power MOSFETs [52].

The maximum avalanche energy that can be tolerated by the power MOSFET can
be obtained by substituting Eq. (6.302) into Eq. (6.294):

EAV,Max ¼ AWSiCV T J, Int � T0ð Þ ð6:303Þ
which is simply the energy required to heat the volume of silicon in the chip to the
intrinsic temperature from the ambient temperature.
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6.24 Summary

The physics of operation of the power MOSFET structure has been discussed in this
chapter. The evolution of the device structural design from the planar-gate
VD-MOSFET architecture to the trench-gate power U-MOSFET architecture has
allowed significant reduction of the specific on-resistance especially for devices
designed to support low blocking voltages. Since the specific on-resistance now
approaches the ideal value, further improvements in the performance of power
MOSFET devices have focused on reduction of the input gate capacitance and the
gate charge. The planar SSCFET structure provides one such approach for achieving
an excellent device figure of merit for high-frequency circuit applications. These
silicon structures are expected to provide satisfactory performance in low voltage
(<100 V) power electronic applications. Further, improvements to the on-resistance
for these silicon devices can be obtained by using charge-coupling with a metal
electrode located within trenches [53, 54] for devices with breakdown voltages
below 200 V or by using super-junctions [55] for devices with breakdown voltages
above 200 V. A detailed discussion of these structures is available in another
book [56].

A significant reduction of the specific on-resistance for power MOSFET devices
can be achieved by replacing silicon with wide bandgap semiconductors. The most
promising semiconductor for power devices is silicon carbide (SiC), especially the
4H-polytype. With 4H-SiC, it is possible to reduce the specific on-resistance by over
a factor of 1000 times in switches designed for operation at above 1000 V. The
commercialization of this technology since 2005 is producing improvements in the
size, weight, and efficiency of high-power electronic systems. In addition, the lateral
high-voltage gallium nitride (GaN) high electron mobility transistor (HEMT) has
been shown to be a promising technology for applications at lower power levels [29].

Problems

6.1 Determine the ideal specific on-resistances for n-channel silicon power
MOSFET structures with breakdown voltages of 30, 60, 100, 500, and
1000 V. Take into account the variation of the critical electric field and
mobility with doping concentration. Compare these values with those obtained
by using Eq. (6.2).

6.2 Calculate the P-base doping concentration (assuming it is uniformly doped) of
an n-channel silicon power MOSFET structure to obtain a threshold voltage of
2 V. The gate oxide thickness is 500 Å. The fixed charge in the gate oxide is
2 � 1011 cm�2. Assume N+ polysilicon with a doping concentration of 1 � 10
20 cm�3 is used as the gate electrode.

6.3 Determine the drift region doping concentration and thickness for an n-channel
silicon power MOSFET structure when the structure is designed to support
100 V assuming all the blocking voltage is supported by the drift region.
Assume one-dimensional (parallel-plane) breakdown voltage is achievable in
this case.
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6.4 Determine the drift region doping concentration and thickness for an n-channel
silicon power MOSFET structure when the structure is designed to support
100 V assuming all the blocking voltage is supported by the drift region. In this
case, assume that the breakdown voltage is limited by the edge termination to
80% of the parallel-plane value.

6.5 Calculate the depletion width within the P-base region of the n-channel silicon
power MOSFET structure defined in Problem 6.4 when the structure is
supporting 100 V.

6.6 Determine the optimum width for the gate electrode for a linear cell topology
for the n-channel silicon power MOSFET structure defined in Problem 6.4
using the following parameters: (a) inversion mobility of 450 cm2/V-s,
(b) accumulation mobility of 1000 cm2/V-s, (c) JFET region doping concen-
tration of 3 � 1016 cm�3, (d) cell polysilicon window width of 5 μm, (e) N+

source length of 2.5 μm and sheet resistance of 10 Ω/sq, (f) contact resistance
of 1 � 10�6 Ω-cm2 for both the N+ source and the drain, (g) N+ source contact
width of 1 μm, (h) N+ substrate resistivity of 0.002 Ω-cm and thickness of
500 μm, (i) gate bias of 5 V, (j) K factor for accumulation spreading of 0.6,
(k) N+ source depth of 1.0 μm, and (l) P-base depth of 3 μm. What are the
absolute and percentage contributions from each of the on-resistance compo-
nents for the optimum design?

6.7 Calculate the specific on-resistance (in mΩ-cm2) for the ideal drift region for
blocking 100 V. Compare the optimum design in Problem 6.6 to the ideal case
by taking the ratio of specific on-resistances.

6.8 Repeat Problem 6.6 without the enhanced doping in the JFET region.
6.9 Calculate the specific input capacitance (CIN,SP) for the optimum cell design

(in nF/cm2) in Problem 6.6.
6.10 Calculate the specific drain overlap capacitance (CGD,SP) for the optimum cell

design (in nF/cm2) in Problem 6.6 at a drain bias of 10 V.
6.11 Determine the figures of merit [RDSon,SP*CIN,SP] and [RDSon,SP*CGD,SP] in

mΩ*nF for the optimum cell design in Problem 6.6.
6.12 Calculate the specific input capacitance (CIN,SP) for the optimum cell design

(in nF/cm2) in Problem 6.8.
6.13 Calculate the specific drain overlap capacitance (CGD,SP) for the optimum cell

design (in nF/cm2) in Problem 6.8 at a drain bias of 10 V.
6.14 Determine the figures of merit [RDSon,SP*CIN,SP] and [RDSon,SP*CGD,SP] in

mΩ*nF for the optimum cell design in Problem 6.8.
6.15 Repeat Problem 6.6 with the A-L-L cell topology using a bar width of 2 μm.
6.16 Calculate the specific input capacitance (CIN,SP) for the optimum cell design

(in nF/cm2) in Problem 6.15.
6.17 Calculate the specific drain overlap capacitance (CGD,SP) for the optimum cell

design (in nF/cm2) in Problem 6.15 at a drain bias of 10 V.
6.18 Determine the figures of merit [RDSon,SP*CIN,SP] and [RDSon,SP*CGD,SP] in

mΩ*nF for the optimum cell design in Problem 6.15.
6.19 Determine the specific on-resistance for a linear cell n-channel silicon

U-MOSFET structure with a trench width of 1 μm and mesa width of 3 μm
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designed to support 100 V. Assume that the breakdown voltage is limited by
the edge termination to 80% of the parallel-plane value. The P-base doping
concentration (assuming it is uniformly doped) is chosen to obtain a threshold
voltage of 2 V. The gate oxide thickness is 500 Å. The fixed charge in the
gate oxide is 2� 1011 cm�2. AssumeN+ polysilicon with a doping concentration
of 1 � 1020 cm�3 is used as the gate electrode. Use the following
parameters: (a) inversion mobility of 450 cm2/V-s, (b) accumulation mobility of
1000 cm2/V-s, (c) N+ source length of 1 μm and sheet resistance of 10 Ω/sq,
(d) contact resistance of 1 � 10�6 Ω-cm2 for both the N+ source and the drain,
(e) N+ source contact width of 0.5 μm, (f) N+ substrate resistivity of 0.002 Ω-cm
and thickness of 500 μm, (g) gate bias of 5 V, (h) K factor for accumulation
spreading of 0.6, (i) N+ source depth of 0.5 μm, (j) P-base depth of 1.5 μm,
(k) trench depth of 2 μm, (l) mesa width is 4 μm, and (m) trench width is 1 μm.
What are the absolute and percentage contributions from each of the on-resistance
components?

6.20 Calculate the specific input capacitance (CIN,SP) for the U-MOSFET structure
(in nF/cm2) in Problem 6.19.

6.21 Calculate the specific drain overlap capacitance (CGD,SP) for the U-MOSFET
structure (in nF/cm2) in Problem 6.19 at a drain bias of 10 V.

6.22 Determine the figures of merit [RDSon,SP*CIN,SP] and [RDSon,SP*CGD,SP] in
mΩ*nF for the U-MOSFET structure in Problem 6.19.

6.23 Obtain the specific gate charge for the optimum design of the VD-MOSFET
structure in Problem 6.6. Use an on-state current density of 200 A/cm2 and a
drain supply voltage of 80 V. Provide values for each of the components of the
specific gate charge in nC/cm2.

6.24 Determine the figures of merit [RDSon,SP*QGD,SP] and [RDSon,SP*QSW,SP] in
mΩ*nC for the VD-MOSFET structure in Problem 6.23.

6.25 Obtain the specific gate charge for the U-MOSFET structure in Problem 6.19.
Use an on-state current density of 200 A/cm2 and a drain supply voltage of
80 V. Provide values for each of the components of the specific gate charge in
nC/cm2.

6.26 Determine the figures of merit [RDSon,SP*QGD,SP] and [RDSon,SP*QSW,SP] in
mΩ*nC for the U-MOSFET structure in Problem 6.19.

6.27 Determine the optimum area for the VD-MOSFET structure in Problem 6.6 to
minimize power losses at an operating frequency of 200 kHz. Use a gate bias of
5 V, an on-state current of 10 A, and a duty cycle of 50%.

6.28 Determine the optimum area for the U-MOSFET structure in Problem 6.19 to
minimize power losses at an operating frequency of 200 kHz. Use a gate bias of
5 V, an on-state current of 10 A, and a duty cycle of 50%.

6.29 Determine the specific on-resistance for a linear cell p-channel silicon
U-MOSFET structure with a trench width of 1 μm and mesa width of 3 μm
designed to support 100 V. Assume that the breakdown voltage is limited by
the edge termination to 80% of the parallel-plane value. The N-base doping
concentration (assuming it is uniformly doped) is chosen to obtain a threshold
voltage of 2 V. The gate oxide thickness is 500 Å. The fixed charge in the
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gate oxide is 2 � 1011 cm�2. Assume P+ polysilicon with a doping
concentration of 1 � 1020 cm�3 is used as the gate electrode. Use the
following parameters: (a) inversion mobility of 150 cm2/V-s, (b) accumulation
mobility of 330 cm2/V-s, (c) P+ source length of 1 μm and sheet resistance of
30 Ω/sq, (d) contact resistance of 1 � 10�6 Ω-cm2 for both the P+ source and
the drain, (e) P+ source contact width of 1 μm, (f) P+ substrate resistivity of
0.006 Ω-cm and thickness of 500 μm, (g) gate bias of 5 V, (h) K factor for
accumulation spreading of 0.6, (i) P+ source depth of 0.5 μm, (j) N-base depth
of 1.5 μm, (k) trench depth of 2 μm, (l) mesa width is 4 μm, and (m) trench
width is 1 μm. What are the absolute and percentage contributions from each
of the on-resistance components?

6.30 Determine the ideal specific on-resistances for n-channel 4H-SiC power
MOSFET structures with breakdown voltages of 300, 600, 1000, and
5000 V. Take into account the variation of the critical electric field and
mobility with doping concentration.

6.31 Calculate the P-base doping concentration (assuming it is uniformly doped) of
an n-channel 4H-SiC planar power MOSFET structure to obtain a threshold
voltage of 5 V. The gate oxide thickness is 500 Å. The fixed charge in the gate
oxide is 2� 1011 cm�2. Assume N+ polysilicon with a doping concentration of
1 � 1020 cm�3 is used as the gate electrode.

6.32 Determine the drift region doping concentration and thickness for an n-channel
4H-SiC planar power MOSFET structure when the structure is designed to
support 1000 V assuming all the blocking voltage is supported by the drift
region. Assume one-dimensional breakdown voltage is achievable in this case.

6.33 Calculate the depletion width within the P-base region of the above n-channel
4H-SiC planar power MOSFET structure when the structure is supporting
1000 V.

6.34 Determine the optimum width for the gate electrode for a linear cell topology
for the above n-channel 4H-SiC planar power MOSFET structure using the
following parameters: (a) inversion mobility of 50 cm2/V-s, (b) accumulation
mobility of 100 cm2/V-s, (c) cell polysilicon window width of 5 μm, (d) N+

source length of 2.5 μm and sheet resistance of 50 Ω/sq, (e) contact resistance
of 1 � 10�5 Ω-cm2 for both the N+ source and the drain, (f) N+ source contact
width of 1 μm, (g) N+ substrate resistivity of 0.02 Ω-cm and thickness of
200 μm, (h) gate bias of 15 V, (i) K factor for accumulation spreading of 0.6,
(k) P+ region depth of 1 μm, and (l) channel length of 1 μm. What are the
absolute and percentage contributions from each of the on-resistance compo-
nents for the optimum design?

6.35 Calculate the specific on-resistance (in mΩ-cm2) for the ideal drift region in
4H-SiC for blocking 1000 V. Compare the optimum design in Problem 6.34 to
the ideal case by taking the ratio of specific on-resistances.
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Chapter 7
Bipolar Junction Transistors

The bipolar junction transistor was invented in 1947 by Shockley, Brattain, and
Bardeen [1, 2]. Using insights gained from point-contact transistors [3], the group at
Bell Telephone Laboratories found that a much more stable device could be created
by using junctions [4]. The multifold advantages of replacing vacuum tubes with a
solid-state device rapidly promulgated its use in applications. The availability of
single-crystal silicon technology with greater purity levels together with the capa-
bility to form diffused junctions enabled the fabrication of transistors with high
blocking voltage capability. Several decades of effort were undertaken to improve
the photolithography techniques and epitaxial deposition capability culminating in
the availability of 500 V Darlington power transistors in the late 1970s [5]. During
this effort, it was recognized that one of the major shortcomings of the power bipolar
transistor is its poor current gain. Consequently, these devices were soon eclipsed by
the invention [6, 7] and rapid commercialization of the insulated gate bipolar
transistor (IGBT). The high input impedance of the IGBT simplified the gate control
circuit enabling its integration. The larger on-state current density and improved
ruggedness of the IGBT when compared with the power bipolar transistor enabled
major improvements in the size, cost, and performance of power electronic systems
for numerous applications. The physics of operation of the IGBT and its applications
are discussed in a subsequent chapter.

In this chapter, the basic structure and operation of the bipolar junction transistor
are discussed. The bipolar transistor operates by the injection of minority carriers
across one junction with these carriers collected across a second junction located in
close proximity. The physics of current transport by the injection process in the
bipolar transistor is reviewed in this chapter to provide a basic understanding of the
factors that determine the current gain. From the perspective of power devices, the
influence of high-level injection created by operation at elevated current density and
the limitations produced by the need to support high voltages are analyzed in detail.
Based upon analysis of the minority and majority carrier distributions within the
structure, the output characteristics are then generated. The impact of emitter current
crowding in the on-state and during turn-off is also included in this chapter.
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The bipolar power transistor is primarily used as a switch. The switching time
intervals when turning-on and turning-off the structure are therefore of interest from
an applications viewpoint. The presence of minority carrier stored charge within the
device is demonstrated to limit the operating frequency of these devices. In addition,
the safe operating area of the bipolar transistor is shown to be constrained by the
onset of second breakdown phenomena.

Although the power bipolar transistor has been supplanted by the IGBT in all power
applications, a good understanding of the physics of current transport in the bipolar
transistor is essential for power device specialists. In addition, the IGBT contains a
bipolar transistor within its structure. Consequently, the analysis of the IGBT structure
requires the application of the physics and concepts introduced in this chapter.

7.1 Power Bipolar Junction Transistor Structure

The basic structure for an N-P-N bipolar power transistor is illustrated in Fig. 7.1. In
addition to the N+ emitter and P-base region for the conventional bipolar transistor
[8], the power transistor contains a lightly doped collector (N-drift) region to allow
supporting high blocking voltages. When a positive bias is applied to the collector
terminal of the device, the collector-base junction (J1) becomes reverse biased and
supports the voltage. The blocking voltage capability for the device is determined by
the doping concentration and thickness of the N-drift region.

Current flow through the N-P-N bipolar transistor is induced by forward biasing
the emitter-base junction (J2) to initiate the injection of electrons. The injected
electrons diffuse through the P-base region and arrive at the collector-base junction
(J1). When this junction is reverse biased, the electrons collected by the junction are

COLLECTOR

N-DRIFT REGION

J1

N+ SUBSTRATE

EMITTERBASE BASEBASE

J2

N+

EMITTER

N+

P-BASE REGION

Fig. 7.1 The power bipolar N-P-N transistor structure
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swept through its depletion region producing a collector current. It can be shown that
a small base current can produce a large collector current resulting in a substantial
current gain. In conjunction with the much larger collector voltage when compared
with the base voltage, this produces a large power gain as well.

The bipolar transistor can be switching from its on-state to the blocking state by
reversing the bias applied to the base region. The reverse bias not only stops the
injection of minority carriers from the emitter-base junction but also removes some
of the charge stored in the base region. In the case of the power bipolar transistor, a
substantial amount of charge is stored within the thick N-drift region as well. This
prolongs the time taken for the transistor to begin supporting voltage, limiting its
maximum frequency of operation.

The vertical doping profile, extending through one of the N+ emitter regions, for
the power bipolar transistor is illustrated in Fig. 7.2. This profile is achieved by using
starting material consisting of an N-type epitaxial layer grown on a heavily doped
N-type substrate. The doping concentration and thickness of the epitaxial layer are
chosen to obtain the desired voltage blocking capability for the power bipolar
transistor. The P-type base region is then ion-implanted and diffused across the
entire active area as shown in Fig. 7.1. However, the P-base region must be patterned
at the edges of the device to form floating field rings to enhance the breakdown
voltage. A mask is now used to define the locations of the N+ emitter regions. The
doping concentration and depth for the emitter must be carefully chosen to obtain a
high current gain as discussed later in this chapter. The doping and thickness of the
P-base region, determined by the combination of the P-type and N+ ion-implants, are
critical to both the blocking capability and the current gain for the power bipolar
transistor. It is customary to interdigitate the emitter and base contacts as illustrated
in Fig. 7.1 because the emitter current tends to concentrate at the periphery of the
emitter regions due a current crowding phenomenon.

Fig. 7.2 Doping profile for the power bipolar N-P-N transistor structure
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7.2 Basic Operating Principles

The power bipolar transistor is most often used in the common-emitter circuit config-
uration as illustrated in Fig. 7.3. In this case, the emitter terminal of the transistor is a
common element between the input and output side of the circuit. The input side of the
circuit is controlled by the drive circuit, which contains two power supplies that can be
used to turn-on and turn-off the transistor. The voltage source VBS1 is used to drive the
transistor when it is operating in the current conductionmode, while the voltage source
VBS2 is used to turn-off the transistor and maintain it in its voltage blocking mode.
The output side of the circuit contains a high-voltage source (VCS) that delivers power
to the load. The transfer of power from the voltage source to the load is controlled by
the drive circuit using switches S1 and S2.

The bipolar transistor is operated in its current conduction mode by opening
switch S2 and closing switch S1. This connects the input voltage source VBS1 across
the base-emitter terminals of the bipolar power transistor through resistor RB1. If the
input source voltage exceeds the built-in potential (Vbi ~ 0.7 V) of the base-emitter
junction, it becomes sufficiently forward biased to produce a base current given by:

iB ¼ VBS1 � Vbi

RB1
ð7:1Þ

The base current flow is accomplished by the injection of minority carriers (electrons
for an N-P-N transistor) from the N+ emitter region into the P-base region. These
minority carriers diffuse from the emitter-base junction (J2) through the P-base
region and are collected by the reverse biased base-collector junction (J1). The
electrons captured by the base-collector junction are swept through its depletion
region producing a collector current (iC).
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Fig. 7.3 Common-emitter configuration for an N-P-N bipolar transistor
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When the bipolar transistor is operating in its forward active mode with a reverse
biased base-collector junction, the collector and base currents are related by the
common-emitter current gain called beta (β):

β ¼ iC
iB

ð7:2Þ

Based upon the application of Kirchhoff’s current law for the bipolar transistor as a
node:

iE ¼ iB þ iC ð7:3Þ
Combining this relationship with that for the common-emitter current gain:

iE ¼ 1þ iC
iB

� �
iB ¼ 1þ βð Þ iB ð7:4Þ

When the bipolar power transistor is operated as a switch, the power delivered to
the load is proportional to (iC*VCS), while that utilized from the input control circuit
is proportional to (iB*VBS1). The common-emitter power gain is then given by:

GP,CE ¼ iCVCS

iBVBS1

� �
¼ β

VCS

VBS1

� �
ð7:5Þ

It is desirable to control a large collector current, which flows through the load, with
a small base current in order to achieve a large power gain. This requires optimiza-
tion of the bipolar transistor structure to obtain a large common-emitter current gain.
The physical parameters within the bipolar transistor that determine the current gain
are discussed in the next section.

The bipolar transistor is sometimes used in the common-base circuit configura-
tion as illustrated in Fig. 7.4. In this case, the base terminal of the transistor is used as
a common element between the input and output side of the circuit. The input side of
the circuit is controlled by the drive circuit, which contains two power supplies that
can be used to turn-on and turn-off the transistor. The voltage source VBS1 is used to
drive the transistor when it is operating on the current conduction mode, while the
voltage source VBS2 is used to turn-off the transistor and maintain it in its voltage
blocking mode. The output side of the circuit contains a high-voltage source (VCS)
that delivers power to the load. The transfer of power from the voltage source to the
load is controlled by the drive circuit using switches S1 and S2.

When the bipolar transistor is operating in its forward active mode with a reverse
biased base-collector junction, the collector and emitter currents are related by the
common-base current gain called alpha (α):

α ¼ iC
iE

ð7:6Þ
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Since only a fraction of the emitter current is delivered to the collector, the common-
base current gain is always less than unity.

When the bipolar power transistor is operated as a switch in the common-base
configuration, the power delivered to the load is proportional to (iC*VCS), while that
utilized from the input control circuit is proportional to (iE*VBS1). The common-base
power gain is then given by:

GP,CB ¼ iCVCS

iEVBS1

� �
¼ α

VCS

VBS1

� �
ð7:7Þ

Although the common-base current gain is less than unity, power gain can still be
achieved because the collector source voltage is usually much larger than the base
drive voltage.

The common-base current gain can be related to the common-emitter current gain
by using Eq. (7.3):

α ¼ iC
iB þ iCð Þ ¼

β:iB
iB þ β:iBð Þ ¼

β

1þ βð Þ ð7:8Þ

In a similar manner, the common-emitter current gain can be related to the common-
base current gain:

β ¼ iC
iE � iCð Þ ¼

α:iE
iE � α:iEð Þ ¼

α

1� αð Þ ð7:9Þ

Fig. 7.4 Common-base configuration for an N-P-N bipolar transistor
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7.3 Static Blocking Characteristics

In principle, the bipolar power transistor structure is capable of supporting voltage in
the first and third quadrants of operation. In the first quadrant of operation with a
positive bias applied to the collector electrode, the junction J1 between the base and
collector becomes reverse biased. Due to the incorporation of the N-drift region, this
junction can be designed to support a high voltage. Devices with blocking voltages
of over 1200 V in the first quadrant have been developed. In the third quadrant of
operation with a negative bias applied to the collector electrode, the junction J2
between the emitter and base becomes reverse biased. Since this junction is formed
between two relatively highly doped regions, the breakdown voltage is usually less
than 50 V. For this reason, the power bipolar transistor is usually used as a power
switch in a DC circuit with a positive collector power source.

The voltage that can be supported by the power bipolar transistor depends on the
bias applied to the base and emitter terminals. A typical set of blocking character-
istics are illustrated in Fig. 7.5. It can be observed that the blocking voltage depends
upon how the base terminal is connected. The open-base breakdown voltage is much
smaller than the blocking voltage capability when the base terminal is shorted to the
emitter terminal by the base drive circuit. However, even for the shorted base case,
the blocking voltage collapses to that for the open-base case if the collector current
increases. The lower blocking voltage capability is also observed when a finite base
current is supplied by the drive circuit. Consequently, the actual blocking voltage
rating for the power bipolar transistor is limited to the breakdown voltage of the
open-base case.

7.3.1 Open-Emitter Breakdown Voltage

If the emitter terminal is open-circuited, the device operates like a diode between the
base and collector terminals. In this case, the maximum blocking voltage is deter-
mined by the breakdown voltage of the base-collector junction (J1). The open-

Fig. 7.5 Blocking
characteristics for an N-P-N
bipolar power transistor
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emitter breakdown voltage (BVCBO) is governed by the doping concentration and
thickness of the lightly doped portion of the collector (N-drift region) and the edge
termination for the base-collector junction (J1). As shown in the next section, the
actual maximum blocking voltage capability for the power bipolar transistor is a
fraction of the open-base breakdown voltage. It is necessary to reduce the doping
concentration and increase the thickness of the N-drift region to account for this
difference. This has an adverse impact on the resistance of the N-drift region, which
degrades the output characteristics as discussed later in the chapter. The increase in
the thickness of the drift region also increases the turn-off time due to the larger
stored charge.

7.3.2 Open-Base Breakdown Voltage

When the base terminal is open-circuited and a positive bias is applied to the
collector electrode, the base-emitter junction becomes forward biased, and the
base-collector junction becomes reverse biased. Most of the voltage is supported
by the base-collector junction (J1). However, the leakage current flowing through
this junction must also flow through the base-emitter junction (J2). Consequently, the
leakage current is amplified by the gain of the transistor. This reduces the maximum
blocking voltage capability.

In order to analyze the open-base breakdown voltage, consider the transistor
structure shown in Fig. 7.6 with a positive bias applied to the collector electrode. A
depletion region forms across the reverse biased base-collector junction (J1) as

Fig. 7.6 Current transport and electric field profiles within an open-base N-P-N bipolar power
transistor

528 7 Bipolar Junction Transistors



indicated in the figure by the dashed lines. The minority carrier generation process
produces a finite leakage current at this junction as discussed in Chaps. 2 and 3.
Since the base terminal is open-circuited, the leakage current must flow through the
base-emitter junction.

The injection of minority carriers across the forward biased base-emitter junction
produces a current (αNPN*IE) at the collector junction as indicated in the figure. The
currents flowing through the open-base transistor structure are interrelated:

IC ¼ αNPNIE þ IL ¼ IE ð7:10Þ
Consequently:

IC ¼ IE ¼ IL
1� αNPNð Þ ð7:11Þ

From this expression, it can be concluded that the collector (and emitter) current
will become very large as the alpha of the transistor approached unity. The criterion
for breakdown for the open-base transistor can therefore be defined by:

αNPN ¼ γE:αT:M ¼ 1 ð7:12Þ
where γE is the emitter injection efficiency and αT is the base transport factor. These
terms will be discussed in more detail later in this chapter. It will be assumed here
that they are not a strong function of the collector bias voltage. On the other hand, the
multiplication coefficient (M ) is a strong function of the collector bias voltage, as
discussed in Chap. 3:

M ¼ 1
1� VC=BVCBOð Þn ð7:13Þ

At low collector bias voltages, the multiplication factor is equal to unity. In this case,
a common-base current gain for low collector voltages is given by:

αNPN 0ð Þ ¼ γE:αT ð7:14Þ
Using these relationships in Eq. (7.12):

αNPN 0ð Þ 1
1� BVCEO=BVCBOð Þn ¼ 1 ð7:15Þ

where BVCEO is the open-base breakdown voltage. This expression can be rewritten
as:

BVCEO

BVCBO
¼ 1� αNPN 0ð Þ½ �1=n ð7:16Þ

In terms of the common-emitter current gain, the above expression can be written as:

7.3 Static Blocking Characteristics 529



BVCEO

BVCBO
¼ 1

1þ βNPN 0ð Þ½ �1=n
ð7:17Þ

As discussed in Chap. 3, the parameter n has a value of 6 for a P+/N diode, which is
appropriate for the base-collector junction. For a typical current gain (beta) of
between 50 and 100 at low current levels in a power bipolar N-P-N transistor, the
open-base breakdown voltage (BVCEO) is reduced to half of the open-emitter break-
down voltage (BVCBO). This reduction must be factored into the design of the N-drift
region. The smaller doping concentration and larger width of the N-drift region
required to obtain the larger open-emitter breakdown voltage produces a larger
on-state voltage drop and slower switching speed for the bipolar power transistor.

The above discussion is pertinent when the doping concentration of the P-base
region and its width (WP) are relatively large. This suppresses the extension of the
depletion region across the base-collector junction (J1) into the P-base region as
illustrated in Fig. 7.6. However, it will be shown later in this chapter that the current
gain can be increased by reducing the doping concentration and width of the P-base
region. As illustrated in the lower portion of Fig. 7.6, a reduction of the doping
concentration of the P-base region promotes the extension of the depletion region
across the base-collector junction (J1) into the P-base region. If the base width is
small, this can lead to the complete depletion of the P-base region before the
initiation of impact ionization induced breakdown at the base-collector junction. In
this case, the reach-through limited breakdown voltage will be much smaller than the
open-base breakdown voltage given by Eq. (7.17). The reach-through breakdown
voltage can be analyzed by using the procedure described in Chap. 3 after taking into
account the sharing of the collector bias voltage with the lightly doped drift region.

7.3.3 Shorted Base-Emitter Operation

The power N-P-N bipolar transistor is illustrated in Fig. 7.7 with the base and emitter
terminals short-circuited. When a positive bias is applied to the collector, the base-
collector junction is reverse biased allowing the device to support a high voltage.
The leakage current at the base-collector junction flows to the base contact as
indicated by the dashed line. This current must flow via the resistance (RB) of the
P-base region before it reaches the base contact in this simplified lumped model. The
current flow through the base resistance forward biases the base-emitter junction at
location A. As long as the voltage drop produced across the base resistance is well
below the built-in potential of the base-emitter junction, there is no injection initiated
from this junction. The device then supports voltage as in the case of operation with
an open emitter, and the blocking voltage is the same as the open-emitter breakdown
voltage (BVCBO). This is indicated by the vertical green line on the right-hand side of
Fig. 7.5.
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However, as the current flowing through the base-collector junction increases, the
voltage drop across the base resistance becomes sufficient to promote the injection of
minority carriers across the base-emitter junction at location A. This is indicated by
the purple vertical arrow on the right-hand side in Fig. 7.7. Once the base-emitter
junction begins to inject minority carriers, the device operates as a bipolar transistor
with current gain that increases with increasing collector current. This positive
feedback mechanism produces a collapse in the voltage supported by the transistor
as shown in Fig. 7.5 by the green line until the collector voltage becomes equal to the
open-base breakdown voltage (BVCEO). Consequently, it is prudent to assume that
the maximum blocking voltage capability for a power bipolar transistor operated
with the base and emitter terminals shorted together (BVCES) is equal to the open-
base breakdown voltage (BVCEO). In practical application circuits, it is customary to
short circuit the base and emitter terminals with the control circuit during the
blocking mode. The maximum collector voltage that is applied to the power bipolar
transistor must then be less than the open-base breakdown voltage (BVCEO) to avoid
destructive failure.

Simulation Example
In order to gain further insight into the physics of operation for the bipolar power
transistor under voltage blocking conditions, the results of two-dimensional numer-
ical simulations for a typical structure are described here. The total width of the
structure, as shown by the cross section in Fig. 7.7, was 200 μm (Area ¼ 2 � 10�6

cm�2) with an emitter finger half-width of 190 μm. The structure had a collector drift
region doping concentration of 5 � 1013 cm�3. The P-base region had a Gaussian
doping profile with a surface concentration of 2 � 1017 cm�3 and a depth of 10 μm.

Fig. 7.7 Shorted base-
emitter operation of the N-P-
N bipolar power transistor
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The N+ emitter region had a Gaussian doping profile with a surface concentration of
1� 1020 cm�3 and a depth of 1 μm. The resulting doping profile is shown in Fig. 7.8.

The blocking characteristics for the bipolar transistor are shown in Fig. 7.9 for a
variety of bias conditions at an ambient temperature of 400�K. The voltage blocking
characteristics of the bipolar transistor operated under the open-emitter configuration
is shown by the dashed line. The breakdown voltage (BVCBO) is observed to be about
1700 V. The voltage blocking characteristics of the bipolar transistor operated under
the open-base configuration is shown by the dotted line. The breakdown voltage
(BVCEO) is observed to be 900 V. When the bipolar transistor is operated with the
base short-circuited to the emitter terminal, the characteristic shown with the solid
line is observed with a snap-back behavior. At lower collector current levels, the
transistor is able to support the open-emitter breakdown voltage, but when the
collector current density exceeds 1 A/cm2, the blocking voltage drops to the open-
base breakdown voltage. The characteristic obtained with a base drive current of
4� 10�7 A/μm (current density of 0.2 A/cm2) is also shown in the figure. Using this
characteristic, a common-emitter current gain (β) of 25 is obtained. Based upon
Eq. (7.17), the open-base breakdown voltage is calculated to be 890 V using this
gain and the observed open-emitter breakdown voltage providing validation for the
simple analytical formulae that govern the breakdown voltage for the power bipolar
transistor.

In Sect. 7.3.2, it was indicated that the breakdown voltage for the bipolar power
transistor can be degraded by reach-though of the electric field within the P-base
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region. This problem becomes aggravated when the doping concentration of the
P-base region is reduced in order to increase the current gain of the transistor. The
extension of the electric field in the P-base region depends upon the doping concen-
tration in the N-drift region and the doping profile for the P-base region. As an
example, the electric field distributions in the vicinity of the base-collector junction
are shown in Fig. 7.10 for four doping profiles for the P-base region. The doping
profiles were altered by using four values for the surface concentration (NABS) for the
acceptors used to form the P-base region. It can be observed that the electric field
penetrates further into the P-base region toward the emitter-base junction when the
surface concentration is reduced below 2 � 1017 cm�3. This limits the ability to
obtain a high current gain in bipolar power transistors.

7.4 Current Gain

Current transport through the bipolar transistor between its collector and emitter
terminals can be induced by the application of a base drive current created with the
input control circuit. One of the most important characteristics for a bipolar transistor
is its current gain (alpha and beta) because this determines the power gain. The
current gain for a bipolar transistor can be related to its structural parameters. The
treatment of the basic bipolar transistor structure is available in many previously
published textbooks [8, 9]. This section begins with a review of this treatment
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followed by a discussion of the physics that uniquely impacts the power bipolar
transistor structure.

The current flow within the power bipolar transistor is illustrated in Fig. 7.11. The
base-emitter junction is assumed to be under forward bias producing a base current
(IB), while the base-collector junction is assumed to be reverse biased by the
collector bias supply voltage (see Fig. 7.4). The forward bias across the base-
emitter junction (J2) results in the simultaneous injection of electrons into the base
region and the injection of holes into the emitter region. The current InE is associated
with the injection of electrons into the P-base region. The electrons injected into the
P-base region diffused through it and reach the base-collector junction (J1). This
produces a current at the base-collector junction indicated as InC in the figure. If the
voltage across the reverse biased base-collector junction is large, the electric field at
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the junction can be sufficiently high to induce impact ionization. Thus, the collector
current IC is not the same as that at the junction (InC).

The common-base current gain (alpha) for the power bipolar transistor can be
written in terms of the current transport components:

αNPN ¼ δIC
δIE

¼ δInE
δIE

� �
δInC
δInE

� �
δIC
δInC

� �
ð7:18Þ

It can be concluded that the current gain is determined by three factors indicated with
the brackets in this equation. The first term is referred to as the emitter injection
efficiency:

γE ¼ δInE
δIE

� �
ð7:19Þ

It is the portion of the emitter current due to the injection of electrons into the P-base
region. This fraction of the emitter current is responsible for producing the collector
current. The component of the emitter current due to the injection of holes into the
emitter region is wasted from the point of view of deriving collector current flow in
the bipolar transistor. The emitter injection efficiency term is always less than unity.
In addition, the emitter injection efficiency is reduced by recombination within the
depletion region of the base-emitter junction.

The second term in brackets in Eq. (7.18) is referred to as the base transport
factor:

αT ¼ δInC
δInE

� �
ð7:20Þ

It is a measure of the ability of the electrons injected at the base-emitter junction to
reach the base-collector junction. All of the electrons injected into the P-base region
are unable to reach the base-collector junction due to recombination within the base
region. The base transport factor is always less than unity for a bipolar transistor.

The third term in brackets in Eq. (7.18) is referred to as the collector efficiency:

γC ¼ δIC
δInC

� �
ð7:21Þ

This parameter is a measure of electron transport through the collector region. When
the base-collector junction is reverse biased as shown in the figure, a high electric
field can be developed within its depletion region. The electrons that enter the
depletion region from the base region can undergo multiplication due to the impact
ionization process if the electric field is sufficiently large. Consequently, the collec-
tor efficiency is equal to the multiplication coefficient (M ) that was discussed in
Chap. 3. At low collector bias voltages, the collector efficiency term can be assumed
to be equal to unity. At large collector bias voltages, this term can become greater
than unity.
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The above parameters that determine the common-base current gain can be
related to the physical properties of the bipolar transistor. In the case of the power
bipolar transistor, it becomes necessary to account for high-level injection effects in
the P-base region because of operation at relatively large current densities. At very
high collector current densities, a base-widening effect occurs that also degrades the
current gain. The analysis of the emitter injection efficiency and base transport factor
for a power bipolar transistor is provided below.

7.4.1 Emitter Injection Efficiency

As discussed above, the emitter injection efficiency is a measure of the emitter
current due to the injection of electrons into the P-base region. When the base-
emitter junction is forward biased, current flow across the junction occurs by the
injection of electrons into the base region as well as the injection of holes into the
emitter region. The carrier distribution profiles in the base and emitter regions are
illustrated in Fig. 7.12 using a linear scale for the concentrations.

The injected carrier concentrations on both sides of the base-emitter junction are
related to the corresponding minority carrier concentrations in equilibrium by the
“Law of the Junction” [8]:

nB 0ð Þ ¼ n0B:e
qVBE=kT ð7:22Þ

Fig. 7.12 Minority carrier distribution within the N-P-N bipolar power transistor
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pE 0ð Þ ¼ p0E:e
qVBE=kT ð7:23Þ

where VBE is the forward bias across the base-emitter junction. In these equations,
n0B and p0E are the minority carrier concentrations in equilibrium within the P-base
and N+ emitter regions, respectively. Note that the minority carrier concentration in
equilibrium is larger within the P-base region than within the N+ emitter region due
to the larger doping concentration in the emitter for a bipolar transistor.

The minority carriers (holes) injected into the N+ emitter region diffuse away
from the junction producing a hole current component for the total emitter current.
The holes within the emitter region obey the continuity equation:

d2p

dy2
� p

L2pE
¼ 0 ð7:24Þ

where LpE is the diffusion length for holes in the emitter. The diffusion length for
holes is small (sub-micron) due to the high doping concentration in the emitter (see
high doping effects discussed in Chap. 2). If the emitter thickness is much greater
than the diffusion length for holes in the emitter, the minority carrier profile exhibits
an exponential decay away from the junction as illustrated in the figure (see Chap. 5
for a more detailed discussion of the injected minority carrier concentration for a P-N
junction diode). This profile is given by:

p yð Þ ¼ pE 0ð Þe� y=LpEð Þ ð7:25Þ
where y is the distance measured moving to the left away from the junction.

The hole current density flowing at the base-emitter junction is given by:

Jp 0ð Þ ¼ �qDpE
dp

dy

� �
y¼0

ð7:26Þ

where DpE is the diffusion coefficient for holes in the emitter. Note that the diffusion
coefficient for holes in the emitter must be computed after taking into account the
reduction of the mobility (μpE) due to heavy doping effects. In Chap. 2, a reduction
of the majority carrier mobility with increasing doping concentration was attributed
to enhanced Coulombic scattering. Empirical studies [10, 11] on the minority carrier
mobility within heavily doped regions indicate a similar reduction of the minority
carrier mobility. In this case, the mobility for holes in the emitter region should be
computed by using the relationship:

μpE NDEð Þ ¼ 2:9 � 1015 þ 47:7N0:76
DE

5:86 � 1012 þ N0:76
DE

ð7:27Þ

where NDE is the donor concentration in the emitter. Using Eq. (7.25) in Eq. (7.26)
provides the hole current component of the total emitter current:
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Jp 0ð Þ ¼ qDpE

LpE
pE 0ð Þ ¼ qDpE

LpE
p0E:e

qVBE=kT ð7:28Þ

after incorporating Eq. (7.23).
To determine the electron component of the total emitter current, consider the

continuity equation for electrons in the P-base region:

d2n

dy2
� n

L2nB
¼ 0 ð7:29Þ

where LnB is the diffusion length for electrons in the base and y is the distance
measured moving to the right away from the base-emitter junction. In this section, it
will be assumed that the width of the P-base region (WB in the figure) is much
smaller than the diffusion length for electrons in the base region. In this case,
recombination in the base region is negligible allowing analysis of the impact of
the emitter injection efficiency on the gain of the bipolar transistor. The continuity
equation for electrons in the P-base region then becomes:

d2n

dy2
¼ 0 ð7:30Þ

indicating that the slope (dn/dy) of the minority carrier concentration is constant in
the P-base region. This linear electron concentration profile is illustrated in the
figure. Due to the reverse bias at the base-collector junction, the minority carrier
concentration at this junction is forced to zero as shown in the figure. Consequently,
the electron concentration decreases linearly from an injected concentration [nB(0)]
at the base-emitter junction to zero at the base-collector junction:

n yð Þ ¼ nB 0ð Þ 1� y

WB

� �
ð7:31Þ

In writing this expression, it has been assumed that the widths of the depletion
regions within the P-base region can be neglected. This holds true at small collector
bias voltages. The impact of large collector bias voltages on the base width (the Kirk
effect) is taken into account later in the chapter.

The electron current component of the total emitter current can be derived from
the above electron carrier distribution:

Jn 0ð Þ ¼ �qDnB
dn

dy

� �
y¼0

ð7:32Þ

where DnB is the diffusion coefficient for electrons in the base region. Note that the
diffusion coefficient for electrons in the base region must be computed after taking
into account the reduction of the mobility (μnB) due to heavy doping effects in the
base region even though its doping is not as high as in the emitter. In this case, the
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mobility for electrons in the base region should be computed by using the
relationship:

μnB NABð Þ ¼ 5:1 � 1018 þ 92N0:91
AB

3:75 � 1015 þ N0:91
AB

ð7:33Þ

where NAB is the acceptor concentration in the base region. Using Eq. (7.31) in
Eq. (7.32) provides the electron current component of the total emitter current:

Jn 0ð Þ ¼ qDnB

WB
nB 0ð Þ ¼ qDnB

WB
n0B e

qVBE=kT ð7:34Þ

after incorporating Eq. (7.22). Since the recombination in the base region has been
assumed to be negligible, the electron current component at the base-emitter junction
is also equal to the collector current density if carrier multiplication is ignored.

The emitter injection efficiency can be obtained by using the electron and hole
current components:

γE ¼ Jn 0ð Þ
Jn 0ð Þ þ Jp 0ð Þ ð7:35Þ

Substituting Eqs. (7.28 and 7.34) for the current densities:

γE ¼ DnBLpEn0B
DnBLpEn0B þ DpEWBp0E

ð7:36Þ

Using this relationship, the emitter injection efficiency can be computed from the
physical parameters for the power bipolar transistor. In order to facilitate this
computation, it is beneficial to relate the minority carrier concentrations in equilib-
rium to the doping concentrations in the regions:

n0B ¼ n2iB
NAB

ð7:37Þ

p0E ¼ n2iE
NDE

ð7:38Þ

Note that the intrinsic carrier concentrations in the base and emitter regions are not
equal due to the difference in doping concentrations, which impacts the bandgap
narrowing for the regions. Using these relationships in Eq. (7.36):

γE ¼ DnBLpEn2iBNDE

DnBLpEn2iBNDE þ DpEWBn2iENAB
¼ αE ð7:39Þ

The common-base current gain (αE), as determined purely by the emitter injection
efficiency, can be computed by using the above expression.

7.4 Current Gain 539



The common-emitter current gain (βE), as determined purely by the emitter
injection efficiency, can also be obtained by using the electron and hole current
components of the total emitter current:

βE ¼ Jn 0ð Þ
Jp 0ð Þ ð7:40Þ

Substituting Eqs. (7.28 and 7.34) for the current densities:

βE ¼ DnBLpEn0B
DpEWBp0E

ð7:41Þ

Using Eqs. (7.37 and 7.38) for the minority carrier concentrations in equilibrium:

βE ¼ DnBLpEn2iBNDE

DpEWBn2iENAB
ð7:42Þ

For a power bipolar transistor, it is desirable to obtain a high current gain in order
to control a large load (collector) current with a small input drive (base) current.
Based upon the expressions for the emitter injection efficiency, a high gain can be
obtained by using a large doping concentration for the emitter region and a low
doping concentration for the base region. In practice, it is not possible to use an
arbitrarily high doping concentration for the N+ emitter region due to heavy doping
effects, which produce (a) a reduction of the diffusion length for holes in the emitter
and (b) a large increase in the intrinsic carrier concentration in the emitter due to
bandgap narrowing. An optimum doping concentration for the emitter has been
reported to be about 1� 1019 cm�3. In this case, typical values for the common-base
and common-emitter current gains are 0.96 and 25, respectively, if a base doping
concentration of 1 � 1017 cm�3 is assumed. In addition, from the above equations
for the current gain as determined by the emitter injection efficiency, it is desirable to
have a lightly doped base region with a narrow base width. However, this can
compromise the blocking voltage capability of the power bipolar transistor due to
the reach-through phenomenon as discussed previously in the chapter. A low P-base
doping concentration also results in high-level injection effects occurring in the base
region at lower current densities. This reduces the emitter injection efficiency as
discussed in Sect. 7.4.3.

7.4.2 Emitter Injection Efficiency with Recombination
in the Depletion Region

In the previous analysis, the current transport across the base-emitter junction was
assumed to occur purely by the diffusion process. However, at low current densities,
it is necessary to account for the recombination current at the base-emitter junction.
The recombination current for a P-N junction was discussed in Sect. 5.1.1.
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The current at the junction produced by recombination within the depletion region
is given by:

Jr ¼ qniWD

τSC
eqVBE=2kT ð7:43Þ

where WD is the depletion layer width and τSC is the space-charge generation
lifetime. The emitter injection efficiency at low current levels can be obtained by
including this current component:

γE ¼ Jn 0ð Þ
Jn 0ð Þ þ Jp 0ð Þ þ Jr

ð7:44Þ

Using the previously derived equations (Eqs. 7.28 and 7.34) for the diffusion
currents with the above equation for the recombination current:

γE ¼ DnBLpEn0B
DnBLpEn0B þ DpEWBp0E þ niWDWBLpE

� �
= τSCeqVBE=2kTð Þ� � ð7:45Þ

At low forward bias voltages across the base-emitter junction, the last term in square
brackets in the denominator of this equation becomes dominant producing a reduc-
tion of the emitter injection efficiency and the current gain. As the forward bias
across the base-emitter junction is increased, the diffusion currents become much
larger than the recombination current, and the emitter injection efficiency becomes
equal to that discussed in the previous section.

As an example, consider a power bipolar transistor with an N+ emitter doping
concentration of 2 � 1019 cm�3 with a diffusion length of 1 μm for the holes and a
P-base doping concentration of 1 � 1017 cm�3 with a width of 5 μm. The current
gains (βE) computed for this case with a depletion region width of 0.01 μm and
various values for the space-charge generation lifetime are shown in Fig. 7.13. For
the case of a space-charge generation lifetime of 1 � 10�7 s, the recombination
current begins to dominate leading to a falloff in the current gain when the current
density becomes less than 0.1 A/cm2. When the current density becomes more than
1 A/cm2, the current gain approaches 25 as limited by the injection of holes into the
emitter region. As the space-charge generation lifetime is increased, a high gain is
retained to lower collector current levels. The rate of falloff in the current gain with
decreasing collector current density is therefore a strong function of the space-charge
generation lifetime.

7.4.3 Emitter Injection Efficiency with High-Level Injection
in the Base

From the analysis in the previous section, it may be inferred (see Eq. (7.42)) that the
doping concentration in the base region for the power bipolar transistor should be
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reduced to achieve a high current gain. However, at low base doping levels, the
injected minority (electron) carrier concentration in the P-base region can exceed its
doping concentration when the bipolar power transistor is operated at high current
densities. This is referred to as the onset of high-level injection in the base region. In
order to satisfy charge neutrality, the majority (hole) carrier concentration in the base
region increases under high-level injection conditions. This enhances the injection of
holes from the P-base region into the N+ emitter region, which results in a reduction
of the injection efficiency and current gain of the power bipolar transistor. The
reduction of the current gain of a bipolar transistor with increasing current density
due to high-level injection in the base region is referred to as theWebster effect [12].

The minority carrier distribution profiles in the base and emitter regions are
shown in Fig. 7.14 under high-level injection conditions in the base region. The
majority carrier profiles are also shown in the figure. The majority carrier concen-
tration in the emitter remains equal to the emitter doping concentration because of
low injection levels in the emitter region. However, the majority carrier concentra-
tion in the base is enhanced because the minority carrier density exceeds the doping
concentration of the base region in the vicinity of the base-emitter junction. Charge
neutrality in the base region requires:

pB 0ð Þ � p0B ¼ nB 0ð Þ � n0B ð7:46Þ
where pB(0) and nB(0) are the majority and minority carrier densities in the P-base
region at the base-emitter junction as indicated in the figure. Since the concentration
of the minority carriers (n0B) in equilibrium for the base region is much smaller than
the other concentrations in the above equation:

Fig. 7.13 Reduction of current gain at low collector current levels for the N-P-N bipolar power
transistor
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pB 0ð Þ ¼ p0B þ nB 0ð Þ ð7:47Þ
The Boltzmann quasi-equilibrium boundary condition for a P-N junction

requires:

pE 0ð Þ
pB 0ð Þ ¼

nB 0ð Þ
nE 0ð Þ

niE
niB

� �2

ð7:48Þ

Since the doping concentration in the emitter (NDE) is very high:

nE 0ð Þ ¼ n0E ¼ NDE ð7:49Þ
Combining the above relationships:

pE 0ð Þ ¼ pB 0ð Þ:nB 0ð Þ
nE 0ð Þ

niE
niB

� �2

¼ nB 0ð Þ
NDE

niE
niB

� �2

p0B þ nB 0ð Þ½ � ð7:50Þ

According to the “Law of the Junction”:

nB 0ð Þ ¼ n0B e
qVBE=kT ð7:51Þ

where VBE is the forward bias voltage across the base-emitter junction. Substituting
this in Eq. (7.50):

Fig. 7.14 Minority and majority carrier profiles within the N-P-N bipolar power transistor under
high-level injection conditions in the base
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pE 0ð Þ ¼ p0Bn0B
NDE

niE
niB

� �2

1þ nB 0ð Þ
p0B

� 	
eqVBE=kT ð7:52Þ

The majority and minority carriers in equilibrium are interrelated through the
intrinsic carrier concentrations in the emitter and base regions:

p0B:n0B ¼ n2iB ð7:53Þ
p0E:n0E ¼ p0E:NDE ¼ n2iE ð7:54Þ

Combining these with Eq. (7.52) yields:

pE 0ð Þ ¼ p0E 1þ nB 0ð Þ
p0B

� 	
eqVBE=kT ð7:55Þ

The term within the square brackets in this equation is the increase in the injected
hole (minority carrier) concentration in the emitter due to high-level injection in the
base region. When the concentration of minority carriers (electrons) injected into the
P-base region [nB(0)] is small compared with the majority carrier concentration [p0B]
in the base region, this term becomes equal to unity as expected for low-level
injection conditions.

The emitter injection efficiency under high-level injection conditions in the base
region can be derived by taking into account the enhanced injection of holes into the
emitter. Based upon an exponential decrease in the minority carrier (hole) concen-
tration within the emitter:

p yð Þ ¼ pE 0ð Þe� y=LpEð Þ ð7:56Þ
where y is the distance measured moving to the left away from the junction with
pE(0) given by Eq. (7.55). The hole current density flowing at the base-emitter
junction is then given by:

Jp 0ð Þ ¼ �qDpE
dp

dy

� �
y¼0

¼ qDpE

LpE
pE 0ð Þ ð7:57Þ

This is also the base current density (JB) because it has been assumed in this section
that all the base current is used to supply the injection into the emitter. If the diffusion
length for electrons in the base region is much larger than the base width (i.e., when
recombination in the base is neglected), the minority carrier concentration in the base
region has a linear distribution as shown in the figure. The collector current is then
equal to the electron current at the base-emitter junction:

JC ¼ Jn 0ð Þ ¼ qDnB

WB
nB 0ð Þ ¼ qDnB

WB
n0B e

qVBE=kT ð7:58Þ

From this equation:
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nB 0ð Þ ¼ JCWB

qDnB
ð7:59Þ

Using this expression in Eq. (7.55):

pE 0ð Þ ¼ p0E 1þ JCWB

qDnBp0B

� 	
eqVBE=kT ð7:60Þ

Substituting this expression in Eq. (7.57):

JB ¼ Jp 0ð Þ ¼ qDpEp0E
LpE

� �
1þ JCWB

qDnBp0B

� 	
eqVBE=kT ð7:61Þ

The common-emitter current gain (βE) as determined by emitter injection effi-
ciency under high-level injection conditions in the base region is then obtained by
using Eqs. (7.58 and 7.61):

βE ¼ JC
JB

¼ DnBLpEn0B
DpEWBp0E

1
1þ JCWB=qDnBp0Bð Þ½ � ð7:62Þ

Substituting for the minority carrier densities using Eqs. (7.53 and 7.54):

βE ¼ DnBLpENDE

DpEWBNAB

niB
niE

� �2 1
1þ JCWB=qDnBNABð Þ½ � ð7:63Þ

In writing this expression, the majority carrier concentration in the base region ( p0B)
has been replaced with the doping concentration (NAB).

At high collector current densities, the second term in the square brackets
becomes dominant, and the current gain decreases inversely with increasing current
density. The falloff in the current gain occurs when the collector current density
approaches and exceeds a Webster current density:

JW ¼ qDnBNAB

WB
ð7:64Þ

At current densities well below the Webster current density, the current gain remains
constant at a value βLL as given by Eq. (7.42) derived earlier under low-level
injection conditions for the base region. Thus, the current gain can be expressed as:

βE ¼ βLL
1þ JC=JWð Þ½ � ð7:65Þ

As an example, consider the case of a power N-P-N bipolar transistor with an
emitter doping concentration of 2 � 1019 cm�3 and base doping concentration of
1 � 1017 cm�3. The common-emitter current gain at low injection levels for this
transistor is 25. The Webster current density using these doping concentrations for

7.4 Current Gain 545



the base and emitter regions is 640 A/cm2. Consequently, the current gain falls off
when the collector current density approaches and exceeds this value as shown in
Fig. 7.15. When the doping concentration of the P-base region is reduced by a factor
of 2x, the common-emitter current gain at low injection levels increases to 36.
However, the Webster current density using these doping concentrations for the
base and emitter regions is also reduced to 410 A/cm2. Consequently, the common-
emitter current gain falls off at lower current densities resulting in approximately the
same gain at high current densities (1000 A/cm2). Similarly, when the doping
concentration of the P-base region is increased by a factor of 2x, the common-
emitter current gain at low injection levels decreases to 17.5, and the Webster current
density is increased to 1160 A/cm2. Consequently, the current gain falls off at higher
current densities resulting in approximately the same gain (about 10) at high current
densities. Such high emitter current densities are encountered in power bipolar
transistors due to the emitter current crowding phenomenon discussed later in the
chapter.

According to Eq. (7.65), the current gain becomes inversely proportional to the
collector current density when it becomes much larger than the Webster current
density:

βEH ¼ βLLJW
JC

ð7:66Þ

Consequently, the base drive current density required to sustain the collector current
is given by:

Fig. 7.15 Falloff in the current gain for a N-P-N bipolar power transistor due to high-level injection
conditions in the base

546 7 Bipolar Junction Transistors



JB ¼ JC
βEH

¼ J2C
βLLJW

ð7:67Þ

Thus, the base drive current increases as the square of the collector current for a
power bipolar transistor upon the onset of high-level injection in the base region.
This degrades the power gain of the device making the gate control circuit bulky and
expensive.

7.4.4 Base Transport Factor

The base transport factor is a measure of the ability for the minority carriers injected
from the base-emitter junction to reach the base-collector junction. For an N-P-N
transistor, it is expressed in terms of the ratio of the electron current at the base-
emitter junction to the electron current at the base-collector junction (see Eq. (7.20)).
In the previous section, it was assumed that the diffusion length for electrons (LnB) in
the P-base region is much larger than its width (WB). In this case, the base transport
factor is equal to unity. However, in a power bipolar transistor, the base width can be
relatively large to prevent reach-through breakdown at high collector bias voltages.

The base-emitter junction of the bipolar transistor is forward biased in order to
induce current flow. This produces the injection of electrons into the P-base region.
These electrons diffuse through the P-base region and arrive at the base-collector
junction producing the collector current. The diffusion equation for electrons in the
P-base region under steady-state conditions is:

d2n

dy2
� n

L2nB
¼ 0 ð7:68Þ

where LnB is the diffusion length for electrons in the base and y is the distance
measured moving to the right away from the base-emitter junction. The solution for
this equation has the form:

n yð Þ ¼ Ae�y=LnB þ Beþy=LnB ð7:69Þ
where A and B are constants determined by the following boundary conditions. At
the base-emitter junction (y ¼ 0), the electron concentration is given by:

n 0ð Þ ¼ nB 0ð Þ ¼ n0B e
qVBE=kT ð7:70Þ

due to the forward bias (VBE) across the base-emitter junction. At the base-collector
junction, the electron concentration is zero due to the reverse bias:

n WBð Þ ¼ 0 ð7:71Þ
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Using these boundary conditions to solve for the constants A and B provides the
electron concentration profile:

n yð Þ ¼ n0B
sinh WB � yð Þ=LnB½ �

sinh WB=LnBð Þ

 �

eqVBE=kT ð7:72Þ

This profile for the injected electrons in the P-base region is illustrated in Fig. 7.16
together with the minority carrier concentration in equilibrium.

The electron current at the base-emitter junction (JnE) and the base-collector
junction (JnC) can be derived from this electron carrier distribution profile:

JnE ¼ �qDnB
dn

dy

� �
y¼0

¼ qDnB

LnB

cosh WB=LnBð Þ
sinh WB=LnBð Þ

� �
eqVBE=kT ð7:73Þ

JnC ¼ �qDnB
dn

dy

� �
y¼WB

¼ qDnB

LnB

1
sinh WB=LnBð Þ
� �

eqVBE=kT ð7:74Þ

Using these equations, the base transport factor is obtained:

αT ¼ JnC
JnE

¼ 1
cosh WB=LnBð Þ ð7:75Þ

The base transport factor is determined by the width of the P-base region relative to
the diffusion length for electrons in the base region. If the diffusion length is much
larger than the base width, the base transport factor becomes equal to unity. When
the base width is increased in order to suppress reach-through breakdown, the base
transport factor becomes less than unity.

Fig. 7.16 Minority carrier distribution within the N-P-N bipolar power transistor including recom-
bination in the base
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The variation of the common-base current gain (αT) is shown in Fig. 7.17 as a
function of the base width for various values for the electron diffusion length in the
base region. From this graph, it can be concluded that a diffusion length of at least
50 μm is required in order to achieve a common-base current gain close to unity for a
base width of 10 μm. For a typical base doping concentration of 1 � 1017 cm�3, the
electron mobility (μnB) is 750 cm2/V-s leading to a diffusion coefficient (DnB) of
19.4 cm2/s. Based upon this value, the minority carrier lifetime in the P-base region
must exceed 1.3 μs to achieve a high current gain.

The common-emitter current gain, as determined exclusively by the base trans-
port factor, is given by:

βT ¼ αT
1� αTð Þ ¼

1
cosh WB=LnBð Þ � 1½ � ð7:76Þ

The variation of the common-emitter current gain (βT) is shown in Fig. 7.18 as a
function of the base width for various values for the electron diffusion length in the
base region. From this graph, it can be concluded that a diffusion length of 50 μm
will produce a common-emitter current gain of 50 for a base width of 10 μm. The
current gain drops to only 8 if the diffusion length for electrons in the base is reduced
to 20 μm. Consequently, the degradation of the current gain due to finite recombi-
nation in the base region must be accounted for during the analysis of power bipolar
transistors.

Fig. 7.17 Base transport factor limited common-base current gain for the N-P-N bipolar power
transistor
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7.4.5 Base Widening at High Collector Current Density

When the collector current density is large, another phenomenon that reduces the
current gain is an increase in the effective base width, which is referred to as the Kirk
effect [13]. This phenomenon occurs when the bipolar transistor is biased in its
forward active regime of operation with a large collector bias voltage. The collector
bias is supported across the base-collector junction with a triangular profile at low
collector current densities as shown in Fig. 7.19 by the line labeled a. This profile is
governed by the solution for Poisson’s equation with the doping concentration of the
N-drift region determining the charge in the depletion region, as previously
discussed in Chap. 3:

dE

dy
¼ �qND

εS
ð7:77Þ

With a reverse biased base-collector junction, the current in the bipolar transistor
is transported through the collector drift region by electrons drifting under the
influence of the electric field in the depletion region. At large collector bias voltages,
the electric field in the depletion region is sufficient to accelerate the electrons to
their saturated drift velocity (vsat,n), as discussed in Chap. 2. The concentration of
the electrons in the depletion region is then related to the collector current density
(JC) by:

Fig. 7.18 Common-emitter current gain for the N-P-N bipolar power transistor as limited by the
base transport factor
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n ¼ JC
qvsat,n

ð7:78Þ

This equation indicates that the concentration of electrons in the depletion region
increases in proportion to the collector current density. As the collector current
density increases, the electron concentration in the drift region becomes comparable
in magnitude to the charge for the donor atoms in the drift region. The compensation
of the positive charge due to the donors by the negative charge due to the electrons
must be accounted for in determining the electric field profile.

Poisson’s equation that governs the electric field distribution at high collector
current densities is given by:

dE

dy
¼ � q

εS
ND � n½ � ð7:79Þ

The electric field profile is then given by:

E yð Þ ¼ E 0ð Þ � q

εS
ND � n½ �y ð7:80Þ

Using Eq. (7.78) for the electron concentration:

E yð Þ ¼ E 0ð Þ � q

εS
ND � JC

qvsat,n

� �� 	
y ð7:81Þ

where E(0) is the electric field at the base-collector junction. This expression for the
electric field indicates that the profile is linear in shape and that its slope becomes

Fig. 7.19 Electric field profiles in the N-P-N bipolar power transistor at various collector current
levels
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smaller as the collector current density is increased. Thus, for the same applied
collector bias, the electric field profile changes to the one labeled b with a large
collector current density JCb. Note that the reduction of the slope for the electric field
in the drift region promotes its punch-through to the N+ substrate as illustrated in the
figure with the electric field truncated in the N+ substrate due to its relatively high
doping.

As the collector current density is increased, the electric field profile eventually
becomes completely flat as shown in the figure by the profile labeled c. A flat electric
field profile occurs when the charge in the depletion region is equal to zero. In this
case, the number of electrons per unit volume transported through the depletion
region is exactly equal to the doping concentration for the drift region. This
corresponds to the second term in Eq. (7.81) becoming equal to zero, which occurs
at a collector current density:

JCc ¼ qvsat,nND ð7:82Þ
When the collector current density is increased even further, the electron con-

centration in the drift region exceeds the doping concentration of the donors in the
drift region. In this case, the net charge in the depletion region becomes negative.
The reversal of the net charge governing Poisson’s equation for the depletion region
produces a reversal of the slope for the electric field profile as shown by the case
labeled d in the figure. This electric field profile is then described by:

E yð Þ ¼ E 0ð Þ þ q

εS

JC
qvsat,n

� �
� ND

� 	
y ð7:83Þ

where the term in square brackets is positive. Under the same applied collector bias
voltage, the peak in the electric field profile shifts from the base-collector junction to
the interface between the N-drift region and the N+ substrate as shown in the figure.

Eventually, at an even larger collector current density, the electric field becomes
equal to zero at the base-collector junction as shown by the profile labeled e in the
figure. The electric field profile in this case is given by:

E yð Þ ¼ q

εS

JC
qvsat,n

� �
� ND

� 	
y ð7:84Þ

The maximum electric field occurs at the interface between the N-drift region and the
N+ substrate at a distance y ¼ WN:

EMe ¼ q

εS

JCe
qvsat,n

� �
� ND

� 	
WN ð7:85Þ

The collector voltage supported by the electric field profile is given by:

VC ¼ 1
2
EMeWN ¼ q

2εS

JCe
qvsat,n

� �
� ND

� 	
W2

N ð7:86Þ
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The collector current density can be expressed in terms of the device physical
parameters and the applied collector bias voltage from this equation:

JCe ¼ qvsat,n
2εSVC

qW2
N

þ ND

� �
¼ JK ð7:87Þ

The collector current density at which the electric field becomes equal to zero at the
base-collector junction is referred to as the Kirk current density (JK) as indicated in
the above equation.

The Kirk current density is of significance for a power bipolar transistor because a
current-induced base region develops within the collector drift region when the
collector current density exceeds its magnitude. The electric field profile f for this
case is illustrated in Fig. 7.20. Note that a neutral region develops in the drift region
adjacent to the base-collector junction. The electrons injected into the P-base region
must now diffuse not only through the physical base width (WB) but through an extra
distance called the current-induced base width (WCIB). The effective base width for
the bipolar transistor then becomes:

WB,EFF ¼ WB þWCIB ð7:88Þ
This enlargement of the base width reduces the base transport factor and the current
gain for the bipolar transistor.

When the electric field profile has taken the form shown in Fig. 7.20, the electron
concentration in the drift region has become much larger than the doping concen-
tration of the drift region. This electric field profile can therefore be expressed as:

Fig. 7.20 Electric field profile in the N-P-N bipolar power transistor with a current-induced base
region
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E yð Þ ¼ JCf
εSvsat,n

� qND

εS

� �
y ð7:89Þ

In this expression, JCf is the collector current density corresponding to the electric
field profile shown in Fig. 7.20. If the electric field supported in the N+ substrate is
neglected due to its high doping concentration, the width of the depletion region is
given by:

WDf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2εSVC

JCf=vsat,nð Þ � qND½ �

s
ð7:90Þ

The width of the current-induced base region is then given by:

WCIB ¼ WN �WDf ¼ WN �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2εSVC

JCf=vsat,nð Þ � qND½ �

s
ð7:91Þ

and the effective base width for the bipolar transistor becomes:

WB,EFF ¼ WB þWCIB ¼ WB þWN �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2εSVC

JCf=vsat,nð Þ � qND½ �

s
ð7:92Þ

The common-base and common-emitter current gains, as limited by recombina-
tion in the base region, are then given by Eqs. (7.75 and 7.76) with the effective base
width (WB,EFF) substituted in place of the physical base width (WB). As an example,
consider the case of a power N-P-N bipolar transistor with a physical base width of
5 μm (WB) and an N-drift region thickness (WN) of 30 μm with a doping concentra-
tion of 1 � 1014 cm�3. The Kirk current density for the onset of the current-induced
base in this case is 736 A/cm2 at a collector bias (VC) of 250 V. The width of the
current-induced base region is shown in Fig. 7.21 for this case as a function of the
collector current density. Note that the current-induced base width becomes equal in
magnitude to the physical base width at a collector current density of 1000 A/cm2 in
this example leading to an effective base width of twice the physical base width.

The physical basis for the increase in the width of the current-induced base with
increasing collector current density is related to the change in the electric field profile
as illustrated in Fig. 7.22. At a lower collector current density (JC1), the slope for the
electric field profile is more gradual due to the smaller electron density in the drift
region. When the collector current density is increased (JC2), the slope for the electric
field profile becomes steeper due to the larger electron density in the drift region. The
same collector bias voltage is then supported across a smaller depletion width, with a
larger maximum electric field, producing an enlargement of the current-induced base
width.

The impact of the current-induced base width on the common-base and common-
emitter current gains is shown in Figs. 7.23 and 7.24 for the power bipolar transistor
with the parameters given above as an example. It can be observed that the current
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gain begins to decrease when the width of the current-induced base region becomes
comparable to the physical base width at a collector current density of about 1000
A/cm2. This has a strong impact on the current gain when the diffusion length for the
electrons is small. It is therefore necessary to account for this phenomenon when
designing power bipolar transistors because high collector current densities are
created by emitter current crowding under on-state operating conditions.

Fig. 7.21 Current-induced base width for the N-P-N bipolar power transistor

Fig. 7.22 Impact of the collector current density on the electric field profile for the N-P-N bipolar
power transistor
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The Kirk current density and the width of the current-induced base region are
dependent on the collector bias voltage as indicated by Eqs. (7.87 and 7.91). This is
illustrated in Fig. 7.25 for the case of the power bipolar transistor with the parameters

Fig. 7.23 Impact of base widening on the common-base current gain for the N-P-N bipolar power
transistor

Fig. 7.24 Impact of base widening on the common-emitter current gain for the N-P-N bipolar
power transistor
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previously used as the example. The Kirk current density becomes smaller when the
collector bias voltage is reduced and the width of the current-induced base becomes
larger. The physical basis for this change is related to the change in the electric field
profile as illustrated in Fig. 7.26. It can be observed that a smaller collector bias
voltage (VC2) is supported over a smaller space-charge region width producing an
enlargement of the current-induced base width.

Fig. 7.25 Impact of the collector bias voltage on the current-induced base width for the N-P-N
bipolar power transistor

Fig. 7.26 Impact of the collector bias voltage on the electric field profile for the N-P-N bipolar
power transistor
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Simulation Example
In order to provide further insight into the physics of operation of the power bipolar
transistor, the results of two-dimensional numerical simulations are provided in this
section for a variety of device structures. The doping profile for all the structures is
similar to that shown in Fig. 7.8. The emitter and base doping concentrations were
varied to elucidate the impact on the current gain. In addition, the impact of bandgap
narrowing and Auger recombination in the emitter is provided here.

The baseline N-P-N bipolar power transistor structure (bjt8) had a Gaussian
emitter diffusion with a surface concentration of 1 � 1020 cm�3 and a Gaussian
P-base diffusion with a surface concentration of 2 � 1017 cm�3. The junction depth
for the P-base region was 10 μm and that for the emitter region 1 μm leading to a base
width of 9 μm. A lifetime (τn0, τp0) of 1 μs was used for all the structures. The output
characteristics for the device were derived by using a base drive current density
ranging from 1 to 7 A/cm2. The resulting output characteristics are shown in
Fig. 7.27. The current gain is observed to be relatively independent of the collector
bias voltage once it exceeds 200 V due to the high output resistance.

The current gain extracted from the simulations for the baseline bipolar power
transistor structure (bjt8) is shown in Fig. 7.28 as a function of the collector current
density. Note that the average collector current density (total collector current
divided by the cell area) has been used for this plot. It can be observed that the
current gain (beta) is relatively constant with a value of about 15 for collector current
densities below 10 A/cm2. As the collector current density is increased beyond this
point, the current gain falls off. The rate of falloff in the current gain is much steeper
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than predicted by either the Webster effect or the Kirk effect. This is due to strong
impact of emitter current crowding as the base drive current is increased.

The current crowding at the emitter edge located in proximity to the base contact
is shown in Fig. 7.29 for the baseline bipolar power transistor structure. It can be
observed that the collector current density is uniform at the lowest base drive current
of 0.05 A/cm2. When the base drive current density is raised to 0.5 A/cm2, the
collector current density becomes nonuniform with a much larger value near the base
contact. The physics responsible for the current crowding phenomenon is discussed
in a later section of this chapter. As the base drive current density is increased, the
nonuniformity of the collector current density becomes worse resulting in extremely
high current densities at the edge of the emitter. This enhancement of the collector
current density exacerbates the Webster and Kirk effects producing a faster falloff in
the current gain with average collector current density than described by the models
which are based upon a uniform (or local) current density.

The impact of the semiconductor models on the current gain for the baseline
bipolar power transistor can be extracted from the numerical simulations by turning
them on and off during the analysis. When the Auger recombination phenomenon is
turned off, the current gain increases only slightly as shown in Fig. 7.28 by the
dashed line. In contrast, a much stronger effect is observed when the bandgap
narrowing effect is turned off as shown by the dotted line in this figure. The current
gain increases from about 14 to 75, which is consistent with the increase in the gain
obtained using Eq. (7.42) with equal values for the intrinsic carrier concentration in
the emitter and base regions.
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Fig. 7.28 Current gain (β) for a N-P-N bipolar power transistor

7.4 Current Gain 559



The impact of the doping concentration of the emitter region on the gain of the
bipolar power transistor is illustrated in Fig. 7.30. Here, the surface concentration of
the N+ emitter diffusion was changed from 1 � 1020 cm�3 for the baseline bipolar
power transistor structure to 1 � 1019 cm�3. It can be observed that the current gain
at collector current densities below 10 A/cm2 decreases from about 15 to 10 due to
the smaller emitter doping concentration. In these structures, the P-base doping
profile was created using a surface concentration of 2� 1017 cm�3. From the doping
profile shown in Fig. 7.8 for the baseline structure, it is obvious that the doping
concentration in the emitter and base regions varies over many orders of magnitude.
In order to relate the simulation results to the analytical model, it is therefore
necessary to define an effective doping concentration for these regions representative
of uniformly doped regions with the same thickness. From the doping profile
provided in Fig. 7.8, an effective doping concentration of 7 � 1016 cm�3 can be
estimated for the P-base region. At this doping concentration, the diffusion coeffi-
cient for electrons in the base is found to be 23.3 cm2/s, and the intrinsic carrier
concentration is found to be 1.57 � 1010 cm�3 based upon the models and infor-
mation provided in Chap. 2. The corresponding parameters for the N+ emitter region
for the two cases are provided in Fig. 7.31 together with the value for beta obtained
using these values in the analytical model (Eq. 7.42). The analytical model predicts
the appropriate value for the gain with judicious choice of the effective doping
concentrations for the emitter and base regions.

The impact of changing the P-base doping profile can be observed in Fig. 7.32
where the current gain is plotted for various values for the surface concentration used
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to produce the P-base region. In these structures, the N+ emitter doping profile was
created using a surface concentration of 1� 1020 cm�3. As the doping concentration
in the P-base region increases, the current gain decreases as expected. The P-base
surface concentration must be reduced to 1 � 1017 cm�3 to obtain a gain of 20. This
makes the structure prone to reach-through limited breakdown. In order to relate the
current gain for these structures with the analytical model, it is necessary to extract
an effective doping concentration for the P-base region. This is provided in Fig. 7.33
together with values for the diffusion coefficient for electrons and the intrinsic carrier
concentration in the base region. The diffusion coefficient for holes and the intrinsic
carrier concentration of the emitter region are given in Fig. 7.31 (structure bjt8) for
this case. The current gain computed by using the analytical model (Eq. 7.42) is

bjt8 - NDES = 1 x 1020 cm-3

bjt14 - NDES = 1 x 1019 cm-3
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Fig. 7.30 Current gain (β) for N-P-N bipolar power transistors

Structure
Effective NDE

(cm-3)
DpE

(cm2/s)
niE

(cm-3)
Beta

bjt8 2 x 1019 1.30 9.7 x 1010 15.0

bjt14 5 x 1018 3.52 3.69 x 1010 9.5

Fig. 7.31 Analytically calculated parameters for N-P-N bipolar power transistors: impact of
emitter doping concentration
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provided in Fig. 7.33. Comparing these values with those in Fig. 7.32 obtained with
the simulations at collector current densities below 1 A/cm2, it can be concluded that
the analytical model predicts the appropriate value for the gain with judicious choice
of the effective doping concentrations for the emitter and base regions.
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Fig. 7.32 Current gain (β) for N-P-N bipolar power transistors: impact of P-base doping
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Structure
Effective NAB

(cm-3)
DnB

(cm2/s)
niB

(cm-3)
Beta

bjt6 6 x 1017 8.94 1.95 x 1010 1.03

bjt10 3 x 1017 12.85 1.77 x 1010 2.45

bjt2 2 x 1017 15.6 1.70 x 1010 4.12

bjt8 7 x 1016 23.3 1.57 x 1010 15.0

bjt9 5 x 1016 25.5 1.54 x 1010 22.1

bjt15 6 x 1015 33.3 1.50 x 1010 228

Fig. 7.33 Analytically calculated parameters for N-P-N bipolar power transistors: impact of P-base
doping concentration
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As described earlier in the section, the reduction of the current gain at very high
current levels (the Kirk effect) is associated with a widening of the effective base
width due to the formation of a current-induced neutral region within the N-drift
region adjacent to the base region. The formation of the current-induced base region
can be observed by examination of the electric field profile in the bipolar power
transistor. As an example, the electric field profiles are shown in Fig. 7.34 for the
baseline bipolar power transistor structure (bjt8) under increasing base drive current
conditions at an x location of 30 μm from the left-hand side in the cross section
shown in Fig. 7.7. At the lowest base drive current density of 0.05 A/cm2, the peak of
the electric field occurs at the junction between the P-base region and the N-drift
region similar to the case of normal reverse blocking conditions for a P-N junction.
When the base drive current density is increased to 0.5 A/cm2, the slope of the
electric field profile becomes slightly smaller due to the additional (negative) charge
associated with the electrons transported through the drift region. When the base
drive current density is increased to 5 A/cm2, the slope of the electric field profile
becomes flat indicating that the additional (negative) charge associated with the
electrons transported through the drift region is now equal to the background charge
(positive) due to donors in the drift region (5 � 1013 cm�3). At an even larger base
drive current density of 50 A/cm2, the slope of the electric field profile reverses with
its peak now located at the interface between the N-drift region and the N+ substrate.
Under these conditions, a current-induced base region is observed below the P-base
region. When the base drive current density is increased to 500 A/cm2, there is an
increase in the width of the current-induced base region. These electric field profiles
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are similar to those shown in Figs. 7.19 and 7.22 for the analysis of the Kirk effect
confirming the validity of the underlying physical mechanism responsible for the
reduction of the gain at very high collector current levels.

The impact of changes to the collector bias voltage on the width of the current-
induced base region can be observed in Fig. 7.35. These profiles were obtained using
a base drive current density of 50 A/cm2. The width of the current-induced base
region becomes larger when the collector bias is reduced leading to a reduction of the
current gain. These results are consistent with plots in Fig. 7.26 providing further
validation for the model.

7.5 Emitter Current Crowding

The analytical treatment for the current transport within the bipolar power transistor
was performed in the previous sections under one-dimensional conditions. This
analysis is pertinent for a local region under the emitter within the transistor. The
current distribution within the emitter in a bipolar power transistor is however not
uniform. The drive current applied at the base terminal of the bipolar power
transistor must flow through the base region to reach the center of the emitter finger
as illustrated in Fig. 7.36. A voltage drop is produced by this current flow in the
P-base region due to its finite resistance (RB). The largest forward bias across the
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emitter-base junction then occurs in the vicinity of the base contact with smaller
base-emitter voltage available at the center of the emitter finger to induce injection of
electrons into the base region. Consequently, the emitter (and collector) current
density are nonuniform with their highest values under the emitter region located
in proximity with the base contact. Analytical treatment of the emitter current
crowding phenomenon can be performed under low-level and high-level injection
conditions in the P-base region.

7.5.1 Low-Level Injection in the Base

Analytical treatment for the emitter current crowding under low-level injection
conditions can be performed under certain simplifying assumptions [14, 15]. A
cross section of the bipolar power transistor is illustrated in Fig. 7.25 with half of
the emitter finger with a width ofWE. A linear geometry is assumed for the transistor
with an emitter finger length LE orthogonal to the cross section in the figure.
Consider a segment of the emitter finger of width dx located at a distance of
x from the edge of the emitter located closest to the base contact. The emitter current
flowing through the segment is given by:

EMITTER

COLLECTOR

N-DRIFT REGION

BASE

IE

IC

IB

N+ SUBSTRATE

N+

P-BASE RESISTANCE (RB)

Fig. 7.36 Base drive
current flow within the N-P-
N bipolar power transistor
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dIE xð Þ ¼ JE xð ÞLE:dx ð7:93Þ
where JE(x) is the local emitter current density at a distance x from the edge of the
emitter located closest to the base contact. The base current required to support this
emitter current is given by:

dIB xð Þ ¼ 1� αð ÞdIE xð Þ ¼ 1� αð Þ:JE xð ÞLE:dx ð7:94Þ
In writing this equation, it has been assumed that the current gain is independent of
the emitter current density to simplify the analysis.

The voltage drop produced in the base region across the segment due to the base
current flow is given by:

dVBE xð Þ ¼ dIB xð ÞdRB ¼ dIB xð Þ ρB0dx

WBLE

� �
ð7:95Þ

where ρB0 is the resistivity of the P-base region:

ρB0 ¼
1

qμpNAB
ð7:96Þ

where NAB is the acceptor doping concentration for the P-base region. In writing this
equation, any depletion of the P-base region due to the applied collector bias has
been neglected. Transposing dx and then taking the derivative of Eq. (7.95):

d2VBE xð Þ
dx2

¼ ρB0
WBLE

dIB xð Þ
dx

ð7:97Þ

Using Eq. (7.94):

d2VBE xð Þ
dx2

¼ ρB0
WB

1� αð ÞJE xð Þ ð7:98Þ

The emitter current density at location x is determined by the local forward
voltage drop across the base-emitter junction:

JE xð Þ ¼ JS,LLe
qVBE=kT ð7:99Þ

where JS,LL is the diode saturation current density under low-level injection condi-
tions (see Eq. (5.14) derived for a diode operating under low-level injection condi-
tions). Using this expression in Eq. (7.98) yields:

d2VBE xð Þ
dx2

¼ ρB0
WB

1� αð ÞJS,LLeqVBE xð Þ=kT ð7:100Þ

A general solution for this equation is of the form:
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VBE xð Þ ¼ A ln Bxþ Cð Þ ð7:101Þ
where A, B, and C are constants. Substitution into Eq. (7.100) allows extraction of
these constants:

A ¼ � 2kT
q

ð7:102Þ

B ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qρB0

2kTWB
1� αð ÞJS,LL

r
ð7:103Þ

C ¼ e�qVBE 0ð Þ=2kT ð7:104Þ
where VBE(0) is the base-emitter bias at the edge of the emitter closest to the base
contact. Using this voltage distribution in Eq. (7.99) yields:

JE xð Þ ¼ JE 0ð Þ
1þ x=x0LLð Þ2 ð7:105Þ

where x0LL is a current crowding parameter under low-level injection conditions in
the P-base region given by:

x0LL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2kTWB

q 1� αð ÞρB0JE 0ð Þ

s
ð7:106Þ

The emitter current density JE(0) at the edge of the emitter closest to the base contact
can be obtained by using Eq. (7.99) with the applied base-emitter bias VBE(0) at the
base contact.

The distribution of the emitter current within the bipolar power transistor is
shown in the lower part of Fig. 7.37 for various cases of the ratio (x0LL/WE). It can
be observed from the plots that the emitter current density is larger at the edge of the
emitter closest to the base contact. This is referred to as emitter current crowding.
The emitter current crowding is observed to worsen as the ratio (x0LL/WE) becomes
smaller. Using a typical base width of 10 μm, a current gain (alpha) of 0.95, and a
P-base doping concentration of 1� 1017 cm�3, yields a value for x0LL of 62 μm at an
emitter current density of 100 A/cm2 at the edge of the emitter closest to the base
contact. This corresponds to a ratio (x0LL/WE) of 0.31 for an emitter width of 200 μm,
which would result in significant current crowding as shown in Fig. 7.37. According
to Eq. (7.106), the value for x0LL becomes larger when the current gain increases.
This is due to the smaller base current required to sustain current flow within the
transistor, which produces a smaller voltage drop along the base resistance. The
value for x0LL becomes larger when the base resistivity is reduced by increasing its
doping level. However, the resulting improvement in current distribution is obtained
with a lower current gain, partially canceling the benefit derived from the lower base
resistivity.
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The current crowding parameter is a function of the doping concentration of the
P-base region because this determines not only the resistivity of the P-base region
but also the current gain (alpha) of the transistor. As the doping concentration of the
P-base region is increased, the resistivity decreases, while the current gain becomes
smaller due a reduction of the emitter injection efficiency. The net result is a
relatively weak dependence of the current crowding parameter on the doping
concentration in the P-base region with a minimum value at a doping concentration
of about 5 � 1017 cm�3 as illustrated in Fig. 7.38.

However, the current crowding parameter decreases significantly with increasing
emitter current density at the edge of the emitter closest to the base contact. This can
also be observed in Fig. 7.38 where the emitter current density at the edge of the
emitter has been used as a parametric variable. This implies that the current crowding
will become worse as the transistor is driven harder to try to obtain a larger collector
current. The enhanced current crowding aggravates the current gain reduction
mechanisms producing a more rapid drop-off in the current gain (see simulation
results in the previous section). Note that the impact of high emitter current density
on the current gain has been ignored when making the plots in Fig. 7.38 in order to
simplify the analysis. Inclusion of the impact of the reduction of the current gain due
to high-level injection in the P-base region will make the current crowding parameter
smaller enhancing the current crowding of the emitter current density.

Fig. 7.37 Emitter current distribution within the bipolar power transistor with low level injection in
the base
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7.5.2 High-Level Injection in the Base

Analytical treatment for the emitter current crowding under high-level injection
conditions in the P-base region can be performed under certain simplifying assump-
tions [16, 17]. A cross section of the bipolar power transistor is illustrated in
Fig. 7.39 with half of the emitter finger with a width of WE. A linear geometry is
assumed for the transistor with an emitter finger length LE orthogonal to the cross
section in the figure. Consider a segment of the emitter finger of width dx located at a
distance of x from the edge of the emitter located closest to the base contact. The
emitter current flowing through the segment is given by:

dIE xð Þ ¼ JE xð ÞLE dx ð7:107Þ
where JE(x) is the local emitter current density at a distance x from the edge of the
emitter located closest to the base contact. The base current required to support this
emitter current is given by:

dIB xð Þ ¼ 1� αð ÞdIE xð Þ ¼ 1� αð ÞJE xð ÞLE:dx ð7:108Þ
In writing this equation, it has been assumed that the current gain is independent of
the emitter current density to simplify the analysis.

The voltage drop produced in the base region across the segment due to the base
current flow is given by:

Fig. 7.38 Current crowding parameter for the N-P-N bipolar power transistor for low-level
injection conditions in the P-base region
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dVBE xð Þ ¼ dIB xð ÞdRB ¼ dIB xð Þ ρBdx

WBLE

� �
ð7:109Þ

where ρB is the resistivity of the P-base region. Unlike the case for low-level
injection where the resistivity is determined by the doping concentration of the
P-base region, the resistivity for the P-base region under high-level injection condi-
tions is given by:

ρB ¼ ρB0
JHL
JE xð Þ ð7:110Þ

where JHL is the emitter current density for the onset of high-level injection in the
P-base region. The emitter current density at location x is determined by the local
forward voltage drop across the base-emitter junction:

JE xð Þ ¼ JS,HLe
qVBE=2kT ð7:111Þ

where JS,HL is the diode saturation current density under high-level injection condi-
tions (see Eq. (5.57) derived for a diode operating under high-level injection
conditions). Taking the first derivative with respect to x yields:

Fig. 7.39 Emitter current distribution within the bipolar power transistor with high level injection
in the base region
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dJE xð Þ
dx

¼ qJE xð Þ
2kT

dVBE xð Þ
dx

ð7:112Þ

Using Eq. (7.109) in the above expression:

dJE xð Þ
dx

¼ qJE xð Þ
2kT

ρB dIB xð Þ
WBLE

ð7:113Þ

Using Eq. (7.110) for the conductivity-modulated resistivity gives:

dJE xð Þ
dx

¼ qJHL
2kT

ρB0 dIB xð Þ
WBLE

ð7:114Þ

Taking the derivative of this equation yields:

d2JE xð Þ
dx2

¼ qJHL
2kT

ρB0
WBLE

dIB xð Þ
dx

ð7:115Þ

Utilizing Eq. (7.108), a second-order differential equation for the emitter current
distribution is obtained:

d2JE xð Þ
dx2

� qJHL
2kT

ρB0
WB

1� αð ÞJE xð Þ ¼ 0 ð7:116Þ

The solution for this differential equation is:

JE xð Þ ¼ JE 0ð Þe�x=x0HL ð7:117Þ
where x0HL is a current crowding parameter under high-level injection conditions in
the P-base region given by:

x0HL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2kTWB

q 1� αð ÞρB0JHL

s
ð7:118Þ

The distribution of the emitter current within the bipolar power transistor is
shown in the lower part of Fig. 7.39 for various cases of the ratio (x0HL/WE). It can
be observed from the plots that the emitter current density is larger at the edge of the
emitter closest to the base contact. The emitter current crowding is observed to
worsen as the ratio (x0HL/WE) becomes smaller. Using a typical base width of 10 μm,
a current gain (alpha) of 0.95 and a P-base doping concentration of 1 � 1017 cm�3

yield a value for x0HL of 62 μm at an emitter high-level injection current density of
100 A/cm2. This corresponds to a ratio (x0HL/WE) of 0.31 for an emitter width of
200 μm, which would result in significant current crowding as shown in Fig. 7.39.
According to Eq. (7.118), the value for x0HL becomes larger when the current gain
increases. This is due to the smaller base current required to sustain current flow
within the transistor, which produces a smaller voltage drop along the base
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resistance. The value for x0HL becomes larger when the base resistivity is reduced by
increasing its doping level. However, the resulting improvement in current distribu-
tion is obtained with a lower current gain, partially canceling the benefit derived
from the lower base resistivity.

The current crowding parameter under high-level injection conditions is a func-
tion of the doping concentration of the P-base region because this determines not
only the resistivity of the P-base region but also the current gain (alpha) of the
transistor. As the doping concentration of the P-base region is increased,
the resistivity decreases, while the current gain becomes smaller due a reduction of
the emitter injection efficiency. The net result is a relatively weak dependence of the
current crowding parameter on the doping concentration in the P-base region with a
minimum value at a doping concentration of about 5 � 1017 cm�3 as illustrated in
Fig. 7.38 by the uppermost curve. However, the current crowding parameter under
high-level injection conditions is not dependent on the emitter current density
because of a proportionate decrease in the resistivity of the P-base region.

Simulation Example
In order to validate the models for the emitter current crowding, the results of
two-dimensional numerical simulations for the power bipolar transistor are
described here. In all cases, the emitter current distribution was obtained at a
collector bias of 300 V and a base drive current density of 5 A/cm2. The collector
current density is shown in Fig. 7.40 for three device structures designed with P-base
surface concentrations of 2 � 1017 cm�3, 5 � 1017 cm�3, and 1 � 1018 cm�3,
respectively. The width of the P-base region for all the structures is close to 9 μm as
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indicated by the doping profile in Fig. 7.8. In all the cases, a much greater collector
current density is observed at the edge of the emitter closest to the base contact.
When the doping concentration of the P-base region is increased, the current gain
becomes smaller due to the reduced injection efficiency. This leads to a reduction of
the collector current density for these structures as observed in Fig. 7.40.

In order to relate the results of the numerical simulations to the two models
described in this section, the collector current density computed using these models
is shown by the square and triangular symbols in Fig. 7.40 for the device (baseline
structure bjt8) with a P-base surface concentration of 2� 1017 cm�3. For the models,
an effective P-base doping concentration of 7� 1016 cm�3 was used for consistency
with the results discussed in the previous section on current gain. It can be observed
on the one hand that the values computed using the model based upon low-level
injection conditions in the P-base region are in agreement with the simulation results
when the collector current density falls below 50 A/cm2. On the other hand, the
values computed using the model based upon high-level injection conditions in the
P-base region are in agreement with the simulation results when the collector current
density is greater than 150 A/cm2. Using Eq. (7.59), the electron concentration
nB(0) is 2.4 � 1016 cm�3 at a collector current density of 100 A/cm2. Consequently,
a significant portion of the P-base region operates under high-level injection condi-
tions when the collector current density approaches and exceeds this value. The
observed emitter current distribution is therefore determined by a portion of the
emitter near the base contact operating under high-level injection conditions, while
the rest of the emitter operates under low-level injection conditions. Consequently,
both models for the emitter current crowding within the bipolar power transistor are
required to describe the current distribution within the emitter finger.

7.5.3 Emitter Geometry

From the previous sections, it is apparent that most of the collector current flows at
the edge of the emitter finger located closest to the base contact electrode. Conse-
quently, a large amount of surface area can be wasted in the bipolar power transistor
if the emitter finger is made wider than about twice the parameter x0 described in the
previous sections. Based upon the information provided in Fig. 7.38, this corre-
sponds to a typical emitter width of about 100 μm. In addition, it is necessary to
surround the emitter finger with the base contact fingers to ensure maximum utility
of the emitter fingers. A typical device layout that accomplishes these objectives is
illustrated in Fig. 7.41. This layout is referred to as the interdigitated finger geom-
etry. Note the presence of base contact fingers on the outside edges of the emitter
fingers. The base contact fingers can be made narrower than the emitter contact
fingers because of the smaller currents flowing through them. The edge termination
surrounds the P-base region in order to protect the base-collector junction.
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7.6 Output Characteristics

The typical output characteristics for the power bipolar transistor structure are shown
in Fig. 7.42. The slope of the output characteristics has been exaggerated in order to
discuss the output resistance of the device. The finite output resistance for the bipolar
transistor is related to a change in the current gain with increasing collector bias
voltage. As the collector bias is increased, the depletion region across the base-
collector junction expands within the P-base region even though most of the voltage
is supported across the collector drift region. The electrons injected from the base-
emitter junction have to diffuse only through the un-depleted portion of the P-base
region. Consequently, the current gain increases due to an increase in the injection
efficiency and base transport factor because the base width that determines the
current gain becomes smaller than the physical base width. For a constant base
drive current, the collector current increases with increasing collector bias voltage
because of the increase in the current gain.

EMITTER
FINGEREDGE

TERMINATION

EMITTER CONTACT PAD

BASE CONTACT PAD

Fig. 7.41 Die layout for a typical bipolar power transistor

Fig. 7.42 Typical output characteristics for the bipolar power transistor
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The impact of the depletion of the P-base region by the applied collector bias
voltage on the minority carrier profile is illustrated in Fig. 7.43. The depletion layer
boundaries are shown by the dashed line at a bias VCB1, while those for a larger bias
VCB2 are indicated by the dotted lines. If the forward bias across the base-emitter
junction (and the base current) is held constant, the injected electron concentration at
the base-emitter junction nB(0) is equal for the two cases as shown in the lower
portion of the figure. The minority carrier density is forced to zero at the edge of the
depletion region of the reverse biased base-collector junction. Consequently, the
slope of the minority carrier profile in the P-base region becomes greater for the
case of a larger collector bias voltage. Since the collector current density is propor-
tional to the slope of the minority carrier profile at the base-collector junction, this
implies an increase in the collector current with increasing collector bias voltage as
illustrated in Fig. 7.42.

The P-base region of bipolar power transistors is formed by the diffusion of boron
which results in a graded doping profile as illustrated in Fig. 7.2 with low concen-
trations at the base-collector junction. A significant depletion of the P-base region
occurs due to the low doping levels in the base near the junction. The shape of the
output characteristics can be analyzed by taking into account the width of the
depletion region within the P-base region. For the case of uniform doping concen-
tration in the base and collector regions, the depletion layer width in the P-base
region is given by [8]:

WBD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSVCB

qNAB

ND

NAB þ ND

� �s
ð7:119Þ

Fig. 7.43 Effect of collector bias on the minority carrier profile in the base region for the bipolar
power transistor
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where VCB is the base-collector reverse bias voltage, NAB is the doping concentration
in the P-base region, and ND is the doping concentration in the N-drift region. This
expression accounts for a finite doping concentration on both sides of the P-N
junction. The width of the un-depleted portion of the P-base region is then given by:

WB,UD ¼ WB �WBD ¼ WB �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSVCB

qNAB

ND

NAB þ ND

� �s
ð7:120Þ

corresponding to a base-collector bias VCB. (The collector-emitter voltage is approx-
imately equal to the base-collector voltage here.) The collector current density for
this case is given by:

JC ¼ qDnB
dn

dx
¼ qDnB

nB 0ð Þ
WB,UD

ð7:121Þ

Using Eq. (7.120):

JC ¼ qDnB
nB 0ð Þ
WB

1

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSVCBND= qNABW

2
B NAB þ NDð Þ� �qn o ð7:122Þ

The collector current density at small collector bias voltages is given by:

JC0 ¼ qDnB
nB 0ð Þ
WB

ð7:123Þ

because the depletion of the P-base region can be neglected. Consequently:

JC ¼ JC0
1

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSVCBND= qNABW

2
B NAB þ NDð Þ� �qn o ð7:124Þ

When the base doping concentration (NAB) is much greater than the drift region
doping concentration (ND), the term within the square root in the denominator
becomes much smaller than unity. In this case, the application of Maclaurin series
gives:

JC � JC0 1þ εSNDVCB

qNABW
2
B NAB þ NDð Þ

� 	
ð7:125Þ

This expression implies a linear output characteristic as illustrated in Fig. 7.42.
Extrapolation of the collector current density to zero, as indicated by the dashed
lines in the figure, provides a voltage intercept on the negative x-axis which is
referred [18] to as the Early voltage (VE). From Eq. (7.125), the Early voltage is
given by:
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VE ¼ qW2
B

εS

NAB

ND

� �
NAB þ NDð Þ ð7:126Þ

According to this equation, the Early voltage is independent of the collector current
density resulting in all the extrapolated output characteristics intersecting the x-axis
at the same voltage [8].

The output characteristics computed by using the model in Eq. (7.124) are shown
in Fig. 7.44 for three values for the doping concentration of the P-base region by the
solid lines. In all the cases, a doping concentration of 5� 1013 cm�3 was used for the
N-drift region together with a P-base width of 10 μm. As expected, the slope of the
output characteristics decreases when the doping concentration of the P-base region
is increased. It is worth pointing out that the output characteristics are not perfectly
straight lines.

The increase in the collector current is found to be much smaller than that
predicted by Eq. (7.124) when the linear output characteristic model described by
Eq. (7.125) is used. A match to the nonlinear model can be obtained by including a
constant (KE) in Eq. (7.125):

JC � JC0 1þ KEεSNDVCB

qNABW
2
B NAB þ NDð Þ

� 	
ð7:127Þ

The results obtained for the three values for the P-base doping concentration are
shown in Fig. 7.44 by the dashed lines for KE ¼ 8. It is worth pointing out that the
negative intercept of these lines with the x-axis increases with larger P-base doping

Fig. 7.44 Normalized output characteristics for the bipolar power transistor
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concentration, i.e., the Early voltage increases with increasing P-base doping
concentration.

The specific output impedance for the bipolar power transistor can be derived
from the output characteristics described by Eq. (7.124):

dJC
dVCB

¼ 1
RO,sp

ð7:128Þ

Taking the derivative of Eq. (7.124) yields:

RO,sp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qNABW

2
B NAB þ NDð ÞVCB

εSNDJC0

s
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSNDVCB

qNABW
2
B NAB þ NDð Þ

s !
ð7:129Þ

According to this relationship, the output impedance is a function of the collector
bias voltage and the collector current density. A large output resistance is desirable
for power transistors. This can be achieved for the bipolar power transistor by using a
larger doping concentration for the P-base region. However, this will reduce the
current gain making the control circuit more expensive and bulky.

Simulation Example
In order to validate the model for the output characteristics of the bipolar power
transistor, the results of two-dimensional numerical simulations are described for
several devices with different P-base doping concentrations. In all cases, a doping
concentration of 5 � 1013 cm�3 was used for the N-drift region. The physical base
width (WB) for all the devices was 9 μm. The output characteristics for the baseline
structure (bjt8) were previously shown in Fig. 7.27. Due to the relatively large
surface doping concentration (2 � 1017 cm�3) for the base region for this structure,
the output characteristics are flat with a high output resistance.

The output characteristics for the bipolar power transistor structure (bjt15) with a
P-base surface concentration reduced to 1 � 1016 cm�3 are shown in Fig. 7.45. Due
to the much larger current gain for this structure, the base drive current has been
reduced by an order of magnitude. This structure (bjt15) exhibits output character-
istics with a distinct slope indicating a low output resistance. The dashed lines in the
figure have been drawn (slightly above the simulation data for clarity) to provide a
linear fit to the output characteristics. The Early voltage extracted by using these
lines is also given in the figure. The values are approximately equal indicating that all
the lines intersect the x-axis at the same voltage.

The impact of reducing the surface concentration of the P-base diffusion on the
output characteristics of the bipolar power transistor can be observed in Fig. 7.46. In
this figure, the characteristics for the structure with P-base surface concentration of
1 � 1016 cm�3 and 2 � 1017 cm�3 are displayed at the same base drive current
density. The dashed lines in the figure have been drawn (slightly above the simula-
tion data for clarity) to provide a linear fit to the output characteristics. The specific
output resistance extracted using these lines is 43Ω-cm2 for the structure with P-base
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surface concentration of 1 � 1016 cm�3 and 5000 Ω-cm2 for the structure with
P-base surface concentration of 2� 1017 cm�3. From these results, it is apparent that
the P-base doping concentration must be typically above 1 � 1017 cm�3 to obtain a
high output resistance for the bipolar power transistor.

7.7 On-State Characteristics

The output characteristics for a bipolar power transistor are shown in Fig. 7.47 at low
collector bias voltages for the common-emitter configuration. In addition to the
forward active region where the collector current is determined by the base drive
current via the current gain of the transistor, two new regions of operation are
evident. At very low collector bias voltages, the transistor operates in its saturation
region. In addition, there is a gradual transition between the saturation region and the
active region called the quasi-saturation region.

In the saturation region of operation, the collector bias voltage becomes suffi-
ciently low so that the base-collector junction becomes forward biased because the
collector bias voltage falls below the base drive voltage. This produces an injection
of minority carriers into the very lightly doped N-drift region. The injected carrier
concentration in the N-drift region exceeds its doping level at typical operating
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collector current densities leading to conductivity modulation of the N-drift region.
This is responsible for the low on-state voltage drop when the bipolar power
transistor is operated in the saturation region. However, as the collector bias voltage
increases, conductivity modulation does not extend over the entire N-drift region,
which produces an increase in the on-state voltage drop as shown in the quasi-
saturation region. These regions of operation are discussed in more detail below.

Fig. 7.46 Comparison of
the output characteristics of
bipolar power transistors
with different P-base doping
concentrations

Fig. 7.47 Output
characteristics for the
bipolar power transistor at
low collector bias voltages
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7.7.1 Saturation Region

The voltages across the terminals of the bipolar power transistor are illustrated in
Fig. 7.48 when it is biased in the saturation mode. Due to the forward bias across
both the base-emitter and base-collector junctions, the voltage drop between the base
and emitter terminals, as well as between the base and collector terminals, becomes
approximately 0.7 V. Consequently, the voltage drop between the collector and
emitter terminals becomes equal to nearly zero. In practical devices, the two junc-
tions are not symmetrical because of differing doping profiles, and there is a finite
voltage drop across the N-drift region in spite of its conductivity modulation. These
factors result in a finite on-state voltage drop between the collector and emitter
terminals which increases with increasing collector current flow as shown in
Fig. 7.47. However, the resistance exhibited by the device is much smaller than
the drift region resistance as given by:

RD,sp ¼ ρD:WD ¼ WD

qμnND
ð7:130Þ

The carrier distribution profile in the P-base region of the bipolar power transistor
in the saturation mode can be obtained by superposition of the profiles for the
forward active and reverse active modes of operation. The carrier profiles for these
two modes are illustrated in the upper part of Fig. 7.49. In the forward active mode,
the base-emitter junction is forward biased leading to an injected carrier density of
nB(0), while the base-collector junction is reverse biased leading to zero carrier
density at WB. Similarly, in the reverse active mode, the base-collector junction is
forward biased leading to an injected carrier density of nB(WB), while the base-
emitter junction is reverse biased leading to zero carrier density at 0. The injected
carrier profile for the saturation mode is obtained by the addition of these two
profiles as illustrated in the lower part of the figure. The collector current density
is then given by:

JC,sat ¼ nB 0ð Þ � nB WBð Þ½ �
WB

ð7:131Þ
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Fig. 7.48 Voltages across
the bipolar power transistor
in the saturation mode of
operation
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This collector current density is smaller than that obtained in the forward active
mode of operation, namely:

JC, fam ¼ nB 0ð Þ
WB

ð7:132Þ

Consequently, the bipolar power transistor is operating with a smaller current gain in
the saturation mode than in the active region as is apparent from the characteristics
shown in Fig. 7.47.

The voltage drop across the power bipolar transistor in the saturation mode can be
analyzed by computing voltage developed in the N-drift region under conductivity
modulation by the high-level injection of minority carriers [19, 20]. The bipolar
power transistor is illustrated in Fig. 7.50 with a high concentration of minority
carriers, which exceeds the doping level (ND) in the drift region, through the entire
drift region. Since charge neutrality must be satisfied in the drift region:

n yð Þ ¼ p yð Þ þ ND ð7:133Þ
Due to high-level injection conditions in the N-drift region:

dn

dy
¼ dp

dy
ð7:134Þ

$10#The conduction equation for holes in the N-drift region is:

Fig. 7.49 Carrier
distribution in the base
region of the bipolar power
transistor in the saturation
mode of operation
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JpC ¼ qμppE � qDp
dp

dy
ð7:135Þ

while that for electrons in the N-drift region is:

JnC ¼ qμnnE þ qDn
dn

dy
ð7:136Þ

As indicated in Fig. 7.50, the base current supplies recombination in the emitter,
base, and collector regions. The hole current in the collector drift region (JpC)
represents this recombination current. If the current gain is assumed to be large,
this current density can be neglected for computation of the electric field profile from
Eq. (7.135) resulting in:

E ¼ kT

q

1
p

dp

dy
ð7:137Þ

after utilizing the Einstein relationship between the mobility and the diffusion
constant. Combining Eqs. (7.134 and 7.136) with Eq. (7.137):

JnC ¼ qμnðpþ NDÞ kT

qp

dp

dy

� �
þ qDn

dp

dy
ð7:138Þ

Applying the Einstein relationship between the mobility and the diffusion constant
and assuming that the total collector current density (JC) is approximately equal to
the electron current density (JnC) due to the high current gain:

JC ¼ 2qDn 1þ ND

2p

� �
dp

dy
ð7:139Þ

The minority carrier distribution in the N-drift region obtained from solving this
differential equation is:

Fig. 7.50 Carrier distribution in the N-drift region of the bipolar power transistor in the saturation
mode of operation
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p yð Þ ¼ pNS 0ð Þ � JCy

2qDn
þ ND

2
ln

pNS 0ð Þ
p yð Þ

� 	
ð7:140Þ

Since the N-drift region of high-voltage bipolar power transistors is very lightly
doped, the last term in the above equation can be neglected giving:

p yð Þ ¼ pNS 0ð Þ � JCy

2qDn
ð7:141Þ

This expression indicates a linear carrier distribution as illustrated in Fig. 7.50.
The carrier concentration at the base-collector junction can be obtained by using

Boltzmann’s relationship:

pNS 0ð Þ ¼ p0Ce
qVBCJ=kT ð7:142Þ

where VBCJ is the voltage across the base-collector junction. The voltage across the
base-collector junction is not equal to the base-collector bias because of the internal
voltage drop across the drift region (VD) within the bipolar power transistor:

VBCJ ¼ VBC � VD ð7:143Þ
The voltage drop in the drift region can be computed from the electric field given by
Eq. (7.137):

VD ¼ �
ð WN

0
Edy ¼ �kT

q

ð pNS WNð Þ

pNS 0ð Þ

dp yð Þ
p yð Þ ¼ kT

q
ln

pNS 0ð Þ
pNS WNð Þ
� 	

ð7:144Þ

Combining these equations yields a quadratic expression for the carrier concentra-
tion [pNS(0)] in terms of the base-collector voltage and the collector current density:

p2NS 0ð Þ � pNS 0ð Þp0CeqVBC=kT þ JCWN

2qDn
p0Ce

qVBC=kT ¼ 0 ð7:145Þ

from which the carrier distribution can be obtained.
The voltage drop across the N-drift region in the saturation mode can then be

obtained by using Eq. (7.144). Using Eq. (7.141) to obtain the carrier concentration
at the interface between the collector drift region and the N+ substrate:

VD ¼ kT

q
ln

pNS 0ð Þ
pNS 0ð Þ � JCWN=2qDnð Þ
� 	

ð7:146Þ

The on-state voltage drop in the saturation mode is approximately equal to this
voltage. Typical values for the on-state voltage drop in the saturation mode are in the
range of 100–300 mV.
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It is worth pointing out that there is a substantial amount of charge stored within
the N-drift region when the bipolar power transistor is operating in the saturation
mode. This stored charge is given by:

QSat ¼
q pNS 0ð Þ þ pNS WNð Þ½ �WN

2
ð7:147Þ

The charge in the drift region must be sustained by supplying a base current. The
component of the base current flowing into the collector drift region responsible for
supporting the recombination of these carriers is given by:

JpC ¼ QSat

τHL
¼ q pNS 0ð Þ þ pNS WNð Þ½ �WN

2τHL
ð7:148Þ

7.7.2 Quasi-Saturation Region

The carrier distribution in the base region for the bipolar power transistor, when
operating in the quasi-saturation region, is similar to that shown in Fig. 7.49.
Consequently, the bipolar power transistor operates with a smaller current gain in
the quasi-saturation mode than in the active region as is apparent from the charac-
teristics shown in Fig. 7.47. However, its current gain is larger than when operating
in the saturation region.

The voltage drop across the power bipolar transistor in the quasi-saturation mode
can be analyzed by computing the voltage developed in the N-drift region using the
same approach as for the saturation region. However, high-level injection does not
extend throughout the N-drift region in the quasi-saturation mode as illustrated in
Fig. 7.51. The Eq. (7.141) derived in the previous section for the carrier distribution

Fig. 7.51 Carrier distribution in the N-drift region of the bipolar power transistor in the quasi-
saturation mode of operation
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is also applicable for the quasi-saturation mode within the portion of the N-drift
region with width WNM that operates under high-level injection conditions. At this
location, the minority carrier concentration becomes equal to the majority carrier
concentration in equilibrium (ND). The width of the conductivity-modulated region
is obtained by using this information in Eq. (7.141):

WNM ¼ 2qDn

JC
pNS 0ð Þ � ND½ � ð7:149Þ

Since the injected carrier concentration is far greater than the majority carrier
concentration in the drift region:

WNM ¼ 2qDn

JC
pNS 0ð Þ ð7:150Þ

The voltage drop across the drift region in the quasi-saturation mode becomes
dominated by the resistive voltage drop produced by the collector current flow
through the unmodulated portion of the drift region:

VD ¼ JC WN �WNMð Þ
qμnND

ð7:151Þ

Consequently, a substantial voltage drop can occur across the drift region in the
quasi-saturation mode. As the collector bias is increased, the unmodulated portion of
the drift region becomes larger. Eventually, the entire drift region becomes
unmodulated at the boundary between the quasi-saturation region and the active
region. This boundary is then defined by the specific resistance of the drift region
(see Eq. (7.130)) as illustrated in Fig. 7.47. The characteristics illustrated in this
figure are based upon assuming a uniformly doped P-base region with much larger
doping concentration than the N-drift region. In practical devices fabricated using a
diffused P-base region with a highly graded doping profile, the collector current
continues to increase beyond the boundary defined by the drift region resistance
because of an increase in the current gain due to the reduction of the effective base
width by the extension of the depletion layer in the P-base region with increasing
collector bias voltage. In addition, the current crowding at the edge of the emitter
closest to the base contact makes the local collector current density much larger than
the average collector current density. This increases the voltage drop across the
unmodulated drift region making the quasi-saturation boundary move to larger
collector bias voltages.

As in the case of the saturation mode, there is a substantial amount of charge
stored within the N-drift region when the bipolar power transistor is operating in the
quasi-saturation mode. This stored charge is given by:

QQ�Sat ¼
qpNS 0ð ÞWNM

2
ð7:152Þ
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The component of the base current flowing into the collector drift region that is
responsible for supporting the recombination of these carriers is given by:

JpC ¼ QQ�Sat

τHL
¼ qpNS 0ð ÞWNM

2τHL
ð7:153Þ

The stored charge in the quasi-saturation mode is smaller than that in the saturation
mode. When the bipolar power transistor is switched from the on-state to the
blocking state, the stored charge in the drift region must be removed by a reverse
base drive current before the transistor can support voltage across the base-collector
junction. It is therefore preferable to operate the bipolar power transistor in the quasi-
saturation mode during the on-state to achieve a faster switching speed. However,
this produces larger on-state power dissipation due to the larger on-state voltage drop
in the quasi-saturation region.

Simulation Example
The results of two-dimensional numerical simulations are described here for the
baseline device structure (bjt8) to validate the model for the quasi-saturation char-
acteristics of the bipolar power transistor. For this structure, a doping concentration
of 5 � 1013 cm�3 was used for the N-drift region with a thickness of 80 μm. The
specific resistance for the drift region obtained by using these parameters is
0.735 Ω-cm2.

The output characteristics for the baseline bipolar power transistor structure (bjt8)
are shown in Fig. 7.52 at lower collector bias voltages to display the saturation and
quasi-saturation regions. The saturation region occurs at collector bias voltages
below 0.5 V. In order to operate in the saturation region to obtain a low on-state
voltage drop with reasonable (20 A/cm2) collector current density, it is necessary to
increase the base drive current density to above 10 A/cm2 resulting in a very low
current gain. The quasi-saturation region extends to much larger collector bias
voltages in the range of 15 V even for a relatively modest collector current density
of 20 A/cm2. This demonstrates that the on-state voltage drop for the power bipolar
transistor is quite large.

The minority carrier distribution profiles in the N-drift region for the baseline
bipolar power transistor structure (bjt8) are shown in Fig. 7.53. Note that the distance
scale begins at the edge of the base-collector junction in this plot. When the device is
operated in the saturation region (at point A in Fig. 7.52), the injected minority
carrier density is far greater than the background doping concentration throughout
the drift region (see profile A in Fig. 7.53) confirming the high-level injection
assumption used for the analysis of the saturation region.

When the device is operated at the boundary between the saturation and quasi-
saturation regions (at point B in Fig. 7.52), the injected minority carrier density
becomes equal to the majority carrier concentration at the boundary between the
N-drift region and the N+ substrate (see profile B in Fig. 7.53). The on-state voltage
drop is low at this operating point because the conductivity modulation still extends
throughout the drift region. When the device is operated at a larger collector bias
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voltage (at point C in Fig. 7.52), the high-level injection extends only through a
portion of the drift region (see profile C in Fig. 7.53). The on-state voltage drop is
large at this operating point because a portion of the drift region is not conductivity
modulated. The carrier profile is approximately linear in shape for all the cases as
predicted by the analytical model.

7.8 Switching Characteristics

Bipolar power transistors were developed as switches in power circuits used for
applications such as motor control. In these circuits, the device is switched between
the on-state and the off-state to regulate the current being delivered to the load. The
bipolar power transistor is usually used in the common-emitter configuration as
shown in Fig. 7.3. The loads can be either resistive or inductive in nature. For a
resistive load, the locus for the collector current-voltage trajectory is determined by
the load resistance as indicated in Fig. 7.54 by the blue line. For an inductive load,
the locus for the collector current-voltage trajectory is determined by the red line
indicated in Fig. 7.54. The device switches from the blocking state, while supporting
the collector supply voltage (VCS) at point A, to the on-state with a voltage drop VON

at point B during the turn-on transient. The device switches from the on-state to the
collector supply voltage during the turn-off transient. These transitions are discussed
in this section because they determine the power losses incurred when the bipolar
power transistor is operated at high frequencies.

7.8.1 Turn-On Transition

At the beginning of the turn-on transition process, the bipolar power transistor is
biased with the base-emitter junction under reverse bias due to the external drive
circuit shown in Fig. 7.3. Although it is sufficient to short circuit the base and emitter

Fig. 7.54 Switching loci
for the bipolar power
transistor
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terminals to maintain the power bipolar transistor in the blocking state, the reverse
bias voltage (VBS2) is necessary to produce a reverse base current to accelerate the
turn-off process. The base current can be assumed to be equal to zero in the blocking
state with the base-collector junction supporting the applied collector bias voltage
with no collector current flow.

When the device is turned on by opening switch S2 and closing switch S1
in Fig. 7.3, a base current begins to flow limited by the base drive resistance RB1.
If the switching time for the switches S1 and S2 is small, the base current is initially
given by:

IB0 ¼ VBS1 þ VBS2ð Þ
RB1

ð7:154Þ

because the potential at the base electrode is initially equal to the reverse bias voltage
(VBS2). Once the base-emitter junction becomes forward biased, the base current is
given by:

IB ¼ VBS1 � Vbið Þ
RB1

ð7:155Þ

where Vbi is the built-in potential (~ 0.8 V) for the base-emitter junction.
During the turn-on process, collector current flow does not begin to occur until

the electrons injected from the base-emitter junction arrive at the base-collector
junction. This time interval is given by the base transit time [8]:

tT ¼ W2
B

2Dn
ð7:156Þ

whereWB is the base width. For a base region with doping concentration of 1� 1017

cm�3 and width of 10 μm, the transit time is found to be 24 ns. The collector current
begins to increase after this time interval.

The stored electron charge in the P-base region of the N-P-N bipolar power
transistor begins to develop after the onset of the injection of electrons from the
emitter region. The charge has a linear profile in the P-base region as illustrated by
the green line in Fig. 7.55 with a maximum value of nB(0,t) at the base-emitter
junction and zero at the base-collector junction. The charge control equation that
governs the buildup of the electron charge in the base region is:

dQnB

dt
¼ βJB � QnB

τn
ð7:157Þ

where QnB(t) is the electron charge per unit area in the base region and τn is the
recombination lifetime for electrons. If the recombination in the base region is
assumed to be negligible:
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dQnB

dt
¼ βJB ð7:158Þ

Consequently:

QnB tð Þ ¼ βJBt ð7:159Þ
The electron stored charge in the P-base region is given by the triangular green

area in Fig. 7.55:

QnB tð Þ ¼ 1
2
qnB 0; tð ÞWB ð7:160Þ

Using this relationship with Eq. (7.159) yields:

nB 0; tð Þ ¼ 2βJB
qWB

t ð7:161Þ

which describes the growth of the injected carrier concentration at the base-emitter
junction. The dashed blue lines in Fig. 7.55 indicate the evolution of the injected
carrier concentration with time. The collector current corresponding to this carrier
concentration is:

JC tð Þ ¼ qDn
dn

dx
¼ qDn

nB 0; tð Þ
WB

¼ 2DnβJB
W2

B

t ð7:162Þ

Based upon this expression, it can be concluded that the collector current will
increase linearly with time during the turn-on process.

The rise-time for the collector current to increase from zero to the on-state current
density (JC,ON) is then given by:

Fig. 7.55 Buildup of the stored charge in the base region of the bipolar power transistor during the
turn-on transient
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tI,ON ¼ W2
BJC,ON

2DnβJB
¼ W2

B

2Dn
ð7:163Þ

because JC,ON ¼ βJB. It is advantageous to reduce the rise-time for the collector
current in order to decrease the switching losses. This can be achieved by decreasing
the width of the P-base region, which also increases the current gain (β). However,
this can lead to a reduction of the breakdown voltage due to the reach-through
phenomenon.

Resistive Load
The above expressions were derived under the assumption that the base-collector
junction is reverse biased during the transient. This is applicable for the resistive load
from operating point A in the blocking state (see Fig. 7.54) until point C where the
load line intersects the boundary of the quasi-saturation region as defined by the
resistance of the N-drift region. Once the bipolar power transistor enters its quasi-
saturation region, this assumption is no longer valid because the base-collector
junction becomes forward biased with the injection of holes into the N-drift region.
The rate of reduction of the collector voltage (and therefore the increase of the
collector current) now becomes limited by the development of the stored charge in
the N-drift region. As the stored charge in the N-drift region increases, the
unmodulated portion of the drift region becomes smaller resulting in a smaller
voltage drop.

The waveforms for the terminal currents and voltages are illustrated in Fig. 7.56
during turn-on with a resistive load with points labeled corresponding to points in
Fig. 7.54. Initially there is a surge in the base current because the potential across the
base resistor is (VBS1 + VBS2). During the time interval 0 to t1, the base-emitter
voltage changes from the reverse bias potential VBS2 to the forward biased junction
potential Vbi. At this time, the injection of electrons from the base-emitter junction
begins to occur. The collector current does not begin to increase until after the transit
time for electrons, i.e., the time interval (t2 � t1) ¼ tT. The collector current then
increases at a linear rate until time t3 ¼ (t2 + tI,ON). The collector voltage simulta-
neously decreases at a linear rate due to the resistive load. At time t3, the bipolar
power transistor enters the quasi-saturation region of operation at point C on the
characteristics. The collector voltage gradually decreases to the steady-state
on-voltage drop at time t4. This slow reduction of the collector voltage produces
significant power dissipation during the turn-on event.

Analytical modeling of the voltage drop in the quasi-saturation region during the
turn-on process can be performed using the assumption that the minority (and hence
the majority) carrier concentration at the base-collector junction increases exponen-
tially with time. The carrier distribution within the N-drift region is linear, as shown
by the green line in Fig. 7.57, which is determined by the physics described earlier
for the quasi-saturation region:

pNS y; tð Þ ¼ pNS 0; tð Þ � JC tð Þ
2qDn

y � pNS 0; tð Þ � JC,ON
2qDn

y ð7:164Þ
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Fig. 7.56 Switching
waveforms for the bipolar
power transistor during the
turn-on transient with a
resistive load

Fig. 7.57 Buildup of the stored charge in the drift region of the bipolar power transistor during the
turn-on transient
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because the collector current density remains close to the on-state current density
during this portion of the turn-on transient. The buildup of the stored charge in the
N-drift region is illustrated in Fig. 7.57 with the dashed blue lines indicating the
evolution of the charge. Note that the slope of the carrier distribution profile remains
constant according to the above equation.

The width of the modulated portion of the drift region during turn-on can be
determined by using Eq. (7.150):

WDM tð Þ ¼ 2qDn

JC tð Þ pNS 0; tð Þ ¼ 2qDn

JC,ON
pNS 0;Fð Þ 1� e�t=τ


 �
ð7:165Þ

where pNS(0,F) is the final steady-state hole concentration at the base-collector
junction at the end of the turn-on process and τ is the minority carrier lifetime.
Although the collector current density increases slightly during the transition
through the quasi-saturation region, its value can be assumed to be approximately
equal to the final steady-state collector current density (JC,ON). The collector voltage
of the bipolar power transistor is then given by:

VQS tð Þ ¼ ρD WD �WDM tð Þ½ �JC,ONKCC ð7:166Þ
where KCC is the current crowding parameter to account for the larger local current
density near the edge of the emitter closest to the base contact.

As an example, consider a bipolar power transistor with a drift region with doping
concentration of 5 � 1013 cm�3 and thickness of 80 μm. The slow reduction of the
collector voltage is shown in Fig. 7.58 after the transistor enters the quasi-saturation

Fig. 7.58 Reduction of the on-state voltage drop for the bipolar power transistor during the turn-on
transient
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region during the turn-on process. The current crowding parameter was assumed to
have a value of 2. It can be observed that the on-state voltage drop decreases from
about 29 V to about 12 V in 4 μs. The power dissipation within the bipolar transistor
is significantly enhanced due to the large collector current density during this time
interval.

Simulation Example
The results of two-dimensional numerical simulations are described here for the
baseline device structure (bjt8) to validate the model for the turn-on process for the
bipolar power transistor with a resistive load,. For this structure, a doping concen-
tration of 5 � 1013 cm�3 was used for the N-drift region with a thickness of 80 μm.
The device was initially biased with a negative base drive voltage of 5 V with a base
resistance to limit the current to obtain a steady-state blocking condition with 800 V
applied to the collector terminal. The base drive voltage was rapidly switched to
positive 5 V to initiate the turn-on process. A load resistance was attached between
the collector terminal and its bias supply to emulate the resistive load conditions.

The terminal current-voltage waveforms obtained from the numerical simulations
are shown in Fig. 7.59. There is an initial surge in the base drive current after which it
settles down to the steady-state base drive current. The base electrode voltage
crosses zero at the time t1 indicated in the figure, while the collector current begins
to rise at the time t2 indicated in the figure. The transition time for the collector
current is about 50 ns. This delay is consistent with the transit time for electrons in
the P-base region. The collector current increases linearly with time as described by
the analytical model until the device enters the quasi-saturation region at time t3. The
collector voltage then reduces slowly with time from an initial value of about 25 V.
The reduction of the collector voltage occurs over a time frame of about 3 μs. This
behavior is consistent with the behavior predicted by the analytical model.

The slow reduction of the collector voltage during the transition through the
quasi-saturation region is shown in Fig. 7.60. It can be observed that the collector
voltage is about 22 V at the beginning of this time interval and then reduces to the
steady-state value of about 10 V in 3 μs. The time taken for this slow decay of the
collector voltage is consistent with a lifetime of 1 μs in the N-drift region and in
agreement with the assumptions of the analytical model.

The current crowding at the edge of the emitter near the base contact in the bipolar
power transistor is shown in Fig. 7.61 during the turn-on process. During the initial
stages of the turn-on process, the current density increases as shown by the solid
lines up to a time of 75 ns. A very high current density (ten times the steady-state
average current density) develops at the edge of the emitter finger closest to the base
contact. The current then spreads over the emitter finger as shown by the dashed
lines until the distribution reaches the steady-state condition with a current density at
the edge of the emitter of twice the average current density. The larger current
density at the edge of the emitter during the time interval from 190 to 461 ns
enhances the voltage drop in the collector drift region making the power dissipation
larger.
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The modulation of the conductivity of the N-drift region during the turn-on
transient can be observed in Fig. 7.62 where the electron concentration is plotted
at various time instances. The stored charge in the N-drift region begins to build up
after 190 ns at which time the collector voltage is at 22 V. The profile for the
electrons is linear in the N-drift region as described by the analytical model. The
slope for the carrier distribution remains the same for all the time instances as
predicted by the analytical model (see Eq. (7.164)).

Inductive Load
In the case of an inductive load, the locus for the current-voltage trajectory during the
turn-on process is as shown by the red lines in Fig. 7.54. The collector current
increases until it reaches the on-state value at point D, while the collector voltage
remains constant at VCS. All the current flowing through the flyback diode
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Fig. 7.59 Typical turn-on waveforms for a bipolar power transistor with a resistive load
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(see Fig. 7.3) has been transferred to the transistor at this point in time. The collector
voltage then reduces, while the collector current remains constant. The previously
derived expressions for the delay time (Eq. 7.156) and the transition time (Eq. 7.163)
are valid for the inductive load situation as well. These expressions were derived
under the assumption that the base-collector junction is reverse biased during the
transient. This is applicable for the inductive load from operating point A in the
blocking state until point E in Fig. 7.54. Once the bipolar power transistor enters its
quasi-saturation region, the base-collector junction becomes forward biased with the
injection of holes into the N-drift region. The rate of reduction of the collector
voltage (and therefore the increase of the collector current) now becomes limited by
the development of the stored charge in the N-drift region. As the stored charge in
the N-drift region increases, the unmodulated portion of the drift region becomes
smaller resulting in a smaller voltage drop.

The waveforms for the terminal currents and voltages are illustrated in Fig. 7.63
during turn-on with an inductive load. Initially there is a surge in the base current
because the potential across the base resistor is (VBS1 + VBS2). During the time
interval 0 to t1, the base-emitter voltage changes from the reverse bias potential VBS2

to the forward biased junction potential Vbi. At this time, the injection of electrons
from the base-emitter junction begins to occur. The collector current does not begin
to increase until after the transit time for electrons, i.e., the time interval (t2� t1)¼ tT.
The collector current then increases at a linear rate until time t3 ¼ (t2 + tI,ON) when it
becomes equal to the steady-state on-current. The collector voltage remains constant
during this time.
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After time t3, the collector voltage reduces with time, while the collector current
remains constant. The time taken for the collector voltage to decrease to the voltage
at point E in Fig. 7.54 can be estimated by assuming that the space-charge region at
the base-collector junction is removed by the collector current flow. Thus:

tV ,ON ¼ t4 � t3 ¼ QSC

JC,ON
¼ qNDWD þ qNABWBð Þ

JC,ON
ð7:167Þ

which accounts for the space charge on both sides of the base-collector junction. A
typical value for this voltage transition time is between 10 and 50 ns.

At time t4, the bipolar power transistor enters the quasi-saturation region of
operation at point E on the characteristics. The collector voltage gradually decreases
to the steady-state on-voltage drop at time t5. This slow reduction of the collector
voltage produces significant power dissipation during the turn-on event. The same

Fig. 7.63 Switching
waveforms for the bipolar
power transistor during the
turn-on transient with an
inductive load
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analytical model for the slow reduction of the collector voltage in the quasi-
saturation region developed for the resistive load case can be used for the inductive
load case as well.

Simulation Example
The results of two-dimensional numerical simulations are described here for the
baseline device structure (bjt8) to validate the model for the turn-on process for the
bipolar power transistor with an inductive load. For this structure, a doping concen-
tration of 5 � 1013 cm�3 was used for the N-drift region with a thickness of 80 μm.
The device was initially biased with a negative base drive voltage of 5 V with a base
resistance to limit the current to obtain a steady-state blocking condition with 800 V
applied to the collector terminal. The base drive voltage was rapidly switched to
positive 5 V to initiate the turn-on process. The base electrode voltage crosses zero at
the time t1 indicated in the figure, while the collector current begins to rise at the time
t2 indicated in the figure. This delay is consistent with the transit time for electrons in
the P-base region (Fig. 7.64).

There is an initial surge in the base drive current after which it settles down to the
steady-state base drive current. The transition time for the collector current is about
30 ns. Then, the collector current increases linearly with time as described by the
analytical model until the device enters the quasi-saturation region at time t3. After
this, the collector voltage decreases rapidly over a time interval of about 40 ns and
then reduces slowly with time from an initial value of about 25 V. The reduction of
the collector voltage occurs over a time frame of about 3 μs. This behavior is
consistent with the behavior predicted by the analytical model.

The current distribution within the bipolar power transistor is shown in Fig. 7.65
during the first part of the turn-on process for the inductive load case when the
collector current is increasing, while the collector voltage is maintained at the initial
blocking voltage. During the initial stages of the turn-on process, the current density
increases up to a time of 52 ns. A very high current density (ten times the steady-state
average current density) develops at the edge of the emitter finger closest to the base
contact.

During the second phase of the turn-on process with an inductive load, the
collector current remains constant, while the collector voltages decreases rapidly.
The current distribution along the emitter during the second phase is shown in
Fig. 7.66 with the distribution at the beginning of this phase indicated by the dashed
line. The current density first increases at the edge of the emitter closest to the base
contact. The current then spreads along the emitter finger until the distribution
reaches the steady-state condition with a current density at the edge of the emitter
of twice the average current density. The larger current density at the edge of the
emitter during the time interval from 63 to 405 ns enhances the voltage drop in the
collector drift region making the power dissipation larger.
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7.8.2 Turn-Off Transition

The bipolar power transistor is operated with the base-emitter junction under forward
bias by the external drive circuit shown in Fig. 7.3 at beginning of the turn-off
transition process with switch S1 closed and switch S2 open. The turn-off transition is
initiated by opening switch S1 and closing switch S2. Only the inductive load case
will be discussed in this section.

Initially, a reverse base current begins to flow limited by the base drive resistance
RB2. If the switching time for the switches S1 and S2 is small, the reverse base current is:

10

0

C
ol

le
ct

or
 C

ur
re

nt
D

en
si

ty
 (A

/c
m

2 )
C

ol
le

ct
or

 V
ol

ta
ge

 (V
ol

ts
)

20

0

1000

JCON

VCS

Time (microseconds)
0.1 0.2 0.3 0.4 0.5

t1 t2 t3 t4

0
0

B
as

e 
C

ur
re

nt
D

en
si

ty
 (A

/c
m

2 )
5

10

500

Fig. 7.64 Typical turn-on waveforms for a bipolar power transistor with an inductive load
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IBR ¼ VBS2 þ Vbið Þ
RB2

ð7:168Þ

because the potential at the base electrode is initially equal to the forward bias
junction potential (Vbi). As the base-emitter junction becomes reverse biased, the
base current reduces to:

IBR ¼ VBS2

RB2
ð7:169Þ

During the turn-off process, collector current is squeezed toward the center of the
emitter finger because the reverse base drive current first extracts the stored charge
located closest to the base contact terminal. Consequently, the current density at the
center of the emitter increases with time under inductive load conditions resulting in
high local power dissipation within the transistor. The turn-off process occurs by the
removal of the stored charge in the P-base region as well as a portion of the stored
charge located in the collector drift region. The base-collector junction is unable to
support a high voltage until the charge at the base-collector junction is removed
allowing a depletion layer to be established. The delay between the rise of the bipolar
transistor collector voltage and the application of the reverse base drive current is
referred to as the storage time. Bipolar power transistors exhibit large values for the
storage time which inhibits their ability to operate at higher frequencies.

Inductive Load
The locus for the current-voltage trajectory during the turn-off process is shown by
the red lines in Fig. 7.54 for the case of an inductive load. The corresponding
switching waveforms during the turn-off process are illustrated in Fig. 7.67. During
the initial turn-off process, the reverse base drive current remains constant and
removes the stored charge in the base and drift regions. The collector current remains
constant at the on-state value until the stored charge in the N-drift and P-base regions
have been removed by the reverse base drive current. The voltage drop across the
bipolar power transistor increases from point B to point E in Fig. 7.54 during this
time due to an increase in the collector drift region resistance. Once the base-
collector junction becomes reverse biased, the collector voltage increases rapidly,
while the collector current remains constant from point E to point D in Fig. 7.54. The
collector current begins to transfer to the flyback diode after the collector voltage
rises to one diode drop above the supply voltage. The collector and base drive
current then decrease rapidly as shown in Fig. 7.67. This corresponds to the
transition from point D to point A in Fig. 7.54.

Storage Time Model
Emitter current crowding in the on-state confines most of the stored charge near the
edge of the emitter closest to the base contact at the beginning of the turn-off
transient. Consequently, a simple one-dimensional analysis for the storage time
can be performed by using charge control analysis. In the initial on-state condition,
excess electron charge is present in the P-base region due to the injection of electrons
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from the emitter. In addition, excess electron and hole charge is present in the N-drift
region due to the injection of holes into the drift region across the forward biased
base-collector junction. The electron concentration profile in the P-base region is
shown in Fig. 7.68 as a straight line because the recombination in the base has been
neglected. The hole concentration profile in the N-drift region is also shown in the
figure. As discussed previously, under quasi-saturation conditions, the hole concen-
tration profile is linear and extends partially through the drift region to a depthWNM.
Due to high-level injection conditions in the N-drift region, the electron concentra-
tion profile matches that for the holes in the conductivity-modulated portion.

Due to the high doping concentration in the P-base region when compared to the
N-drift region for bipolar power transistors, the injected electron concentration in the
P-base region at the base-collector junction in the on-state is much smaller than that
at the base-emitter junction as illustrated in Fig. 7.68. The stored electron charge in

Fig. 7.67 Switching
waveforms for the bipolar
power transistor during the
turn-off transient with an
inductive load
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the P-base region (shaded pink area in the P-base region in the figure) is then
given by:

QSB ¼ 1
2
qnEBWB ð7:170Þ

where nEB is the injected electron concentration at the emitter-base junction. If the
P-base region is operating under low-level injection conditions, the initial on-state
collector current density is given by:

JC,ON ¼ qDnB
dn

dy
¼ qDnB

nEB
WB

ð7:171Þ

Consequently:

nEB ¼ JC,ONWB

qDnB
ð7:172Þ

Using this in Eq. (7.170) yields:

Fig. 7.68 Stored charge in the base and collector regions of the bipolar power transistor during the
turn-off transient
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QSB ¼ JC,ONW2
B

2DnB
ð7:173Þ

The stored charge in the collector drift region is partially removed by the reverse
base current. The progressive removal of the holes from the N-drift region by the
reverse base drive current is indicated by the dashed lines in Fig. 7.68. The slope of
the carrier profiles indicated by the dashed lines remains constant during this process
because of the constant reverse base drive current. The slope of the carrier concen-
tration indicated by the solid line also remains constant because the collector current
is constant for an inductive load operating condition. Eventually, the hole concen-
tration at the base-collector junction is reduced to zero enabling the junction to begin
supporting a high collector voltage. The stored charge in the collector drift region
(green-shaded area in the N-drift region in the figure) removed by the reverse base
drive current is therefore given by:

QSC ¼ 1
2
qpBCWS ð7:174Þ

where pBC is the injected hole concentration at the base-collector junction.
The reverse base drive current is related to the concentration profiles for the holes

defined by the dashed lines in the figure:

JBR ¼ 2qDpD
dp

dy
¼ 2qDpD

p WSð Þ
WS

ð7:175Þ

where p(WS) is the hole concentration at the distance WS from the base-collector
junction. Note that this equation takes into account high-level injection conditions
within the N-drift region. This concentration is also determined by the initial hole
concentration profile:

p WSð Þ ¼ pBC
WNM �WSð Þ

WNM
ð7:176Þ

Combining Eqs. (7.175 and 7.176):

WS ¼ 2qDpDWNMpBC
JBRWNM þ 2qDpDpBC

ð7:177Þ

The initial on-state collector current density is also related to the initial hole
concentration profile in the N-drift region:

JC,ON ¼ 2qDnD
dn

dy
¼ 2qDnD

dp

dy
¼ 2qDnD

pBC
WNM

ð7:178Þ

$10#Consequently:
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pBC ¼ JC,ONWNM

2qDnD
ð7:179Þ

Using this expression in Eq. (7.177):

WS ¼ DpDWNMJC,ON
DnDJBR þ DpDJC,ON

ð7:180Þ

Substituting Eqs. (7.179 and 7.180) in Eq. (7.174) yields:

QSC ¼ DpDW2
NMJ

2
C,ON

4DnD DnDJBR þ DpDJC,ON
� � ð7:181Þ

The stored charge, given by the sum of QSB and QSC, is removed by the reverse
base current flow (JBR) during the storage time interval (tS):

JBRtS ¼ QSB þ QSC ð7:182Þ
Using Eqs. (7.173 and 7.181) provides a solution for the storage time:

tS ¼ JC,ON
JBR

� �
W2

B

2DnB
þW2

NM

4DnD

DpDJC,ON
DnDJBR þ DpDJC,ON
� �

" #
ð7:183Þ

From this expression, it can be concluded that the storage time can be reduced by
increasing the reverse base drive current at the disadvantage of a larger, more
expensive, drive circuit.

For the case of a bipolar power transistor with a base width of 10 μm and a
modulated drift region with width of 40 μm in the initial on-state, the storage time
obtained by using this equation is 270 ns if the on-state current density is 17.5 A/cm2

and the reverse base drive current is 5 A/cm2. These operating conditions correspond
to an injected electron concentration nEB of 3 � 1015 cm�3 at the emitter-base
junction, an injected hole concentration pBC of 6 � 1015 cm�3 at the base-collector
junction, a stored charge QSB of 2.5� 10�7 C/cm2 in the P-base region, and a stored
charge QSC of 1.12 � 10�6 C/cm2 in the N-drift region. These values are consistent
with the assumption of low-level injection conditions in the P-base region and high-
level injection conditions in the N-drift region used for the analysis.

Voltage Rise-Time Model
Once the carrier concentration becomes zero at the base-collector junction, it is able
to support a large collector voltage by the formation of a depletion region. For a
one-dimensional structure, the extension of the depletion region is constrained by the
remaining stored charge in the N-drift region. However, in a two-dimensional
structure, the depletion layer expands at the edge of the emitter closest to the base
contact by pushing the stored charge into the remaining segment of the emitter
finger. A simple model for the growth of the depletion layer can be derived by using
charge control analysis for a one-dimensional structure representing the edge of the
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emitter finger near the base contact. At an elapsed time te after the storage phase, the
charge removed to form the depletion region is given by:

QSD teð Þ ¼ qNDWD teð Þ ð7:184Þ
where WD(te) is the width of the depletion region at this time. This charge is also
equal to the product of the reverse base drive current and the elapsed time:

JBRte ¼ QSD teð Þ ¼ qNDWD teð Þ ð7:185Þ
The depletion region width at time te is then obtained:

WD teð Þ ¼ JBRte
qND

ð7:186Þ

The voltage supported across this depletion region is given by:

VC teð Þ ¼ qND

2εS
W2

D teð Þ ð7:187Þ

Using Eq. (7.186) in Eq. (7.187) yields:

VC teð Þ ¼ J2BRt
2
e

2qεSND
ð7:188Þ

indicating that the collector voltage will increase as the square of the time interval
after the storage time.

The time taken for the collector voltage to increase to the collector supply voltage,
called the voltage rise-time (tV), can be derived from Eq. (7.188):

tV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qεSNDVCS

p
JBR

ð7:189Þ

The voltage rise-time can be reduced by increasing the reverse base drive current at
the disadvantage of a larger, more expensive, drive circuit. In the case of a bipolar
power transistor with a drift region doping concentration of 5� 1013 cm�3 switching
to a collector supply voltage of 800 V using a reverse base drive current of 5 A/cm2,
the voltage rise-time predicted by this equation is 23 ns.

A more accurate model for the voltage rise duration can be derived by taking into
account the charge being removed from the drift region by the reverse base drive
current. A space-charge region forms during the voltage rise interval to support the
collector voltage in the drift region. The charge distribution in the drift region during
this time interval is illustrated at the bottom in Fig. 7.68 if recombination is
neglected. The green area shows the stored charge remaining in the drift region at
an elapsed time te during the voltage rise.

The slope of the carrier distribution indicated by the dashed line is related to the
reverse base drive current density:
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JBR ¼ 2qDpD
p teð Þ
a teð Þ ð7:190Þ

The peak hole concentration is given by:

p teð Þ ¼ pBC
WNM �WSC teð Þ � a teð Þ½ �

WNM
ð7:191Þ

Combining these expressions:

p teð Þ ¼ pBC
WNM �WSC teð Þ½ �

WNM
pBC

þ 2 qDpD

JBR

h i ð7:192Þ

The charge removed during a small time interval dte by the reverse base drive
current can be related to stored charge:

dQSC teð Þ ¼ qp teð ÞdWSC ¼ JBRdte ð7:193Þ
because the reverse base drive current is constant during the voltage rise-time. This
provides a differential equation for the growth of the space-charge layer:

dWSC

dte
¼ JBR

qp teð Þ ð7:194Þ

Using Eq. (7.192) yields:

WNM �WSC teð Þ½ �dWSC ¼ JBR
q

WNM

pBC
þ 2qDpD

JBR

� �
dte ð7:195Þ

Integrating this equation on both sides:

W2
SC � 2WNMWSC þ 2

JBRWNM

qpPC
þ 2DpD

� �
te ¼ 0 ð7:196Þ

The applicable solution for this quadratic equation is:

WSC teð Þ ¼ WNM 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2

JBR
qpBCWNM

� 2DpD

W2
NM

� �
te

s( )
ð7:197Þ

This analysis predicts that the space-charge layer will expand as the square root
of time.

The voltage supported by the space-charge layer is given by:
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VC teð Þ ¼ qND

2εS
W2

SC

¼ qND

2εS
W2

NM 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2

JBR
qpBCWNM

� 2DpD

W2
NM

� �
te

s( )2

ð7:198Þ

According to this analytical model, the collector voltage increases approximately
linearly with time.

Once the collector voltage reaches the supply voltage, the load current is trans-
ferred to the flyback diode shown in Fig. 7.3. This process results in a reduction of
the collector current of the bipolar power transistor, while the collector voltage
remains at the collector supply potential. At the beginning of this transient, a portion
of the emitter finger of width XV has been turned off as illustrated in Fig. 7.69.
Within the N-drift region of this portion, the collector current flows by the transport
of electrons at the saturated drift velocity. Within the P-base region of this segment,
the collector current is sustained by the injected electron concentration whose profile
is shown on the right-hand side. The width of this segment can be obtained by charge
control analysis.

The total stored charge in the base region removed during the voltage rise-time is
given by:

QSB tVð Þ ¼ 1
2
qnEBWBXVLE ð7:199Þ

where LE is the length of the emitter finger orthogonal to the cross section. Using
Eq. (7.172) to relate the electron concentration at the emitter-base junction to the
on-state collector current density:

Fig. 7.69 Current constriction in the bipolar power transistor during the turn-off transient
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QSB tVð Þ ¼ JC,ONW2
BXVLE

2DnB
ð7:200Þ

The above charge is also equal to the charge removed by the reverse base drive
current during the voltage rise-time:

JC,ONW2
BXVLE

2DnB
¼ JBRWELEtV ð7:201Þ

From this expression, the width of the finger that has been turned off during the
voltage rise-time is obtained:

XV ¼ 2DnBW
nBEJBRtV

JC,ONW2
B

ð7:202Þ

For a typical power bipolar transistor with an emitter width of 200 μm and P-base
width of 10 μm, the width (XV) that has turned off at the end of the voltage rise-time
is found to be 110 μm when the on-state collector current density is 15 A/cm2 and
reverse base current density is 5 A/cm2. Thus, approximately half of the emitter
finger is turned off at this time, while the collector current remains constant leading
to an increase in the current density in the remaining portion of the emitter finger.

Current Fall-Time Model
The collector current decreases after the collector voltage reaches the collector
supply voltage because the current transfers to the flyback diode. The time taken
for the collector current to reduce to zero is determined by the removal of the stored
charge remaining in the P-base region after the voltage transient. This stored charge
[QSB(tF)] is indicated by the yellow-shaded region on the right-hand side of the
P-base region in Fig. 7.69.

The fall time for the collector current can be derived by analysis of the extraction
of the stored charge in the P-base region by the reverse base drive current. The stored
charge (electrons) has a linearly decreasing concentration in the y-direction as
illustrated on the right-hand side of Fig. 7.70 within the on-portion of the emitter
finger. Its concentration along the x-direction is uniform within the on-portion of the
emitter finger and decays exponentially, with a characteristic diffusion length for
electrons, away from the on-portion within the off-portion of the emitter finger as
illustrated at the top of Fig. 7.70 at the emitter-base junction. These concentration
profiles are based upon the assumption that the collector current density is uniform
within the on-portion of the emitter finger and remains constant during the collector
fall time. Under these conditions, the electron distribution is given by:

n x; yð Þ ¼ nEB 1� y

WB

� �
e� x�XONð Þ=Ln ð7:203Þ
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where Ln is the diffusion length for electrons in the P-base region. The stored charge
within the segment dXON is given by:

dQSB ¼ 1
2
qnEB:WB:LE:dXON ð7:204Þ

Using Eq. (7.172) for the electron concentration at the emitter-base junction:

dQSB ¼ JCONW2
BLE

2DnB
dXON ð7:205Þ

Consequently:

dQSB

dt
¼ JCONW2

BLE
2DnB

dXON

dt
ð7:206Þ

The stored charge within the segment dXON is also determined by the difference
between the current entering the segment from the on-portion in the x-direction
[Ix(XON)] and the current leaving the segment (IBR):

dQSB

dt
¼ IX XONð Þ � IBR ð7:207Þ

The current entering the segment in the x-direction from the on-portion can be
obtained by using:

Fig. 7.70 Charge distributions for the current fall-time analysis in the bipolar power transistor
during the turn-off transient
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Ix XONð Þ ¼
ð WB

0
JxLEdy ð7:208Þ

with the current density in the x-direction given by:

Jx ¼ qDnB
δn

δx x¼XONj ð7:209Þ

Using Eq. (7.203) for the electron distribution yields:

Jx ¼ q
DnB

Ln
nEB 1� y

WB

� �
ð7:210Þ

Substituting this expression in Eq. (7.208):

Ix XONð Þ ¼ qDnBnEBWBLE
2Ln

ð7:211Þ

Using Eq. (7.172) for the electron concentration at the emitter-base junction:

Ix XONð Þ ¼ JCONW2
BLE

2LnB
ð7:212Þ

Substituting Eqs. (7.206 and 7.212) into Eq. (7.207) yields:

W2
BJC,ONLE
2DnB

dXON

dt
¼ JC,ONW2

BLE
2LnB

� IBR ð7:213Þ

Expressing the reverse base current in terms of a reverse base drive current density:

IBR ¼ JBRWELE ð7:214Þ
provides the expression:

dXON

dt
¼ Dn

LnB
� 2DnBWEJBR

W2
BJC,ON

ð7:215Þ

The first term on the right-hand side of this expression is smaller in magnitude than
the second term indicating the width of the on-portion (XON) is shrinking with time.
Defining a velocity for the movement of the on-portion as:

vON ¼ 2DnBWEJBR
W2

BJC,ON
� DnB

LnB
ð7:216Þ

and substituting into Eq. (7.215):

dXON

dt
¼ �vON ð7:217Þ
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The evolution of the width of the on-portion with time can be obtained by integration
of this expression from an initial on-portion width of (WE � XV):

XON tð Þ ¼ WE � XVð Þ � vONte ð7:218Þ
where te is the elapsed time after the end of the voltage rise transient.

Since the current density in the on-portion has been assumed to remain constant
during this transient, the collector current is given by:

IC ¼ JC,ONXON tð ÞLE ¼ JC,ON WE � XVð Þ � vONte½ �LE ð7:219Þ
The average collector current density, defined as the ratio of the collector current to
the device area (WE.LE), is then given by:

JC tð Þ ¼ JC,ON
WE

WE � XVð Þ � vONte½ � ð7:220Þ

The collector current decreases linearly with time according to this analysis. The
time taken for the collector current to decrease to zero, defined as the current fall
time, can be obtained from the above expression:

tF ¼ WE � XV

vON
ð7:221Þ

For a typical power bipolar transistor with an emitter width of 200 μm and P-base
width of 10 μm, the velocity for the movement of the on-portion is found to be
4.5� 105 cm/s (or 4.5 μm/ns) when the on-state collector current density is 15 A/cm
2 and reverse base current density is 5 A/cm2. Using a width of 110 μm for the
portion turned off during the voltage transient, the collector current fall time is then
found to be 20 ns.

Turn-Off Waveforms for an Inductive Load
The waveforms for the current and voltage for the bipolar power transistor can be
constructed based upon the above analysis for the storage time, the voltage rise-time,
and the current fall time. For the typical device structure with an emitter width of
200 μm and a base width of 10 μm, the waveforms obtained using the analytical
models are shown in Fig. 7.71 for the case of a collector on-state current density of
15 A/cm2 and reverse base drive current density of 5 A/cm2.

The power dissipated during the turn-off transient can be obtained from the above
analysis by using the time intervals for the voltage and current transients (and
linearizing the waveforms). The energy loss per turn-off event is given by:

EOFF ¼
ð te

0
JC tð Þ:VC tð Þdt ¼ JCONVCS

3
tv þ JCONVCS

2
tF ð7:222Þ

The power dissipation (per unit area) can then be obtained by taking the product of
the switching energy and the operating frequency. Due to the short transition times
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for the voltage and current for the bipolar power transistor, the switching power loss
is low making it an attractive power switch in high-frequency applications such as
lamp ballasts. However, the on-state voltage drop for the structure is relatively large
producing high power dissipation in the on-state. In addition, its maximum operating
frequency is limited by the long storage time interval.

Simulation Example
The results of two-dimensional numerical simulations are described here for the
baseline device structure (bjt8) to validate the model for the turn-off process for the
bipolar power transistor with an inductive load. For this structure, a doping concen-
tration of 5 � 1013 cm�3 was used for the N-drift region with a thickness of 80 μm.
The device was initially biased with a positive base drive voltage of 5 V with a base
resistance to limit the base current to 5 A/cm2. The base drive voltage was rapidly
switched to negative 5 V to initiate the turn-off process while maintaining a constant
collector current to emulate the inductive load conditions. The switching waveforms
obtained from the numerical simulations are shown in Fig. 7.72.

The base drive current immediately switches to about �5 A/cm2 upon initiation
of the turn-off process. The collector current and voltage remain constant during a
storage time interval of 235 ns. The analytical model provides an accurate prediction
of this storage time. The collector voltage then begins to increase as the square of the
elapsed time as predicted by the analytical model. The collector voltage reaches
800 V after 22 ns (voltage rise-time). The analytical model is able to accurately
predict this voltage transition time. After this, the collector current decreases linearly

Fig. 7.71 Analytically calculated waveforms for the bipolar power transistor during the turn-off
transient
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with time as predicted by the analytical model. The transition time for the collector
current (fall time) is 15 ns. This is also consistent with the behavior predicted by the
analytical model.

It is instructive to examine the electron distribution within the bipolar power
transistor structure at various stages of the turn-off process to gain further insight into
the turn-off physics. The electron concentration profile near the edge of the emitter
closest to the base contact is shown in Fig. 7.73. It can be observed that the profile at
t ¼ 39 and 107 ns has the shape illustrated in Fig. 7.68 allowing analysis of the
storage time with a one-dimensional model.

The physics determining the turn-off process for the bipolar power transistor can
be understood by examination of the electron distribution within the
two-dimensional structure. Three-dimensional views of the electron concentration
are provided in Figs. 7.74, 7.75, 7.76, 7.77, 7.78, 7.79, 7.80, and 7.81 at various
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Fig. 7.72 Typical turn-off waveforms for a bipolar power transistor with an inductive load
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Fig. 7.74 Three-dimensional view of the initial electron charge distribution within the bipolar
power transistor
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Fig. 7.75 Three-dimensional view of the electron charge distribution within the bipolar power
transistor during the turn-off transient
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Fig. 7.76 Three-dimensional view of the electron charge distribution within the bipolar power
transistor during the turn-off transient
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Fig. 7.77 Three-dimensional view of the electron charge distribution within the bipolar power
transistor during the turn-off transient
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Fig. 7.78 Three-dimensional view of the electron charge distribution within the bipolar power
transistor during the turn-off transient
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Fig. 7.79 Three-dimensional view of the electron charge distribution within the bipolar power
transistor during the turn-off transient
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Fig. 7.80 Three-dimensional view of the electron charge distribution within the bipolar power
transistor during the turn-off transient

620 7 Bipolar Junction Transistors



stages during the turn-off process. The initial (t¼ 0 ns) on-state electron distribution
during operation in the quasi-saturation region is shown in Fig. 7.74. It can be
observed that the highest concentration of electrons is resident at the edge of emitter
closest to the base contact because of the emitter current crowding phenomenon. The
concentration of electrons in the N-drift region is observed to be much greater than
that within the P-base region.

The electron distribution during the storage time is provided in Figs. 7.75, 7.76,
and 7.77 as the time progresses to 107, 218, and 235 ns, respectively. It can be
observed from these figures that the stored charge is being extracted mostly from the
edge of the structure in proximity with the base contact. This allows a
one-dimensional analysis for the storage time. At t ¼ 235 ns, the electron concen-
tration in this region becomes equal to zero at the base-collector junction located at a
depth of about 10 μm enabling the bipolar power transistor to begin supporting
higher collector voltages.

The electron distribution during the voltage rise-time is provided in Figs. 7.78 and
7.79 as the time progresses to 243 and 257 ns, respectively. It can be observed from
these figures that a depletion region is forming at the edge of the structure in
proximity with the base contact. This allows analysis of the voltage rise-time with
a one-dimensional analysis. The depletion layer width increases with time in the y-
direction due to the larger voltage being supported across the bipolar power transis-
tor [VCE(243 ns) ¼ 105 V; VCE(257 ns) ¼ 828 V]. In addition, the depletion region
expands in the x-direction as described in the analytical model (see Fig. 7.69). At the
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Fig. 7.81 Three-dimensional view of the electron charge distribution within the bipolar power
transistor during the turn-off transient
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end of the voltage rise-time, a portion of the emitter finger with a width (XON) of
80 μm is still carrying the initial on-state collector current, while a segment with a
width (XV) of 110 μm has been turned off. The analytical model provides an accurate
assessment of these widths.

It can be observed from these figures that the collector current is sustained in the
on-segment by the injection of electrons in the P-base region and the transport of
electrons through the collector region at the saturated drift velocity. The concentra-
tion of electrons in the N-drift region is therefore given by:

nD ¼ JC
qvsat,n

ð7:223Þ

For an initial on-state collector current density of 17.5 A/cm2, the electron concen-
tration obtained by using the above expression with a saturated drift velocity of
1 � 107 cm/s is between 1 and 2 � 1013 cm�3 after taking into account the reduced
conduction area within the structure at this stage of the turn-off process. This is in
agreement with the observed electron concentration in the N-drift region within the
on-segment.

The electron distribution during the current fall time is provided in Fig. 7.80 and
Fig. 7.81 as the time progresses to 262 and 264 ns, respectively. It can be observed
that the on-segment shrinks in size as described by the two-dimensional analytical
model for this part of the turn-off process. In order to provide further insight into the
turn-off process, the electron concentration profile along the x-direction is provided
in Fig. 7.82 during various points of the collector fall-time interval. It can be
observed that the electrons are diffusing from the on-segment into the off-segment
as assumed in the two-dimensional analytical model (see Fig. 7.70). The electron
concentration remains approximately constant during a portion of the transient as
assumed in the analytical model and then decreases toward the end of the current fall
interval. This results a slightly smaller collector current fall time than predicted by
the model.

The evolution of the collector current density within the emitter finger is provided
in Fig. 7.83 to complete the description of the turn-off process. The collector current
density profiles during the storage phase are shown by the dotted lines at time t¼ 39,
218, and 235 ns. In these cases, a high current density is observed at the edge of the
emitter finger near the base contact. The collector current density profiles during the
voltage rise phase are shown by the solid lines at time t ¼ 243, 249, and 257 ns. In
these cases, the current density increases at the center of the emitter finger because
the area for the on-segment is decreasing, while the total collector current remains
constant. The collector current density profiles during the current fall phase are
shown by the dashed lines at time t ¼ 262, 264, and 266 ns. In these cases, the
current density is observed to initially remain approximately constant and then
decrease rapidly as the collector current decreases.

The high current densities observed within the emitter finger of the bipolar power
transistor produce local hot spots due to the enhanced power dissipation. These hot
spots also promote current filamentation which can limit the safe operating area for
the structure as discussed in the next section.
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7.9 Safe Operating Area

The trajectory for the collector current and voltage during the turn-off and turn-on
events is illustrated in Fig. 7.84 for a bipolar power transistor. These switching loci
are applicable for the circuit shown in Fig. 7.3 with an inductive load and a P-i-N
rectifier used as the flyback diode. During the turn-off process shown in Fig. 7.84(a),
the voltage increases with a constant current flowing through the transistor until the
voltage reaches the collector supply voltage (VCS). The current then transfers from
the transistor to the flyback rectifier. An overshoot in the collector voltage is
observed due to the presence of finite stray inductances in the collector circuit.

During the turn-on process shown in Fig. 7.84(b), the collector current in the
bipolar power transistor increases until it becomes equal to the load current. During
this time, the load current is being transferred from the flyback diode to the transistor.
The collector current then continues to increase because of the reverse recovery
current of the P-i-N rectifier until it settles down to the on-state collector current (IC,
ON). The bipolar power transistor must be capable of handling the large overshoot in
current because the reverse recovery current for the P-i-N rectifier is typically as
large as the load current.

The bipolar power transistor must be capable of handling operation in all portions
of the turn-off and turn-on loci without destructive failure. Considerable power
dissipation occurs within the bipolar power transistor due to the simultaneous
large collector current and voltage during the transients. The steady-state thermally
defined limit to the current-voltage locus is determined by the maximum permissible
junction temperature [TJ(max)] and the thermal resistance (RTH):

PD maxð Þ ¼ IC:VCEð Þ ¼ T J maxð Þ � TA

RTH
ð7:224Þ

VCS VCE

IC

IC,ON

Turn-Off Locus

VCS VCE

IC

IC,ON

Turn-Off Locus

a b

Fig. 7.84 Typical switching loci for the bipolar power transistor
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where TA is the ambient temperature [21]. For a constant thermal resistance, this
expression indicates that the maximum collector current will reduce inversely with
increasing collector voltage.

A larger instantaneous power can be tolerated during the short switching inter-
vals. However, the safe operating area for the bipolar power transistor can become
limited by the formation of hot spots accompanied by current filaments. The
localization of the collector current can occur during operation with the emitter-
base junction under forward bias as in the case of turn-on or with the emitter-base
junction under reverse bias as in the case of turn-off. These limitations, commonly
referred to as second breakdown, are discussed below.

7.9.1 Forward Biased Second Breakdown

The bipolar power transistor can undergo destructive failure due to thermal runaway
when biased in the forward active region of operation. The emitter current becomes
localized due to a positive thermal feedback phenomenon leading to the formation of
a current filament with very high current density. The high power dissipation within
the current filament raises the local temperature which favors even greater current
flow in this area. This in turn produces a further rise in the local temperature.
Eventually, the local temperature exceeds the eutectic temperature between silicon
and the aluminum metallization leading to the melting of the emitter metal at the hot
spot. The metal then penetrates through the junctions producing a short circuit,
which destroys the device. The failure mechanism responsible for limiting the
performance of the bipolar power transistor when the emitter-base junction is
forward biased is referred to as the forward biased second breakdown phenomenon.
The current-voltage locus within which the bipolar power transistor can be operated
without destructive failure while the emitter-base junction is forward biased is
referred to as the forward biased safe operating area (FBSOA).

Consider a bipolar power transistor driven by a voltage source (VBE). The
collector current density is then given by:

JC ¼ qDnBn0B
WB

e qVBE=kTð Þ ð7:225Þ

The minority carrier concentration in the base under equilibrium is given by:

n0B ¼ n2iB
NAB

ð7:226Þ

where niB is the intrinsic carrier concentration and NAB is the doping concentration in
the P-base region. Using this expression in Eq. (7.225):
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JC ¼ qDnBn
2
i

WBNAB
e qVBE=kTð Þ ð7:227Þ

For a collector bias voltage VCE, the steady-state power dissipation is:

PD ¼ JCVCE ð7:228Þ
If the collector current density increases in a local region, the power dissipation in
this region also becomes larger than in the rest of the transistor. The local temper-
ature then increases in accordance with:

TJ ¼ PDRTH þ TA ¼ JCVCERTH þ TA ð7:229Þ
An increase in the local temperature produces an increase in the collector current
density in this region because the intrinsic carrier concentration increases and is a
strong function of temperature (see Chap. 2). This provides a positive feedback
mechanism for the local collector current density and temperature to increase until
destructive failure occurs at the hot spot because of the melting of the aluminum
metallization at about 600 �C.

The localization of the collector current can be prevented by driving the bipolar
power transistor with a current source instead of a voltage source. This can be
achieved by using a base-emitter voltage source (VBS1) with a series resistance
as illustrated in Fig. 7.3. The base drive current during on-state operation is then
given by:

IB ¼ VBS1 � Vbið Þ
RB1

� VBS1

RB1
ð7:230Þ

if the base drive supply voltage is much greater than the built-in potential (0.8 V) for
the P-N junction. The base current is then controlled by the external drive circuit,
with the base-emitter voltage of the bipolar power transistor related to the base
current density by (see Eq. (7.28)):

e qVBE=kTð Þ ¼ LpEJB
qDpEp0E

¼ LpENDEJB
qDpEn

2
iE

ð7:231Þ

Using this expression in Eq. (7.227):

JC ¼ DnBLpENDEn2iB
DpEWBNABn2iE

JB ð7:232Þ

Based upon this expression, it can be concluded that the collector current density is
relatively insensitive to local temperature fluctuations because the strong tempera-
ture dependence of the intrinsic concentrations in the base and emitter regions is
canceled out. This prevents the formation of current filaments and hot spots within
the emitter fingers of bipolar power transistors. However, the base drive circuit
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requires a relatively large supply voltage which increases the power dissipated in the
control electronics.

A commonly used approach to increasing the uniformity of the collector current
distribution within a bipolar power transistor is by the addition of an emitter
ballasting resistance as illustrated in Fig. 7.85. When the emitter current increases
at a local region within the emitter finger, the voltage drop across the emitter ballast
resistance also increases. This reduces the forward bias for the base-emitter junction
in this location suppressing the injection of electrons into the P-base region. This in
turn reduces the collector current density at this location providing a stabilizing
influence of the current distribution. It is worth pointing out that this approach cannot
be implemented with an emitter ballasting resistance external to the bipolar transistor
structure. The emitter ballasting resistance must be distributed within all portions of
the emitter fingers to provide the stabilizing influence. In addition, since the entire
emitter current flows through the emitter ballasting resistance, its magnitude must be
small to avoid increasing the on-state voltage drop and power dissipation.

An elegant implementation of the emitter ballasting resistance in the bipolar
power transistor can be achieved as illustrated in Fig. 7.86 by restricting the emitter

C

E

B

Power
Bipolar

Transistor

REB

Fig. 7.85 Emitter ballasting
resistance for the bipolar
power transistor

Fig. 7.86 Distributed
emitter ballasting resistance
within the bipolar power
transistor structure
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metallization to the center of the emitter finger. The emitter ballast resistance is
derived from the sheet resistance of the N+ emitter diffusion. Due to the high doping
concentration of the N+ emitter region required for obtaining a good injection
efficiency, its sheet resistance is low (~ 10 ohms/square). This enables the formation
of the emitter resistance with low values that are compatible with obtaining only a
small increase in the on-state voltage drop.

It was previously shown that the emitter current crowds at the edge of the emitter
closest to the base contact during operation in the on-state as indicated by the arrow
in Fig. 7.86. Most of the emitter current is consequently forced to flow through the
emitter ballast resistance. This produces the additional voltage drop required to
promote uniform emitter current distribution. A significant advantage of this
approach, to introducing an emitter ballast resistance that is uniformly distributed
within the bipolar power transistor, is the absence of any additional process steps
during device fabrication. The emitter ballast resistance is created during the layout
of the emitter metallization relative to the edges of the emitter fingers.

7.9.2 Reverse Biased Second Breakdown

The safe operating area for the bipolar power transistor is limited by different physics
when switching from the on-state to the blocking state. During the turn-off transient,
the base drive current is reversed to remove the stored charge within the P-base and
the N-drift regions. The failure mechanism encountered during the turn-off process
is consequently referred to as the reverse biased second breakdown phenomenon.
The current-voltage locus within which the bipolar power transistor can be operated
without destructive failure, while the emitter-base junction is reverse biased, is
referred to as the reverse biased safe operating area (RBSOA).

As previously demonstrated in the section on turn-off physics for the bipolar
power transistor, the collector current constricts to the middle of the emitter finger
due to removal of charge from the proximity of the base contact by the reverse base
drive current. In the case of an inductive load, the collector current remains constant
during this stage of the turn-off process producing an increase in the collector current
density in the middle of the emitter finger. As the collector voltage increases, the
electric field in the N-drift region becomes large resulting in the transport of
electrons at the saturated drift velocity. The electron concentration in the drift region
at the middle of the emitter finger is then given by:

nD ¼ JC
qvsat,n

ð7:233Þ

where JC is the local collector current density.
The electron concentration exceeds the background doping level when the local

current density becomes large. As an example, this would occur at a current density
of 80 A/cm2 for a drift region with doping concentration of 5 � 1013 cm�3.
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The electric field then reverses in slope as shown previously in Fig. 7.19. When the
collector current density is further increased and exceeds the Kirk current density
(JK), a current-induced base region forms at the base-collector junction with a peak
electric field located at the interface between the N-drift region and the N+ substrate.
The electric field profiles under these conditions are illustrated in Fig. 7.87 with and
without taking into account the current crowding at the middle of the emitter finger.
It can be observed that a much larger maximum electric field occurs at the interface
between the N-drift region and the N+ substrate in the presence of current crowding.
This precipitates avalanche breakdown at a lower voltage than expected for either the
background doping concentration of the N-drift region or with a uniform current
distribution within the structure.

When the electron concentration becomes far greater than the background doping
concentration in the N-drift region, Poisson’s equation in the drift region is given by:

d2V yð Þ
dy2

¼ �dE

dy
¼ �Q

εS
¼ qnD

εS
¼ JC

εSvsat,n
ð7:234Þ

by using Eq. (7.233) for the electron concentration in the N-drift region. The
avalanche breakdown voltage in the presence of a high collector current density
can be solved by using this equation with the Baliga’s formula for the impact
ionization coefficient:

BV JCð Þ ¼ 4:45� 1013
JC

qvsat,n

� ��3=4

ð7:235Þ

If the bipolar power transistor is turned off with a reverse base drive current that is
substantially smaller than the local collector current density at the middle of the
collector finger, the current gain of the transistor must be accounted for leading to:

Fig. 7.87 Electric field profiles within the bipolar power transistor structure with and without
current crowding during turn-off
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BVRBSOA ¼ BV JCð Þ 1� αð Þ1=n ð7:236Þ
The reverse biased safe operating area computed by using the above equation is

shown in Fig. 7.88 for various values for the common-base current gain. It can be
observed from this figure that the maximum collector voltage that can be sustained
by the bipolar power transistor is substantially reduced when the local collector
current density becomes large. The RBSOA also degrades when the current gain of
the transistor is increased. It is therefore necessary to ensure that the local current
density at the middle of the emitter finger does not become extremely large during
turn-off not just from a thermal standpoint but also to prevent local avalanche
breakdown that can destroy the device.

One approach to improving the RBSOA of the bipolar power transistor without
degrading the current gain during on-state operation is illustrated in Fig. 7.89. In this
structure, the depth of the N+ emitter region is made shallower in the middle of the
emitter finger when compared with its depth at the edges of the emitter finger
adjacent to the P-base contact. The deeper N+ diffusion at the emitter edges produces
a higher gain in this portion because of the narrower P-base width when compared
with the middle of the emitter finger. Since most of the emitter current flows at the
emitter edges during on-state operation due to the emitter current crowding phe-
nomenon, this ensures a high gain in the conduction mode. At the same time, the
current gain becomes smaller during turn-off due to the larger width of the P-base
region at the middle of the emitter finger.

Fig. 7.88 Safe operating area for the bipolar power transistor structure during turn-off
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Another approach to improving the RBSOA of the bipolar power transistor is by
the incorporation of a buffer layer in the N-drift region. The buffer layer is placed at
the interface between the N-drift region and the N+ substrate as illustrated in
Fig. 7.90. The presence of the buffer layer reduces the peak electric field at the
interface, as shown by the red line, suppressing premature avalanche breakdown. In
order to be effective in reducing the electric field, the doping concentration of the
buffer layer must be comparable to the electron concentration flowing through the
drift region under the enhanced collector current density at the middle of the emitter
finger. Typical doping concentration for the buffer layer is 5 � 1014 cm�3,
corresponding to a collector current density of 800 A/cm2.

Fig. 7.89 Bipolar power
transistor structure with
reduced current gain at the
middle of the emitter finger

Fig. 7.90 Bipolar power transistor structure with buffer layer in the collector drift region
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7.9.3 Boundary for Safe Operating Area

The safe operating area (SOA) for the bipolar power transistor defines the collector
current-voltage space within which the device can be operated without destructive
failure. One of the limits to the SOA is set by the maximum allowable collector
current at low collector bias voltages. This limit is determined by the current
handling capability of the emitter bond wires as shown by the horizontal line in
Fig. 7.91. A second limit to the SOA is set by the maximum collector bias voltage at
lower collector current levels. This boundary is determined by the breakdown
voltage of the structure, including the impact of the edge termination, as shown by
the vertical line in Fig. 7.91.

The third limit to the SOA is set by thermal considerations. The thermal limit is
determined by the power dissipation within the device producing an increase in the
junction temperature. The maximum allowable power dissipation is given by
Eq. (7.215). When TJ,max (the maximum junction temperature for reliable operation),
TA (the ambient temperature), and RTH (the thermal resistance of the package) are
fixed, this expression indicates that the maximum allowable collector current will
decrease inversely with increasing collector voltage. This boundary is shown in
Fig. 7.91 as the line with a slope of �1 on the log-log plot.

The fourth limit to the SOA is determined by the onset of the second breakdown
phenomenon during the turn-off process. According to Eq. (7.227) in conjunction
with Eq. (7.226), the maximum allowable collector voltage should decrease inversely
as the¾ power of the collector current. However, this does not account for the impact
of current crowding in the emitter during the turn-off process. In practice, the RBSOA
limit is found to follow a slope of �2 on the log-log plot as shown in the figure [21].

Fig. 7.91 Safe operating area boundaries for a typical bipolar power transistor
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7.10 Darlington Configuration

In the previous sections, it has been demonstrated that the current gain of the bipolar
power transistor is quite low (~5) due to various other design constraints. Conse-
quently, a very large external base drive current is required to maintain the transistor
in its on-state as well as during turn-off. This makes the base drive circuit bulky and
expensive from an applications standpoint. The Darlington configuration [22] pro-
vides an approach to obtaining a high current gain within a monolithic bipolar
transistor device structure. In the Darlington configuration, another bipolar power
transistor is integrated together with the output bipolar power transistor, as illustrated
in Fig. 7.92, to produce a larger current gain.

The base drive current for the composite structure is supplied to the input bipolar
transistor T1. The emitter current of this bipolar transistor is then fed to the base
terminal of the second (output) bipolar transistor T2. Note that the collectors for both
the bipolar transistors are connected together creating the collector terminal for the
composite device structure.

Since the base drive current IB2 for the output bipolar transistor is equal to the
emitter current IE1 for the input bipolar transistor:

IB2 ¼ IE1 ¼ 1þ β1ð ÞIB1 ¼ 1þ β1ð ÞIBD ð7:237Þ
where β1 is the common-emitter current gain of the input transistor. The collector
current for the output transistor T2 is then given by:
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E1

B1
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ICD

IED

IC2

IC1

IE1

IBD

IB2

T1
T2

Fig. 7.92 Darlington
configuration for the bipolar
power transistor
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IC2 ¼ β2IB2 ¼ β2 1þ β1ð ÞIBD ð7:238Þ
where β2 is the common-emitter current gain of the output transistor. The collector
current for the input transistor T1 is given by:

IC1 ¼ β1IB1 ¼ β1IBD ð7:239Þ
Consequently, the collector current for the composite Darlington transistor structure
is given by:

ICD ¼ IC1 þ IC2 ¼ β1IBD þ β2 1þ β1ð ÞIBD ð7:240Þ
From this expression, the common-emitter current gain for the Darlington configu-
ration is obtained:

βBD ¼ ICD
IBD

¼ β1 þ β2 1þ β1ð Þ ¼ β1 þ β2 þ β1β2ð Þ ð7:241Þ

Thus, a significant increase in the current gain can be derived by utilizing the
Darlington configuration.

The improved current gain obtained using the Darlington configuration is accom-
panied by a substantial increase in the on-state voltage drop. Since the base drive
current for the output transistor is derived via the emitter current from the input
transistor, the collector potential for the Darlington configuration consists of the
voltage drop across the input transistor plus the base-emitter voltage drop for the
output transistor:

VCE,D ¼ VCE1 þ VBE2 ð7:242Þ
Even if the input transistor is driven into saturation to reduce its on-state voltage
drop, the voltage drop for the Darlington configuration becomes in excess of the
voltage drop across a forward biased diode.

Several other considerations influence the design of the Darlington bipolar
transistor configuration. Firstly, a high leakage current can arise from the amplifica-
tion of the leakage current of the input transistor by the current gain of the output
transistor. Secondly, a path for removal of the stored charge in the output transistor
by the reverse base drive current must be provided to avoid a very long storage
phase. This is accomplished by the addition of shunting resistances across the
emitter-base junctions of both the internal transistors as illustrated in Fig. 7.93.
The shunting resistances reduce the current gains for the internal transistors at low
current levels preventing the amplification of the leakage current. The shunt resis-
tance R1 also provides a path for extraction of the stored charge within the output
transistor with the reverse base drive current during turn-off. In addition, it is
convenient to integrate an antiparallel diode with the transistors for use as a flyback
diode in H-bridge circuits commonly used for motor control applications.

A three-dimensional view of the layout of the monolithic Darlington bipolar
transistor configuration is illustrated in Fig. 7.94. The input bipolar transistor is
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located on the left-hand side of the chip with its shunting resistance created by
overlapping the emitter metal over the emitter-base junction of transistor T1 on the
edge away from its base contact. The emitter metal E1 of the input transistor is not
connected to the external terminals and is usually covered by a polyimide insulating
layer. This metal layer also serves as the base terminal for the output transistor whose
emitter is interdigitated with it in the central portion of the chip. The second
resistance R2 is created on the right-hand side of the chip. The antiparallel diode D
is formed by overlapping the emitter terminal E2 with the P-base region.

C2
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B2

C1

E1

B1

CD

ED

BD
T1

T2

R1

R2

D

Fig. 7.93 Darlington
configuration for the bipolar
power transistor with
internal shunting resistances
and antiparallel diode

Fig. 7.94 Implementation of the monolithic Darlington bipolar power transistor configuration with
internal shunting resistances and antiparallel diode
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The relative size of the input and output transistors must be optimized to achieve
the best gain and total area for the Darlington transistor configuration [23]. A good
balance between the operating current density of the input transistor and the output
transistor is required to match the roll-off in the current gain with total collector
current density. It is also possible to extend the Darlington concept to multiple stages
of bipolar transistors. Although this enables increasing the current gain, the on-state
voltage drop also grows because of additional diode voltage drops for the stages.

7.11 Summary

The physics of operation of the bipolar power transistor has been described in this
chapter. The bipolar transistor is a current controlled structure whose current gain
depends upon the doping concentrations of the emitter and base regions as well as
the width of the base region. A decrease in the current gain occurs in the bipolar
power transistor due to high-level injection in the base region, which degrades its
power gain. Severe current crowding occurs at the edge of the emitter in the power
bipolar transistor which elevates the local current density. The common-emitter
current gain of the power bipolar transistors optimized to support large voltages
becomes smaller than 10 at typical operating current levels. The large stored charge
within the P-base and N-drift regions of the bipolar power transistor in the on-state
reduces the maximum operating frequency. The large resistance of the N-drift region
produces a quasi-saturation region which increases the on-state voltage drop. These
characteristics produce significant power losses within the device and the control
circuit.

The bipolar power transistor is also prone to failure modes associated with emitter
current crowding during the on-state and turn-off modes. Snubber circuits must be
added across the device to avoid failure during operation in inductive load applica-
tions. All of these complexities have motivated the development of alternative power
switches for applications. The most successful among these alternatives is the
insulated gate bipolar transistor (IGBT) [24]. Its development in the early 1980s
has resulted in the complete displacement of the bipolar power transistor leading to
its extinction from the power semiconductor landscape. However, the physics of
operation for the bipolar power transistor continues to have relevance because it is
incorporated within the IGBT structure.

Problems

7.1 A bipolar transistor has a common-emitter current gain of 50. Determine its
common-base current gain.

7.2 The open-emitter breakdown voltage of the above bipolar transistor is
1000 V. Determine its open-base breakdown voltage.

7.3 Consider an N+PN-N+ bipolar power transistor structure with uniformly
doped emitter, base, and collector drift regions. The N+ emitter region has a
doping concentration of 2 � 1019 cm�3 and thickness of 10 μm. The P-base
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region has a doping concentration of 2 � 1017 cm�3 and thickness of 10 μm.
The N collector drift region has a doping concentration of 2 � 1014 cm�3 and
thickness of 40 μm. The Shockley-Read-Hall (low-level, high-level, and
space-charge generation) lifetimes are 10 ns in the emitter region, 1 μs in
the base region, 10 μs in the collector drift region. Calculate the emitter
injection efficiency at low injection levels in the P-base region ignoring
bandgap narrowing and Auger recombination.

7.4 Determine the base transport factor for the power bipolar transistor described
in Problem 7.3.

7.5 Determine the common-emitter and common-base current gains for the power
bipolar transistor described in Problem 7.3 at low injection levels in the
P-base region.

7.6 Determine the open-emitter breakdown voltage (BVCB0) for the power bipo-
lar transistor described in Problem 7.3 using the critical electric field for the
doping concentration in the collector drift region. Make sure to take punch-
through into account for the drift region. Confirm that the depletion region has
not penetrated the entire base region.

7.7 Calculate the open-base breakdown voltage (BVCE0) for the power bipolar
transistor described in Problem 7.3 using n ¼ 6 in the equation for the
multiplication factor.

7.8 Determine the leakage current density at 300�K at a collector bias of 200 V
due to space-charge generation in the collector drift region. What is the open-
base leakage current density under these conditions?

7.9 Calculate the quasi-saturation-specific resistance for the power bipolar tran-
sistor described in Problem 7.3.

7.10 Determine the Webster current density for the power bipolar transistor
described in Problem 7.3.

7.11 What is the common-emitter current gain for the power bipolar transistor
described in Problem 7.3 at a current density of 1000 A/cm2?

7.12 Determine the Kirk current density for the power bipolar transistor described in
Problem 7.3 at a collector bias of 300 V.

7.13 What is the Early voltage for the power bipolar transistor described in Problem
7.3?

7.14 Determine the on-state voltage drop (VCEsat) for the power bipolar transistor
described in Problem 7.3 in the saturation region of operation. Assume that the
injected hole concentration at the B-C junction [pNS(0)] is 2 � 1016 cm�3 and
the injected hole concentration is equal to the doping concentration at the
N-drift/N+ substrate interface. What is the collector current density under
these operating conditions? Calculate the stored charge in the collector drift
region under these conditions.

7.15 The power bipolar transistor described in Problem 7.3 is turned off from an
initial on-state condition described in Problem 7.14 by using a reverse base
drive current density of 5 A/cm2. Determine the storage time during the turn-
off process.
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7.16 What is the voltage rise-time under the turn-off conditions described in Prob-
lem 7.15 if the collector bias voltage is 300 V? Determine the width of the
emitter finger that has been turned off at this point in time if the emitter width
(WE) is 200 μm.

7.17 Determine the velocity for shrinking the on-portion of the emitter finger during
the turn-off process. What is the collector current fall time for the conditions
described in Problems 7.15 and 7.16?

7.18 Calculate the energy loss incurred during the turn-off process described in
Problems 7.15, 7.16, and 7.17.

7.19 A Darlington power transistor is designed with a common-emitter current gain
of 10 for the input transistor and 5 for the output transistor. What is the current
gain for the Darlington transistor?

7.20 What is the typical on-state voltage drop for the Darlington transistor?
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Chapter 8
Thyristors

The power thyristor was developed as a replacement for the thyratron, a vacuum tube
used for power applications prior to the advent of solid-state devices. The thyristor
exhibits bistable characteristics allowing operation in either a blocking mode with
low off-state current or a current conduction state with low on-state voltage drop.
The simple construction of these structures using P-N junctions enabled commer-
cialization of devices in the 1950s. These devices were found to be attractive from an
applications viewpoint because they eliminated the need for the cumbersome fila-
ments required in vacuum tubes and were much more rugged and smaller in size.

The power thyristor provides both forward and reverse voltage blocking capabil-
ity making it well suited for AC power circuit applications. The device can be
triggered from the forward-blocking off-state to the on-state by using a relatively
small gate control current. Once triggered into the on-state, the thyristor remains
stable in the on-state even without the gate drive current. In addition, the device
automatically switches to the reverse-blocking off-state upon reversal of the voltage
in an AC circuit. These features greatly simplify the gate control circuit, relative to
that required for the power transistor, reducing its cost and size. Furthermore, a
structure, called the triac, has been developed that enables triggering the device into
the on-state even during operation in the third quadrant.

Due to significant interest in the development of solid-state devices for the control
of motors operating from DC power sources, a structure called the gate turn-off
thyristor (abbreviated as the GTO) was also developed in the 1960s. In this device,
the structure is modified to enable the switching of the device from the on-state to the
off-state while operating in the first quadrant. This is performed by the application of
a large reverse gate drive current, akin to that used for turning off the bipolar power
transistor. In spite of the bulky and expensive gate control circuits required for the
GTO, it was widely adopted for the control of motors in traction (electric streetcars
and electric locomotives) applications until recently. The scaling of the power
handling capability of the insulated gate bipolar transistor (IGBT) to handle very
high (megawatt) power levels in the twenty-first century has resulted in the displace-
ment of these devices by the IGBT in traction applications.
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The ability to control operation between the blocking and on-states for a thyristor
by using a third terminal was first reported in the 1950s [1, 2]. The extensive
application potential for these devices to home appliances and power distribution
systems generated strong interest in making improvements in the power ratings for
the thyristors. The growth of the current handling capability for the power thyristors
is charted in Fig. 8.1. Starting with a modest current of 100 A in the 1950s, the
current rating has been scaled to approach 5000 A for a single device by increasing
the device area. These high current levels are required for power distribution
systems, such as high-voltage DC transmission (HVDC) networks. From the figure,
it can be observed that the most rapid increase in the current handling capability took
place at the end of the 1970s. This outcome can be traced to the development of the
neutron transmutation doping (NTD) process (see Chap. 2) in the mid-1970 time
frame. Using the NTD process, it became possible to obtain larger diameter silicon
wafers with uniform properties enabling the observed scaling of the current handling
capability of thyristors.

There was a concomitant increase in the voltage blocking capability for the
thyristor as illustrated in the chart in Fig. 8.2. Beginning with devices capable of
operating up to a few hundred volts in the 1950s, the voltage rating for thyristors has
been increased to 12,000 V by the end of the 1990s. The increase in the voltage
rating was accomplished by the availability of higher resistivity silicon wafers. This
was initially achieved by the development of the float-zone process. However, the
resistivity variation produced by this process was inadequate for utilization in the
large-diameter wafers desired to increase the current ratings. The NTD process was
instrumental in providing the breakthrough required to create large-diameter silicon
wafers with low N-type doping concentration and high uniformity in the resistivity

Fig. 8.1 Growth in current ratings for thyristors

642 8 Thyristors



across the wafers. Consequently, a substantial gain in the voltage rating occurred in
the late 1970s after the commercial availability of NTD silicon as indicated in the
chart.

Today, single thyristors are available with the capability to block over 8000 V and
conduct an average current of 5000 A in the on-state. Consequently, a single
thyristor device can control 40 megawatts of power. Such devices are attractive for
power distribution networks to reduce the total number of devices required in a
HVDC station. The reduction of the number of devices connected in series and
parallel provides the added benefits of a smaller number of other components that are
needed in the system to ensure proper voltage and current distribution between the
multiple thyristors. Light-triggered thyristors have also been developed to enable
stacking them in a series string to hold off the very high voltages (in excess of
100 kV) that are commonplace for power distribution.

The basic structure and operation of the thyristor are discussed in this chapter.
The thyristor contains two coupled bipolar transistors that provide an internal
positive feedback mechanism that allows the device to sustain itself in the
on-state. This regenerative action produces low on-state voltage drop, while the
device is carrying large on-state currents. However, the internal feedback mecha-
nism makes it difficult to turn-off the structure by external means unless the voltage
across the device is reversed. In order to enable operation are elevated temperatures,
it is necessary to short-circuit the emitter and base regions of the thyristor. The
impact of this on the gate control current and switching behavior is analyzed in the
chapter. Analytical models are developed for all the operating modes, including the
switching transient for the gate turn-off (GTO) thyristor.

Fig. 8.2 Growth in voltage ratings for thyristors

8 Thyristors 643



8.1 Power Thyristor Structure and Operation

The basic structure for an N+-P-N-P+ power thyristor is illustrated in Fig. 8.3. The
structure is usually constructed by starting with a lightly doped N-type silicon wafer
whose resistivity and thickness are chosen based upon the blocking voltage rating for
the device. The anode P+ region is formed by the diffusion of dopants from the
backside of the wafer to a junction depth xJA. The P-base and N

+ cathode regions are
formed by the diffusion of dopants from the front of the wafer to a depth of xJB and
xJK, respectively. Electrodes are formed on the front side of the wafer to contact the
cathode and P-base regions and on the backside of the wafer to contact the anode
region. No contact electrode is usually attached to the N-drift (N-base) region.

Thyristors are used in applications at very high power levels which require a large
voltage blocking capability, typically in excess of 3000 V. The P+ anode/N-drift
junction and the P-base/N-drift junction preferably have a highly graded doping
profile to achieve such high-voltage blocking capability in both forward and reverse
operating quadrants. The graded profile increases the blocking voltage capability due
to voltage supported on the more highly doped side of the junction and allows the
utilization of the positive and negative bevels at the edges to suppress premature
breakdown at the junction termination. The highly graded junctions can be produced
by using gallium and aluminum as the P-type dopants instead of boron, the more
commonly used dopant for integrated circuits, as well as other power devices
discussed in the book. These dopants have much larger diffusion coefficients than
boron (see Fig. 2.21) allowing the production of large junction depths (20–100 μm)

Fig. 8.3 Power thyristor structure and its doping profile
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in a reasonable processing time. Gallium is used as the dopant for the P+ anode
region because of its high solid solubility. Aluminum is used as the dopant for the
P-base region due to its lower solid solubility. The doping concentration for the
P-base region of the thyristor must be in the range of 1 � 1016 to 1 � 1017 cm�3 to
obtain a reasonable gain for the internal N-P-N bipolar transistor and for enabling
edge termination with a negative bevel for the P-base/N-drift junction.

The output characteristics for the thyristor structure are illustrated in Fig. 8.4. The
thyristor structure contains three P-N junctions that are in series as indicated in
Fig. 8.3. When a negative bias is applied to the anode terminal of the device, the P+

anode/N-drift junction (J1) and the N+ cathode/P-base junction (J3) become reverse
biased, while the P-base/N-drift junction (J2) becomes forward biased. Due to high
doping concentrations on both sides of the N+ cathode/P-base junction (J3), it is
capable of supporting less than 50 V. Consequently, most of negative bias applied to
the anode terminal is supported by the P+ anode/N-drift junction (J1). The reverse
blocking voltage capability for the device is determined by the doping concentration
and thickness of the N-drift region. Note that an open-base bipolar transistor is
formed within the thyristor structure between junction J1 and junction J2. Conse-
quently, the breakdown voltage is not determined by the avalanche breakdown
voltage but by the open-base transistor breakdown voltage (see Sect. 3.7). The
width and doping concentration of the N-drift region between these two junctions
must be carefully optimized to maximize the blocking voltage capability and
minimize the on-state voltage drop.

When a positive bias is applied to the anode terminal of the thyristor, the P+

anode/N-drift junction (J1) and the N
+ cathode/P-base junction (J3) become forward

biased, while the junction (J2) between the P-base region and the N-drift region
becomes reverse biased. The applied positive bias is mostly supported across the

Fig. 8.4 Output characteristics of the power thyristor structure
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N-drift region. As in the case of reverse blocking operation, the blocking voltage
capability is determined by open-base transistor breakdown rather than avalanche
breakdown. Although not perfectly symmetrical as discussed in a subsequent section
of this chapter, the reverse and forward blocking capability for the thyristor structure
are approximately equal making it suitable for use in AC power circuits.

Current flow through the thyristor can be induced in the first quadrant of opera-
tion by using a current supplied through the gate terminal to trigger the device into its
on-state. The gate current forward biases the N+ cathode/P-base junction (J3) to
initiate the injection of electrons. The injected electrons trigger a positive feedback
mechanism produced by the two coupled bipolar transistors within the thyristor
structure. The first bipolar transistor is an N-P-N transistor formed between the N+

cathode/P-base/N-drift regions, while the second bipolar is a P-N-P transistor formed
between the P+ anode/N-drift/P-base regions as illustrated in Fig. 8.5a. The equiv-
alent circuit for the thyristor, shown in Fig. 8.5b, is based upon these coupled bipolar
transistors. Once current flow is initiated through the transistors, they are able to
provide the base drive current for each other by a process referred to as regenerative
action. In this process, the collector current of the N-P-N transistor provides the base
drive current for the P-N-P transistor, and the collector current of the P-N-P transistor
provides the base drive current for the N-P-N transistor. The regenerative action
inherent within the thyristor structure allows stable operation of the device in its
on-state without any external gate drive current. This is one of its advantages when
compared with the bipolar transistors.

Once the thyristor is operating in its on-state, the i-v characteristics can be shown
to become similar to that for a P-i-N rectifier, resulting in the anode current
increasing exponentially with the on-state voltage drop (or anode-cathode voltage)
as discussed in Chap. 5. Consequently, thyristors can be designed with very high-
voltage blocking capability with low on-state voltage drops making them excellent
power devices for circuits used in power distribution systems.

Fig. 8.5 Two coupled transistor equivalent circuit for the power thyristor structure
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The power thyristor can be switched from its on-state to the blocking state by
reversing the bias applied to the anode electrode. The reverse bias applied to the
anode electrode forces the thyristor to undergo a reverse recovery process similar to
that observed in a P-i-N rectifier. Once the thyristor has entered the reverse blocking
mode, a positive voltage can once again be applied to the anode without turning on
the device until a gate control signal is applied.

A typical set of anode current and voltage waveforms for a thyristor operating
from a standard 120 V-rms AC power source are illustrated in Fig. 8.6. The device
remains in its blocking state with no anode current flow until it is triggered by the
gate signal at about 2.6 ms after the voltage crosses zero. The current then follows
the anode voltage, for the case of a resistive load as depicted in the figure, until the
voltage crosses zero and becomes negative. The thyristor then undergoes a reverse
recovery transient as shown in the figure with negative current flow for a short
duration. Subsequently, it is able to support the reverse anode bias for the rest of the
cycle with no current flow. In this phase control scheme of operation, the amount of
power delivered to a load, such as heating element, can be regulated by adjusting the
gate triggering point to control the duration for anode current flow in the positive
half-cycle. A device, called the triac, has also been developed based upon the
thyristor structure, which enables triggering current flow in both the first and third
quadrant of operation.

Fig. 8.6 Phase control operation of the power thyristor structure
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8.2 Blocking Characteristics

One of the important attributes of the power thyristor is the capability to support
large voltages. As discussed in the previous section, the thyristor structure provides
both forward blocking capability in the first quadrant of operation and reverse
blocking capability in the third quadrant of operation. The voltage blocking capa-
bility in both quadrants is approximately equal making the thyristor well suited for
AC power circuits. However, the physics for blocking voltages in the first and third
quadrants is not identical as discussed in this section.

8.2.1 Reverse Blocking Capability

When a negative bias is applied to the anode terminal of the thyristor, the N+ cathode/
P-base junction (J3) and the P+ anode/N-drift junction (J1) become reverse biased,
while the junction (J2) between the P-base region and the N-drift region becomes
forward biased. The P-base region of the thyristor is formed by the diffusion of P-type
dopants with a surface concentration ranging between 1 � 1017 cm�3 and 1 � 1016

cm�3, while the N+ cathode region is very heavily doped as shown in Fig. 8.3. Due to
the high doping concentration on both sides of junction J3, it can only support
relatively small voltages (<50 V). Consequently, almost all of the applied negative
bias to the anode terminal is supported across the P+ anode/N-drift junction (J1).

The reverse blocking voltage is supported across the P+ anode/N-drift junction
with a depletion layer extending mostly within the N-drift region as illustrated in
Fig. 8.7. The maximum electric field occurs at the P+ anode/N-drift junction (J1). On
the one hand, the blocking voltage capability is limited by avalanche breakdown
when the maximum electric field (Em) becomes equal to the critical electric field if
the width of the N-drift region is very large compared with the depletion layer width.
This corresponds to the multiplication coefficient (M ) becoming equal to infinity.
The avalanche breakdown voltage is given by:

BVPP ¼ 4:45x1013N�3=4
D ð8:1Þ

However, a very large width for the N-drift region is unacceptable because it
increases the on-state voltage drop of the thyristor.

On the other hand, the depletion region can extend through the entire N-drift
region, while the maximum electric field at the junction is well below the critical
electric field for breakdown as illustrated at the bottom of Fig. 8.7 if the width of the
N-drift region is small. This phenomenon is referred to as the reach-through
condition. Holes are injected from junction J2, when the depletion region from the
reverse-biased junction J1 reaches the forward-biased junction J2, producing an
abrupt increase in the anode current. This phenomenon limits the maximum blocking
capability for the thyristor at the reach-through breakdown voltage given by:
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BVRT ¼ qND

2εS
W2

N ð8:2Þ

where ND is the doping concentration of the N-drift region and WN is its width.
The actual breakdown voltage for the thyristor in the reverse blocking mode falls

between the above limits and is governed by the open-base transistor breakdown
phenomenon [3]. In order to analyze this phenomenon for the thyristor, consider the
currents flowing at the boundary of the depletion region, as illustrated in Fig. 8.7.
The current consists of the leakage current due to the carrier generation process
within the depletion region and the cathode current amplified by the current gain of
the P-N-P transistor. Based upon the application of Kirchhoff’s current law to the
thyristor structure in the absence of a gate current:

IA ¼ αPNPIK þ IL ¼ IK ð8:3Þ
leading to the relationship:

IA ¼ IL
1� αPNPð Þ ð8:4Þ

From this expression, it can be concluded that the anode current will increase very
rapidly when the common base current gain of the P-N-P bipolar transistor within the
thyristor structure approaches unity. As the negative anode bias is increased, the
width of the un-depleted portion of the N-drift region becomes smaller producing an

Fig. 8.7 Electric field distribution during the reverse blocking mode in the power thyristor
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increase in the base transport factor (αT). Concurrently, the maximum electric field at
junction J1 becomes larger leading to an increase in the multiplication coefficient.
Both phenomena produce an increase in the common base current gain with increas-
ing anode bias until it becomes equal to unity resulting in open-base transistor
breakdown.

Based upon the above analysis, the open-base transistor breakdown condition is
given by:

αPNP ¼ γE:αTð ÞPNPM ¼ 1 ð8:5Þ
The injection efficiency of the P-base/N-drift junction is close to unity because of the
relatively high doping concentration in the P-base region and the low doping
concentration of the N-drift region. The magnitude of the other two terms in the
above equation is a function of the anode bias.

The base transport factor is determined by the width (l ) of the un-depleted portion
of the N-drift region:

αT ¼ 1
cosh l=LPð Þ ð8:6Þ

with:

l ¼ WN �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSVA

qND

s
ð8:7Þ

where VA is the applied reverse bias to the anode electrode. As the reverse bias
increases, the width of the un-depleted portion of the N-drift region shrinks resulting
in an increase in the base transport factor.

The multiplication factor is determined by the anode bias relative to the avalanche
breakdown voltage of the P+ anode/N-drift junction (BVPP,A):

M ¼ 1
1� VA=BVPP,Að Þn ð8:8Þ

where n ¼ 6 for the case of a P+/N diode. The multiplication coefficient also
increases with increasing anode bias. The open-base transistor breakdown voltage
(and the reverse blocking capability of the thyristor) is determined by the anode
voltage at which the multiplication factor becomes equal to the reciprocal of the base
transport factor.

As an example of the design procedure for optimization of the drift region doping
concentration and width, consider the case of a power thyristor that must have a
reverse blocking voltage of 2000 V. In the case of avalanche breakdown, there is a
unique value of 8 � 1013 cm�3 for the drift region doping concentration to obtain
this blocking voltage. However, in the case open-base transistor breakdown, many
combinations of the drift region doping concentration and width can be used to
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obtain this blocking voltage capability. This is illustrated in Fig. 8.8 where the open-
base breakdown voltage is plotted as a function of the drift region width for three
cases of the drift region doping concentration. A lifetime of 10 μs was used in the
N-drift region for this analysis.

It can be observed from the Fig. 8.8 that the open-base breakdown voltage
becomes equal to 2000 V at a drift region width of 334 μm for a drift region doping
concentration of 2.5 � 1013 cm�3. In this case, the base transport factor becomes
close to unity under breakdown conditions. When the doping concentration of drift
region is increased to 5� 1013 cm�3, the drift region thickness is reduced to 287 μm
to achieve the same open-base breakdown voltage of 2000 V. The drift region
thickness increases to 422 μm, when the doping concentration of drift region is
increased to 7.5 � 1013 cm�3, to achieve the same open-base breakdown voltage of
2000 V. In this case, the multiplication coefficient becomes large under open-base
breakdown conditions. These examples demonstrate that there is an optimum drift
region doping concentration to obtain a minimum drift region width to achieve an
open-base breakdown voltage of 2000 V. The location of the optimum design with a
width of 287 μm and doping concentration of 4.6 � 1013 cm�3 is illustrated for this
case in Fig. 8.9.

The reverse blocking voltage capability for the thyristor is also dependent upon
the ambient temperature. As temperature increases, the impact ionization coeffi-
cients are reduced leading to a decrease in the multiplication coefficient. Concur-
rently, the base transport factor increases due to an increase in the minority carrier
lifetime. In general, the reduction of the impact ionization coefficient is dominant as

Fig. 8.8 Open-base breakdown voltage for the power thyristor in the reverse blocking mode
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temperature goes up. Consequently, the reverse blocking voltage capability for the
thyristor increases with increasing temperature. This is accompanied by a significant
increase in the leakage current with temperature due to the enhanced generation rate
for minority carriers in the depletion and neutral regions. Note that the current
produced by the space charge generation current and the diffusion current is ampli-
fied by the gain of the open-base P-N-P transistor (see Eq. 8.4). Consequently, if the
reverse blocking voltage is measured at a constant anode current level, the break-
down voltage for the thyristor is observed to first increase and then decrease as
temperature increases.

8.2.2 Forward Blocking Capability

When a positive bias is applied to the anode terminal of the thyristor, the N+ cathode/
P-base junction (J3) and the P+ anode/N-drift junction (J1) become forward biased,
while the junction (J2) between the P-base region and the N-drift region becomes
reverse biased. The P-base region of the thyristor is more heavily doped than the
N-drift region as shown in Fig. 8.3. Consequently, most of the applied positive bias
to the anode terminal is supported across the N-drift region. However, due to the
graded doping profile at junction J2, the depletion layer extends into P-base region as
well. If the doping concentration of the P-base region is too low, the electric field can
extend through its entire width as illustrated at the bottom of Fig. 8.10. Once the

Fig. 8.9 Optimum width and doping concentration of the drift region for the power thyristor to
obtain a reverse blocking capability of 2000 V
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P-base region is depleted, injection of electrons occurs from the N+ cathode/P-base
junction (J3) resulting in current flow, which limits the blocking voltage capability.

The P-base region reach-through limited breakdown voltage is given by:

BVRT,P ¼ q

2εS

NP NP þ NDð Þ
ND

W2
P ð8:9Þ

where ND is the doping concentration of the N-drift region, NP is the doping
concentration of the P-base region, andWP is it width. The reach-through breakdown
voltage is much smaller than the open-base transistor breakdown voltage of the PNP
transistor. Consequently, the doping concentration in the P-base region of thyristors
must be sufficiently larger than that in the N-drift region to suppress this
breakdown mode.

The forward blocking voltage is then supported across the P-base/N-drift junction
(J2) with a depletion layer extending mostly within the N-drift region as illustrated in
the middle of Fig. 8.10. The maximum electric field occurs at the P-base/N-drift
junction (J2). On the one hand, the blocking voltage capability becomes limited by
avalanche breakdown if the width of the N-drift region is made very large because
the maximum electric field (Em) becomes equal to the critical electric field. This
corresponds to the multiplication coefficient (M ) becoming equal to infinity. How-
ever, a very large width for the N-drift region is unacceptable because it increases the
on-state voltage drop of the thyristor. On the other hand, the depletion region can
extend through the entire N-drift region if the width of the N-drift region is made
small while the maximum electric field at the junction is well below the critical

Fig. 8.10 Electric field distribution during the forward blocking mode in the power thyristor

8.2 Blocking Characteristics 653



electric field for breakdown. This results in an N-drift region reach-through limited
breakdown as discussed earlier for the reverse blocking mode. The maximum
blocking capability for the thyristor at the N-drift region reach-through limit is
given by:

BVRT,N ¼ qND

2εS
W2

N ð8:10Þ

where ND is the doping concentration of the N-drift region and WN is it width.
The actual breakdown voltage for the thyristor in the forward blocking mode falls

between the above limits because it is governed by the open-base transistor break-
down phenomenon. In order to analyze this phenomenon for the thyristor, consider
the currents flowing at the boundary of the depletion region, as illustrated in
Fig. 8.10. The current consists of the leakage current due to the generation process
within the depletion region in the N-drift region, the anode current amplified by the
current gain of the P-N-P transistor, and the cathode current amplified by the current
gain of the N-P-N transistor. Based upon the application of Kirchhoff’s current law
to the thyristor structure with no gate current:

IA ¼ αNPNIK þ αPNPIA þ IL ¼ IK ð8:11Þ
leading to the relationship:

IA ¼ IL
1� αNPN � αPNPð Þ ð8:12Þ

From this expression, it can be concluded that the anode current will increase very
rapidly when the sum of the common base current gains of the P-N-P and N-P-N
bipolar transistors within the thyristor structure approaches unity. As the positive
anode bias is increased, the width of the un-depleted portion of the N-drift region
becomes smaller producing an increase in the base transport factor (αT,PNP). Con-
currently, the maximum electric field at junction J2 becomes larger leading to an
increase in the multiplication coefficient. Both phenomena produce an increase in
the common base current gain of the P-N-P transistor (αPNP) with increasing anode
bias until it becomes equal to (1–αNPN) resulting in open-base transistor breakdown.
The common base current gain of the N-P-N transistor (αNPN) is close to unity in the
thyristor structure due to the high injection efficiency and base transport factor.
Consequently, a smaller increase in the common base current gain of the P-N-P
transistor (αPNP) is sufficient to produce open-base transistor breakdown in the
forward blocking mode when compared with the reverse blocking mode.

Based upon the above analysis, the open-base transistor breakdown condition in
the forward blocking mode is given by:

αNPN þ αPNP ¼ γEαTð ÞNPN þ γEαTð ÞPNP
� �

M ¼ 1 ð8:13Þ
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Note that, although the injection efficiency and base transport factor for the two
transistors are different, they share the same multiplication factor due to the common
reverse-biased collector junction for both transistors.

The multiplication factor is determined by the anode bias relative to the avalanche
breakdown voltage of the P-base/N-drift junction (BVPP,B):

M ¼ 1
1� VA=BVPP,Bð Þn ð8:14Þ

where n ¼ 6 for the case of a P+/N diode. The open-base transistor breakdown
condition (and the forward blocking capability of the thyristor) is then given by:

M ¼ 1
γEαTð ÞNPN þ γEαTð ÞPNP

ð8:15Þ

In comparison, the open-base transistor breakdown condition (and the reverse
blocking capability of the thyristor) is given by:

M ¼ 1
γEαTð ÞPNP

ð8:16Þ

Based upon these expressions, it can be concluded that the forward blocking voltage
will always be lower than the reverse blocking capability for a thyristor.

In the forward blocking mode, the injection efficiency and base transport factor
for the N-P-N transistor remain approximately independent of the anode bias. The
injection efficiency of the P+ anode/N-drift junction is close to unity because of the
high doping concentration in the anode region and the low doping concentration of
the drift region. However, the base transport factor for the P-N-P transistor is a strong
function of the anode bias. The base transport factor is determined by the width of
the un-depleted portion of the N-drift region:

αT ¼ 1
cosh l=LPð Þ ð8:17Þ

where l is the width of the un-depleted portion of the N-drift region given by:

l ¼ WN �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSVA

qND

s
ð8:18Þ

where VA is the applied forward bias to the anode electrode. As the forward bias
increases, the width of the un-depleted portion of the N-drift region shrinks resulting
in an increase in the base transport factor.

As an example of the design procedure for optimization of the drift region doping
concentration and width, consider the case of a power thyristor that must have a
forward blocking voltage of 2000 V. In the case of avalanche breakdown, there is a
unique value of 8 � 1013 cm�3 for the drift region doping concentration to obtain
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this blocking voltage. However, in the case open-base transistor breakdown, many
combinations of the doping concentration and width can be used to obtain this
blocking voltage capability. This is illustrated in Fig. 8.11 where the open-base
breakdown voltage is plotted as a function of the drift region width for three cases of
the drift region doping concentration. A lifetime of 10 μs was used in the N-drift
region for this analysis with a common base current gain of 0.65 for the N-P-N
transistor based upon a diffusion length for electrons equal to the width of the P-base
region. It can be observed from the figure that the open-base breakdown voltage
becomes equal to 2000 V at a drift region width of 515 μm for a drift region doping
concentration of 2.5 � 1013 cm�3. When the doping concentration of drift region is
increased to 5� 1013 cm�3, the drift region thickness is reduced to 436 μm to achieve
the same open-base breakdown voltage of 2000V. If the doping concentration of drift
region is increased to 7.5� 1013 cm�3, the drift region thickness increases to 542 μm
to achieve the same open-base breakdown voltage of 2000 V. This demonstrates that
there is an optimum drift region doping concentration to obtain a minimum drift
region width to achieve the open-base breakdown voltage of 2000 V.

The location of the optimum design is provided for the case of a forward blocking
voltage of 2000 V in Fig. 8.12. In comparison with the reverse blocking case, the
optimum drift region doping concentration is slightly larger. More importantly, the
width of drift region required to achieve the forward blocking voltage has increased
from 287 μm for the reverse blocking case to 435 μm. This has an adverse impact on
the on-state voltage drop.

Fig. 8.11 Open-base breakdown voltage for the power thyristor structure in the forward
blocking mode
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The forward blocking voltage capability for the thyristor is also dependent upon
the ambient temperature. As temperature increases, the impact ionization coeffi-
cients are reduced leading to a decrease in the multiplication coefficient. Concur-
rently, the base transport factor increases due to an increase in the minority carrier
lifetime. In general, the reduction of the impact ionization is dominant as tempera-
ture goes up. Consequently, the forward blocking voltage capability for the thyristor
increases with increasing temperature until the leakage current becomes sufficient to
turn on the structure due to the regenerative action. The forward blocking capability
then degrades rapidly with further increase in the temperature.

8.2.3 Cathode Shorting

A substantial improvement in the forward blocking capability, especially at elevated
temperatures, can be obtained by suppressing the current gain of the N-P-N transistor
within the thyristor structure. A high current gain for the N-P-N transistor is
necessary at high current levels in order to create the regenerative action that is
required to sustain the thyristor in its on-state mode with a low on-state voltage drop.
It is therefore desirable to suppress the current gain of the N-P-N transistor only at
low (leakage) current levels. This is possible by utilizing cathode shorts within
the thyristor structure as illustrated in Fig. 8.13. The cathode shorts are
produced by interrupting the N+ cathode regions so that the cathode electrode

Fig. 8.12 Optimum width and doping concentration of the drift region for the power thyristor
structure in the forward blocking mode
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overlaps the N+ cathode/P-base junction at periodic intervals within the thyristor.
This short-circuits the emitter of the N-P-N transistor to its base region. In the
presence of the cathode shorts, the leakage current collected by the P-base region
from the reverse-biased junction J2 is diverted to the cathode shorts as shown in the
figure by the green lines without traversing the N+ cathode/P-base junction. This
prevents the injection of electrons from the N+ cathode in response to the holes being
collected at junction J2, resulting in suppressing the current gain of the N-P-N
transistor.

The current gain for the N-P-N bipolar transistor can be analyzed in the presence
of the emitter short by using the current flow shown in Fig. 8.14. The upper part of
the figure illustrates the current flow to the cathode short in the thyristor structure,
while the lower part of the figure shows the current flow in a lumped equivalent
circuit. In practice, the leakage current is collected across the entire junction J2
resulting in a larger current level near the emitter-base short. The current (IS) flowing
into the emitter-base short produces a voltage drop across the resistance (RBS) within
the P-base region. This voltage drop forward biases the emitter-base junction at the
center of the N+ emitter at location A in the figure.

The emitter current (IE) of the N-P-N bipolar transistor depends upon the forward
bias across the emitter-base junction:

IE ¼ IO eqVBE=kT � 1
� �

ð8:19Þ

Fig. 8.13 Shorted cathode power thyristor structure

658 8 Thyristors



where VBE is the forward bias across the emitter-base junction at location A. The
current IO is the saturation current for the emitter-base junction:

IO ¼ qDnnP0
Ln

A ð8:20Þ

where A the junction area. The total current flowing at the emitter terminal of the
shorted N-P-N bipolar transistor consists of its emitter current plus the current
flowing via the shunting resistance (RBS):

IES ¼ IE þ IS ¼ IO eqVBE=kT � 1
� �

þ VBE

RBS
ð8:21Þ

The common base current gain in the presence of the emitter short is given by:

αNPN,S ¼ IC
IES

¼ αNPN
eqVBEkT � 1
� �

eqVBE=kT � 1ð Þ þ VBE=IORBSð Þ
	 


ð8:22Þ

where

αNPN ¼ IC
IE

ð8:23Þ

is the common base current gain of the N-P-N transistor without the emitter short.
The relative magnitude of the current flowing through the emitter-base junction

and the shunting resistance is illustrated in Fig. 8.15 with increasing forward bias
voltage across the emitter-base junction. The emitter-base junction does not begin to
inject a substantial amount of electrons until the voltage drop across the junction
exceeds 0.7 V at room temperature. Consequently, all the collector current flows

Fig. 8.14 Analysis of
current gain for an N-P-N
bipolar transistor with
shorted emitter
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through the shunting resistance when the emitter-base voltage drop is less than 0.6
V. However, when the voltage drop across the emitter-base junction exceeds 0.7 V,
the emitter current increases very rapidly and becomes dominant at larger voltages
across the junction.

The change in the common base current gain for the N-P-N bipolar transistor with
emitter shorting is illustrated in Fig. 8.16. It can be observed from this figure that the
current gain is very low at small current levels and becomes equal to the current gain
without the emitter short at high current levels. This is the desired behavior to
improve the forward blocking capability while retaining strong regenerative action
in the on-state. The forward blocking capability can be made very close to the
reverse blocking capability with the inclusion of the emitter shorts in a thyristor
structure. This is achieved with no additional processing steps.

8.2.4 Cathode Shorting Geometry

In the previous section, it was demonstrated that the current gain begins to increase
when the current increases beyond a certain level. As the current gain of the N-P-N
transistor increases, the thyristor can be switched from the blocking state to the
on-state. An increase in the current occurs in the thyristor structure with increasing
temperature, while it is operating in the forward blocking mode, because of the
strong dependence of the space charge generation and diffusion components of the
leakage current upon the temperature. Consequently, the forward blocking capability
of the thyristor begins to degrade as the temperature increases.

Fig. 8.15 Current distribution within an N-P-N bipolar transistor with shorted emitter
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The leakage current at which the thyristor will switch from the forward blocking
mode to the on-state can be determined for a linear cathode short geometry by using
two-dimensional analysis. A cross-section of thyristor structure is shown in Fig. 8.17
for a region from the center of the cathode to the cathode short. When the thyristor is
operating in the forward blocking mode, a uniform leakage current density (JL) can
be assumed to be arriving at the reverse-biased junction J2. This leakage current

Fig. 8.16 Current gain for an N-P-N bipolar transistor with emitter shorting

Fig. 8.17 Linear cathode
shorting geometry for the
thyristor
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flows through the P-base region to the cathode electrode at the cathode short
(at location B in the figure).

The current collected within a small segment (dx) of the P-base region along the
cathode is given by:

dIB ¼ JL Z dx ð8:24Þ
where Z is the width of the cathode orthogonal to the cross-section shown in the
figure. The current flowing in the P-base region at a distance x from the center of the
cathode finger (at location A) is then given by:

IB xð Þ ¼
ðx
0
JL Z dx ¼ JL Z x ð8:25Þ

The resistance of the P-base region of thickness dx is given by:

dRBS ¼ ρSB
Z

dx ð8:26Þ

where ρSB is the sheet resistance of the P-base region under the N+ cathode.
Combining the above expressions, the voltage drop produced across the segment
due to the current flow in the P-base region is:

dVB xð Þ ¼ IB xð ÞdRBS ¼ JL ρSB xdx ð8:27Þ
Consequently, the total voltage drop produced in the P-base region between points
A and B is:

VB Að Þ ¼
ð WK=2ð Þ

0
dVB dx ¼ JL ρSB

W2
KS

8
ð8:28Þ

The center of the cathode finger is forward biased by this voltage due to the leakage
current flowing through the P-base region. The maximum allowable leakage current
can be determined by assuming that the thyristor will switch to the on-state when the
forward bias for the N+ cathode/P-base junction becomes equal to Vbi (~0.7 V) at the
center of the cathode finger. Using this criterion in Eq. (8.28):

JL,Max ¼ 8Vbi

ρSBW
2
KS

ð8:29Þ

with a corresponding leakage current for the cross-section shown in Fig. 8.17 given
by:

IL,Max ¼ JL,MaxZ
WKS

2
¼ 4VbiZ

ρSBWKS
ð8:30Þ
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Based upon this equation, it can be concluded that the forward blocking capability at
elevated temperatures can be enhanced for a thyristor by reducing the sheet resis-
tance of the P-base region and the width of the cathode finger.

In power thyristors with larger active areas, typically fabricated using entire
silicon wafers with diameters ranging from 100 to 150 mm, the shorting of the
cathode is accomplished by using a two-dimensional array of shorts that are uni-
formly distributed on the top surface of the device. This can be achieved by
appropriate masking of the N+ cathode diffusion as illustrated in Fig. 8.18 for a
square array of cathode shorts of diameter “d” spaced apart at a distance “D.” For this
geometry, the largest forward bias produced in the P-base region by the leakage
current is given by:

VB,Max ¼ JL ρSBAS ð8:31Þ
where the shorting geometry area factor is given by [4]:

AS ¼ 1
16

d2 þ D2 2 ln
D

d

� �
� 1

	 

 �
ð8:32Þ

Other geometries for the cathode shorts, such as triangular and hexagonal arrays,
have been also been proposed and implemented in practical devices [5].

The presence of the cathode shorts creates dead zones within the thyristor where
no regenerative action can occur. The size of the dead zone is larger than the actual
diameter of the short as illustrated in the figure by the circles with dashed lines
because the cathode-base junction is not sufficiently forward biased to inject elec-
trons during on-state operation. The fractional area lost due to the presence of the
cathode short is given by:

FS ¼ π

4
DZ

D

� �2

ð8:33Þ

where DZ is the diameter of the dead zone. Placing the cathode shorts at close
proximity can degrade the available active area for the conduction of current
producing an increase in the on-state voltage drop of the thyristor.

Fig. 8.18 Surface topology
of the cathode shorting
geometry for the thyristor
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As an example, the maximum voltage developed within the P-base region
calculated by using the area factor given by Eq. (8.32) is shown in Fig. 8.19 for
the square array of cathode shorts. A leakage current density of 1 A/cm2 was used for
these calculations with a P-base sheet resistance of 450 Ω/sq. Due to the large active
area for typical thyristors designed with high current handling capability, it is
customary to utilize large geometries for the lithography during device fabrication.
For the case of a short diameter (d ) of 1 mil (25 μm), the spacing between the shorts
must be made less than 20 mils (500 μm) to keep the maximum voltage generated in
the P-base region to less than 0.5 V. Even for this case, the loss of current conduction
area is only 3% if a dead zone diameter of 100 μm is assumed.

Simulation Example
The results of two-dimensional numerical simulations for a typical thyristor structure
are described here to gain further insight into the physics of operation for the device
under voltage blocking conditions. The total width of the structure, as shown by the
cross-section in Fig. 8.17, was 1000 μm (Area ¼ 1 � 10�5 cm�2) with a cathode
finger width of 980 μm. The structure had an N-drift region doping concentration of
5 � 1013 cm�3 and width of 360 μm. The P-base region had a Gaussian doping
profile with a surface concentration of 5 � 1017 cm�3 and a depth of 25 μm. The N+

cathode region had a Gaussian doping profile with a surface concentration of 1 � 10
20 cm�3 and a depth of 10 micron. The P+ anode region had a Gaussian doping
profile with a surface concentration of 1 � 1020 cm�3 and a depth of 10 micron. The
resulting doping profile is shown in Fig. 8.20. A lifetime (τp0, τn0) of 10 μs was used
for the N-drift region.

Fig. 8.19 Maximum voltage developed in the P-base region of a thyristor with emitter shorts in a
square array
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The reverse blocking characteristics for the thyristor structure are shown in
Fig. 8.21 at various ambient temperatures ranging from 300 to 500 �K. The break-
down voltage is indicated by an abrupt increase in the anode current. At room
temperature (300 �K), the reverse blocking voltage obtained with the simulations
is 2350 V. The value predicted by the analytical model (see plot with doping

N+

P

N

WP = 15 m

D
op

in
g 

C
on

ce
nt

ra
tio

n 
(c

m
-3

)

1014

1013

1017

1018

1019

1020

0 400
Distance (microns)

1015

1016

100 200 300

P+

WN = 360 m

Fig. 8.20 Doping profile
for the simulated N-P-N-P
power thyristor structure

A
no

de
 C

ur
re

nt
 D

en
si

ty
 (A

/c
m

2 )

-4000 0
Anode Bias Voltage (Volts)

10–7

10–5

10–3

10–1

101

-3000 -2000 -1000

300 °K 

350 °K 

400 °K 

450 °K 

500 °K

Temperature

10–6

10–4

10–2

100

102Fig. 8.21 Typical reverse
blocking characteristics for
the N-P-N-P power thyristor
structure

8.2 Blocking Characteristics 665



concentration of 5 � 1013 cm�3 in Fig. 8.8 at a N-drift region width of 360 μm) is in
excellent agreement with this value providing validity for the model. The reverse
blocking capability increases with increasing temperature because of a reduction in
the impact ionization coefficients.

The forward blocking characteristics for the thyristor structure are shown in
Fig. 8.22 at various ambient temperatures ranging from 300 to 450 �K. The forward
blocking capability is limited by the snapback of the characteristics when the anode
current exceeds a critical value that is dependent upon the temperature. The thyristor
is being triggered from the blocking state to the on-state when the leakage current
(amplified by the gain of the internal transistors) exceeds this critical value. At room
temperature (300 �K), the forward blocking voltage obtained with the simulations is
2350 V – the same as that in the reverse blocking mode due to the utilization of the
cathode short. Consequently, the analytical model allows an accurate prediction of
the forward blocking capability.

Initially, the forward blocking capability increases with increasing temperature
due to a reduction in the impact ionization coefficients. However, beyond 375 �K,
there is a rapid degradation of the blocking voltage capability in spite of the cathode
shorts. This is due to the growth in the leakage current density which is sufficient to
produce an increase in the current gain of the N-P-N transistor as shown in Fig. 8.16.
The leakage current density at which this thyristor switches from the blocking to the
on-state at room temperature is 0.11 A/cm2. This value is also predicted by the
analytical model using Eq. (8.29) if an effective doping concentration of 6� 1015 cm
�3 is assumed for the P-base region, which is consistent with the doping profile
shown in Fig. 8.20.
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The forward and reverse blocking capability obtained from the simulations are
plotted in Fig. 8.23 as a function of the ambient temperature. It can be observed that
the forward blocking capability is the same as the reverse blocking capability at room
temperature (300 �K). As the temperature increases, the reverse blocking capability
increases monotonically, while the forward blocking capability reaches a maximum
value at 375 �K and then degrades with increasing temperature. This thyristor design
is capable of supporting 2000 V in both the first and third quadrants of operation up to
a temperature of 400 �K (125 �C), which is typical for power thyristors.

The voltage is primarily supported in the thyristor within the N-drift region. This
is illustrated in Fig. 8.24 where the electric field profiles are shown during operation
in the reverse and forward blocking modes at two voltages. It can be observed that
the P+ anode/N-drift junction becomes reverse biased during the reverse blocking
mode with the depletion region extending toward the left-hand side with increasing
(negative) anode bias. In contrast, the P-base/N-drift junction becomes reverse
biased during the forward blocking mode with the depletion region extending toward
the right-hand side with increasing (positive) anode bias. The electric field profiles
used in Figs. 8.7 and 8.10 to develop the analytical models for the blocking voltage
are consistent with those observed with the simulations.

8.3 On-State Characteristics

One of the attributes of the thyristor structure is its excellent forward conduction
characteristic even when designed to support large voltage levels. The thyristor
structure can be triggered from the forward blocking mode at the anode supply
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voltage (VAS) into the forward conduction mode by the application of a small gate
current to initiate the turn-on process as illustrated in Fig. 8.25 by the dashed line.
This gate current serves to increase the current gain of the N-P-N transistor until the
combined gain of the integral N-P-N and P-N-P transistors within the thyristor
structure is sufficient to sustain its regenerative action. The thyristor then operates
in its on-state with a forward conduction characteristic similar to that observed for a
P-i-N rectifier. In the on-state, strong conductivity modulation of the N-drift region
occurs due to high-level injection of holes allowing the thyristor to carry high current
levels with a low on-state voltage drop. The range of anode currents, over which the
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thyristor can maintain on-state operation, is limited at the lower end by its holding
current (IH) as shown in the figure. When the anode current is reduced below the
holding current level, the regenerative action can no longer be sustained and the
thyristor reverts to the forward blocking mode.

8.3.1 On-State Operation

When a positive bias is applied to the anode terminal of the thyristor, the N+ cathode/
P-base junction (J3) and the P+ anode/N-base junction (J1) become forward biased,
while the junction (J2) between the P-base region and the N-base region becomes
reverse biased during the forward blocking mode of operation. However, once the
thyristor has been triggered into its on-state mode of operation, injection of minority
carriers occurs across the forward-biased junctions J1 and J3. The holes injected into
the N-base region from the P+ anode region diffuse through the N-base region and
are collected by junction J2. When these holes enter the P-base region, they create a
base drive current for the N-P-N transistor because of the addition of majority
carriers to the P-base region. This base drive current promotes the injection of
electrons from the N+ cathode region into the P-base region. These electrons diffuse
through the P-base region and are collected by junction J2. When these electrons
enter the N-base region, they create a base drive current for the P-N-P transistor
because of the addition of majority carriers to the N-base region. This base drive
current promotes the injection of more holes from the P+ anode region into the
N-base region. This creates a positive internal feedback mechanism within the
thyristor structure which is referred to as the regenerative action. The regenerative
action within the thyristor structure can sustain current flow without the need for an
external gate drive current once the device has been triggered into its on-state.

In the on-state mode, the base current due to electron flow in the N-base region
can be related to the anode current (IA) injected from the P+ emitter of the transistor
by [(1 – αPNP)IA)] if the P-N-P transistor is operating in its active region. However,
the electron current collected by junction J2 due to injection from the N+ cathode
region is related to the cathode current by (αNPNIK) if the N-P-N transistor is
operating in its active region. Since the anode and cathode currents are equal during
on-state operation and the current gains are close to unity, this implies that a much
larger concentration of electrons is supplied to the base region of the P-N-P transistor
than required for operation in the active region. The transistor is therefore forced into
its saturation region of operation with junction J2 forward biased. Consequently, all
three junctions within the thyristor structure operate in forward bias during on-state
operation. The net voltage drop across the thyristor becomes the voltage drop across
junction J1 plus junction J3 minus the voltage drop across junction J2. This results in
the on-state voltage drop for a thyristor becoming equal to that across a P-i-N
rectifier in the on-state.

The power thyristor can be treated as a P-i-N rectifier for analysis of its forward
conduction characteristics. In this case, it is assumed that the junction J2 is strongly
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forward biased resulting in high-level injection in not only the N-base region but also
the P-base region as illustrated in Fig. 8.26. The thyristor can then be regarded as a P-
i-N rectifier between the P+ anode and N+ cathode regions. In this context, the N+

cathode region is referred to as a remote emitter because it provides electrons to the
N-base region through the intervening P-base region. The electron and hole concen-
trations within the N-base and P-base regions take a catenary distribution in accor-
dance with the analysis for the P-i-N rectifier in Sect. 5.1.3:

n xð Þ ¼ p xð Þ ¼ τHLJA
2qLa

cosh x=Lað Þ
sinh d=Lað Þ �

sinh x=Lað Þ
2cosh d=Lað Þ

	 

ð8:34Þ

The distance “d” for the thyristor structure is given by:

d ¼ WN þWP

2
ð8:35Þ

as indicated in the figure. A minimum on-state voltage drop occurs for the thyristor
structure when the ambipolar diffusion length (La) is equal to the distance “d”
(see analysis for the P-i-N rectifier in Chap. 5). The typical on-state voltage drop
for the thyristor calculated by using the P-i-N rectifier model under high-level
injection conditions is approximately 1 volt at an operating anode current density
of 100 A/cm2.

Due to the very-high-voltage ratings (>3 kV) for typical thyristors used in HVDC
systems, they must be constructed using very-high-resistivity drift regions with large
thickness. The minority carrier lifetime in the drift region must be made as large as
possible to obtain a sufficiently large ambipolar diffusion length. The aluminum and
gallium diffusions used to obtain the relatively deep diffusions also provide a
gettering mechanism that reduces the concentration of recombination centers within

Fig. 8.26 Carrier distribution within the power thyristor structure in the on-state
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the N-drift region resulting in a high lifetime and diffusion length. With these
processes, it is possible to achieve an on-state voltage drop ranging from 1 to 2 V.

8.3.2 Gate Triggering Current

The thyristor structure can be triggered from the forward blocking state to the
on-state by the application of a gate drive current. The current flow within the
thyristor structure during the forward blocking mode in the presence of the gate
current is illustrated in Fig. 8.27. The currents flowing at the junction J2 due to the
anode and cathode currents are derived from the common base current gains of the
two internal transistors. Together with the leakage current (IL), these currents
constitute the anode current:

IA ¼ αPNPIA þ αNPNIK þ IL ð8:36Þ
Applying Kirchhoff’s current law to the thyristor structure:

IK ¼ IA þ IG ð8:37Þ
Combining these equations yields:

IA ¼ αNPNIG þ ILð Þ
1� αPNP � αNPNð Þ ð8:38Þ

For the thyristor structure with cathode shorts, the gate drive current serves to
raise the gain of the N-P-N transistor until the denominator of Eq. (8.38) becomes
equal to zero. This implies a very large anode current flow corresponding to
operation in the on-state. A simple analysis for the gate current required to trigger
the thyristor into the on-state can be performed by assuming that the triggering
occurs when the forward bias across the N+ cathode/P-base junction becomes equal
to the built-in potential of a P-N junction. Consider the cross section of the thyristor
shown in Fig. 8.28. When the gate current is applied via the gate electrode, it flows
within the p-base region to the cathode short located closest to the gate terminal as
indicated by the green line. The gate current produces a voltage drop across the

Fig. 8.27 Current flow in the power thyristor structure after application of a gate drive current
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resistance of the P-base region (RBG). This voltage forward biases the N
+ cathode/P-

base junction with a maximum value at the edge of the cathode located closest to the
gate electrode producing electron injection as indicated by the arrow in the figure.

For the linear thyristor geometry with a length Z orthogonal to the cross section
shown in Fig. 8.28, the voltage drop produced by the gate current flow prior to the
turn-on of the thyristor is given by:

IGRBG ¼ IG ρSB
WKG

Z
ð8:39Þ

where ρSB is the sheet resistance of the P-base region and WKG is the total width of
the cathode region between the gate electrode and the first cathode short. The gate
triggering current is obtained by equating this voltage drop to the built-in potential
for a P-N junction:

IGT ¼ VbiZ

ρSBWKG
ð8:40Þ

According to this expression, the gate triggering current can be reduced by increas-
ing the width of the cathode between the gate electrode and the first cathode short.
However, care should be taken to make sure that this does not compromise the
forward blocking capability at elevated temperatures.

Fig. 8.28 Gate current flow path in the power thyristor structure with cathode shorts
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The sheet resistance of the P-base region is about 500 Ω/sq. for a typical high-
voltage power thyristor. Using Eq. (8.40), the gate triggering current is found to be
15 mA/cm of cathode finger length (Z ). Thus, a relatively small gate current is
sufficient to turn on the thyristor from its forward blocking mode. High current
thyristors are fabricated by using an entire circular silicon wafer in practical devices.
The wafer is enclosed within a “hockey-puck” package designed to remove the heat
developed in the active area of the thyristor. The gate electrode must be located at the
center of the wafer because it is most convenient to introduce the gate wire at the
center of the circular package. An illustration of this thyristor design is shown in
Fig. 8.29.

The circular gate geometry can be analyzed by using cylindrical co-ordinates as
indicated in Fig. 8.29. In this case, the first row of shorts is regarded as a continuous
contact between the cathode electrode and the P-base region along the circular
dashed line with a radius of rK2. The resistance (RBG) of the P-base region between
the edge of the N+ cathode located closest to the gate contact and the first row of
cathode shorts can be obtained by considering a segment of width dr located at a
radius r. The resistance of the segment is given by:

dRBG ¼ ρPB
WP

dr

2πr
¼ ρSB

2π
dr

r
ð8:41Þ

Fig. 8.29 Circular power thyristor with central gate electrode and concentric cathode shorts
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where ρPB is the resistivity and ρSB is the sheet resistance of the P-base region. The
resistance of the P-base region is then given by:

RBG ¼
ðrK2
rK1

ρSB
2π

dr

r
¼ ρSB

2π
ln

rK2
rK1

� �
ð8:42Þ

The thyristor is triggered from the forward blocking mode to the on-state when the
gate current is sufficient to produce a voltage drop Vbi across this resistance. Using
this criterion:

IGT ¼ 2πVbi

ρSB ln rK2=rK1ð Þ ð8:43Þ

A gate triggering current of 30 mA can be achieved for a thyristor with a P-base sheet
resistance of 500 Ω/sq. by placing the first row of cathode shorts at a radius (rK2) of
0.42 cm if the inner radius (rK1) of the N

+ cathode is 0.3 cm. This is typical for a large
area thyristor made from silicon wafers with diameters or more than 3 inches whose
gate electrode has a radius of 0.28 cm.

8.3.3 Holding Current

The thyristor structure can maintain itself in the on-state without an external gate
drive current due to the internal regenerative action. However, when the anode
current is reduced, the thyristor will revert to the forward blocking mode at a current

Fig. 8.30 Holding current
analysis for the linear
cathode shorting geometry
for the thyristor
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level referred to as the holding current as shown in Fig. 8.25. This occurs because
the current gain of the N-P-N transistor rapidly falls off below a certain current level
as previously shown in Fig. 8.16. Once the sum of the common base current gains of
the internal transistors becomes smaller than unity, the regenerative action is unable
to sustain the thyristor in its on-state. The holding current (IH) is indicated on the
device characteristics in Fig. 8.25.

Analysis of the holding current can be performed with the aid of Fig. 8.30 for the
case of a linear cathode shorting geometry. In this case, it is assumed that the
thyristor is operating in the on-state with a uniform cathode current density (JK)
flowing across the N+ cathode/P-base junction. Although most of the cathode current
flows into the P-base/N-drift junction due to the high gain of the N-P-N transistor, a
small fraction flows into the P-base region due to recombination of minority carriers.
This base current for the N-P-N transistor flows into the cathode short at location B.

The base current IB(x) at a distance x from the center of the cathode (location A) is
given by:

IB ¼ 1� αNPNð ÞJK Z x ð8:44Þ
where Z is the length of the structure orthogonal to the cross section. The voltage
drop produced across a segment dx located at a distance x from the center of the
cathode is then given by:

dVB xð Þ ¼ IB xð ÞρSB
Z

dx ¼ 1� αNPNð ÞJK ρSB xdx ð8:45Þ

The voltage developed at the middle of the cathode (location A) is obtained by
integration of the above voltage:

VB Að Þ ¼
ð WKS=2ð Þ

0
1� αNPNð ÞJK ρSB xdx ¼ 1� αNPNð ÞJK ρSB

W2
KS

8
ð8:46Þ

When the cathode (and anode) current density is reduced, the voltage drop at the
middle of the cathode becomes smaller until it falls below that for a forward biased
P-N diode (Vbi). The injection of electrons from the N+ cathode/P-base junction
ceases at this current level, and the gain of the N-P-N transistor becomes very low
resulting in the thyristor no longer being able to sustain the regenerative action.
Using this criterion to define the holding current density in the above equation
yields:

JH ¼ 8Vbi

1� αNPNð ÞρSBW2
KS

ð8:47Þ

A small holding current density is desirable for a thyristor structure because it
allows operation over a broad range of on-state current densities. Based upon the
above equation, it can be concluded that the holding current density will decrease
with increasing temperature due to a reduction of the built-in potential and increase
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in sheet resistance of the P-base region. From a design viewpoint, the holding current
density can be reduced by increasing the sheet resistance for the P-base region and
placing the cathode shorts further apart. However, this will reduce the leakage
current at which the thyristor will be turned on, degrading its high-temperature
forward blocking capability.

For a typical thyristor structure with cathode short spacing (WKS) of 1000 μm and
a P-base sheet resistance of 500 Ω/sq., the holding current density calculated by
using the above equation is 5 A/cm2 for a current gain of 0.65 for the N-P-N
transistor. This is acceptable because typical on-state current densities for thyristors
range from 50 to 300 A/cm2.

Simulation Example
The results of two-dimensional numerical simulations for the typical structure
(described in the previous section) are discussed here to provide further insight
into the physics of operation for the power thyristor in the on-state. The total width of
the structure, as shown by the cross section in Fig. 8.17, is 1000 μm (area¼ 1� 10�5

cm�2) with an cathode finger width of 980 μm, and its doping profile is shown in
Fig. 8.20. A gate drive current of 2 � 10�6 A/micron (0.2 A/cm2) was applied while
sweeping the anode voltage to operate the thyristor in its on-state. The forward
conduction characteristics obtained at various temperatures are shown in Fig. 8.31
for the case of a lifetime (τp0, τn0) of 10 μs. The constant anode current at very low
anode bias voltages is observed due to the gate drive current. The anode current
increases exponentially with increasing anode voltage as predicted by the analytical
model based upon using the P-i-N diode physics when the anode bias is increased
beyond 0.5 V at 300 �K. The on-state voltage drop is 1.2 V at an anode current
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density of 100 A/cm2. It can be observed from the figure that the on-state voltage
drop increases with increasing temperature for anode current density above
100 A/cm2. This is a favorable outcome for preventing the development of current
localization and hot spots within the thyristor.

The forward conduction characteristics for the thyristor structure are shown in
Fig. 8.32 when the lifetime is varied. When the lifetime (τp0, τn0) is increased from
10 to 100 μs, the on-state voltage drop reduces slightly because the (d/La) ratio
increases from unity. In contrast, when the lifetime (τp0, τn0) is reduced from 10 to
1 μs, the on-state voltage drop increases by a significant amount to 2.9 V because the
(d/La) ratio becomes much larger than unity. This is consistent with the P-i-N diode
model for the on-state characteristics for a thyristor.

The reason for the increase in the on-state voltage drop for the lowest lifetime
case can be understood by examination of the free carrier distribution profile within
the thyristor. The hole carrier distribution is provided in Fig. 8.33 for the three
lifetime cases at an anode forward bias of 2 V. The hole concentration exceeds the
doping concentration of the P-base region when the lifetime is 10 and 100 μs
producing a catenary profile through the combination of the P-base region and the
N-drift region. This is consistent with the P-i-N diode-based analytical model for the
thyristor. However, when the lifetime is reduced to 1 μs, the hole concentration
becomes much smaller and does not exceed the P-base doping concentration. The
low hole concentration and its steep gradients enhance the voltage drop across the
drift region resulting in a large on-state voltage drop.

The holding current for the thyristor was extracted with the numerical simulations
by initially biasing the device in its on-state current and then reducing the anode
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current without any gate drive current until the device switched to the blocking state.
A typical set of i-v characteristics are shown in Fig. 8.34 at various temperatures. At
300 �K, the holding current density is observed to be 0.4 A/cm2. The analytical
model predicts a slightly larger value due to the assumptions made for the sheet
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resistance of the P-base region and the current gain of the N-P-N transistor. It can be
observed that the holding current decreases with increasing temperature as predicted
by the analytical model due to a reduction of the built-in potential and an increase in
the sheet resistance of the P-base region.

8.4 Switching Characteristics

Thyristors are typically used to regulate power flow in AC power circuits by
controlling their on-state duration as illustrated in Fig. 8.6. During circuit operation,
the thyristor is switched from the forward blocking state to the on-state by the
application of a gate drive current. It then switches from the on-state to the reverse
blocking mode when the anode voltage is reversed from positive to negative at the
end of the first half-cycle of the AC input voltage waveform. These switching
transitions are not instantaneous. During the turn-on process, the rise in the current
is delayed by the need to establish the internal regenerative action. This turns on the
portion of the thyristor structure in proximity with the gate terminal. Due to the large
area for high current thyristors, a further time delay is associated with the spreading
of the current from the near the gate terminal to the rest of the active area of the
device.

The switching of the thyristor from the on-state to the reverse blocking state
produces substantial power dissipation. As discussed in the previous section, a high
concentration of minority carriers are stored within the N-drift region due to high-
level injection conditions in the on-state. These carriers must be removed before the
thyristor is capable of supporting voltage. When the anode voltage reverses at the
end of the first half-cycle, a negative anode current flow is observed as shown in
Fig. 8.6 to remove most of the stored charge. The thyristor undergoes a reverse
recovery process akin to that previously discussed for the P-i-N rectifier.

It can be observed from Fig. 8.6 that the largest positive rate of change of voltage
[dV/dt] is impressed upon the anode of the thyristor at the beginning of each half-
cycle. This [dV/dt] increases with increasing frequency of operation. It has been
found that the thyristor can be triggered into the on-state without the application of a
gate drive current when the [dV/dt] is sufficiently large. This phenomenon deter-
mines the maximum frequency of operation for thyristors. These processes are
analyzed in this section of the chapter. For each case, analytical expressions are
derived to allow an improved understanding of the underlying physics.

8.4.1 Turn-On Time

The thyristor can be triggered from the forward blocking mode to the on-state by the
application of a gate drive current. The gate drive current flows from the gate
terminal to the first row of cathode shorts as illustrated in Fig. 8.28 by the green
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line. The voltage drop in the P-base region, due to the gate current flow, forward
biases the N+ emitter/P-base junction (J3) at the edge of the cathode closest to the
gate terminal producing the injection of electrons as indicated by the arrow in
Fig. 8.28. This does not immediately produce anode current flow. The injected
electrons diffuse through the P-base region in a finite time interval referred to as
the base transit time. For the N-P-N transistor, the base transit time is given by:

tt,NPN ¼ W2
P

2Dn
ð8:48Þ

where WP is the thickness of the P-base region. The base transit time for the P-base
region is typically 50 ns. Once the electrons cross the P-base/N-base junction (J2),
they immediately promote the injection of holes from the P+ anode/N-base junction
(J1) in order to preserve charge neutrality in the N-base region. The injection of
carriers at the P+ anode/N-base junction initiates current flow through the device.
Consequently, the anode current begins to flow after a delay time interval which is
equal to the transit time for the N-P-N transistor. The delay time is typically 50 ns in
duration.

After injection from the P+ anode/N-base junction, the holes diffuse through the
N-base region until they are collected at the P-base/N-base junction (J2). The time
taken for this process is the base transit time for the P-N-P transistor as given by:

tt,PNP ¼ WN �WDNð Þ2
2Dp

ð8:49Þ

where WN is the thickness of the N-base region and WDN is the thickness of the
depletion region as shown in Fig. 8.10. The base transit time for the N-base region is
a strong function of the initial anode bias voltage before turning on the thyristor. The
above transit time is the value as limited by the diffusion of holes in the neutral
region under the assumption that the applied anode bias is supported across only the
depletion region. The typical transit time determined by the diffusion process is
50 μs for a thyristor with an N-base region width of 350 μm.

During the turn-on process, a high concentration of holes are injected into the
N-drift region from the P+ anode region, and a high concentration of electrons are
injected into the N-drift region from the N+ cathode region (remote emitter). The
depletion region cannot be sustained under these conditions, and the anode voltage is
distributed throughout the N-base region. The electric field in the conductivity-
modulated N-base region is then determined by the applied anode bias and the
thickness of the N-base region:

ENB ¼ VA

WN
ð8:50Þ

Due to the presence of this electric field, the holes travel through the N-base region at
a drift velocity given by:
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vP ¼ μPENB ¼ μPVA

WN
ð8:51Þ

The transit time for the holes is therefore given by:

tt, PNP ¼ WN

vP
¼ W2

N

μPVA
ð8:52Þ

which is much smaller than the transit time determined by the diffusion process. The
typical transit time determined by the drift process is only 5 ns for a thyristor with an
N-base region width of 350 μm at an anode bias of 500 V.

An analytical model for the increase in the anode current during the turn-on
transient for a one-dimensional thyristor structure can be derived based upon charge
control principles [6]. This analysis takes into consideration the internal feedback
mechanism between the N-P-N and P-N-P transistors within the thyristor structure to
determine the growth of the stored charge within the N-base region and the P-base
region. Due to relatively short time for the turn-on transient when compared with the
lifetime, the recombination within the N-base region and P-base region can be
assumed to be negligible during this analysis.

The increase in the stored electrons within the N-base region (QSN) during the
turn-on process occurs due to the electrons collected at the P-base/N-base junction
(J2). Since these electrons are supplied by the injection from the N+ cathode (emitter
of the N-P-N transistor):

dQSN

dt
¼ αNPNJK tð Þ ð8:53Þ

where JK is the cathode current density.
The increase in the stored holes within the P-base region (QSP) during the turn-on

process occurs due to the holes collected at the P-base/N-base junction (J2) and the
holes supplied by the gate drive current. Since the holes arriving at the P-base/N-
base junction (J2) are supplied by injection from the P+ anode (emitter of the P-N-P
transistor):

dQSP

dt
¼ αPNPJA tð Þ þ JG ð8:54Þ

where JA is the anode current density.
The collector current for the N-P-N transistor is related to the stored charge in its

base region via the transit time:

JC,NPN ¼ αNPNJK tð Þ ¼ QSP

tt,NPN
ð8:55Þ
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where tt,NPN is the transit time for the NPN transistor. Similarly, the collector current
for the P-N-P transistor is related to the stored charge in its base region via the transit
time:

JC,PNP ¼ αPNPJA tð Þ ¼ QSN

tt,PNP
ð8:56Þ

where tt,NPN is the transit time for the NPN transistor.
Combining Eqs. (8.53) and (8.55):

dQSN

dt
¼ QSP

tt,NPN
ð8:57Þ

Taking the first derivative of this equation yields:

d2QSN

dt2
¼ 1

tt,NPN

dQSP

dt
ð8:58Þ

Combining this equation with Eqs. (8.54) and (8.56):

d2QSN

dt2
� QSN

tt,NPNtt, PNP
¼ JG

tt,NPN
ð8:59Þ

The solution for this second order differential equation is:

QSN tð Þ ¼ JGtt,PNP et=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tt,NPNtt,PNP

p � 1
� �

ð8:60Þ

Substituting this expression into Eq. (8.56) yields an equation that describes the
increase in the anode current during the turn-on process:

JA tð Þ ¼ JG
αPNP

et=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tt,NPNtt,PNP

p � 1
� �

ð8:61Þ

Based upon this equation, it can be concluded that the anode current will grow
exponentially with time after the delay phase. The time constant for the rise in anode
current is observed to be the geometric mean of the transit times for the N-P-N and P-
N-P transistors.

The rise-time is defined as the time taken for the anode current density to increase
to the on-state value. Using Eq. (8.61), the rise-time can be obtained:

tR ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tt,NPN:tt,PNP

p
ln

αPNPJA,SS
JG

þ 1

� �
ð8:62Þ

where JA,SS is the steady-state (on-state) anode current density. The rise-time is
determined by the transit times for the internal N-P-N and P-N-P transistors within
the thyristor structure.
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As an example, the rise in the anode current with time is shown in Fig. 8.35 for
the case of a one-dimensional thyristor structure with a P-base region width of 15 μm
and an N-base region width of 360 μm. This thyristor structure is capable of blocking
2000 V in both directions when a lifetime (τp0, τn0) of 10 μs is chosen. The transit
time for the N-P-N transistor is calculated to be 43 ns and that for the P-N-P
transistor is calculated to be 50 μs when limited by the diffusion process. This
holds true for the case of an anode bias of 10 V. In this case, the current reaches
its steady state value with a rise-time of 5.8 μs. However, when the anode voltage is
increased to 100 V, the transit time for the P-N-P transistor is greatly reduced to
26 ns due to the enhanced drift current. Consequently, the rise-time for the anode
current also decreases to only 0.14 μs. A further increase in the anode voltage to
500 V produces a reduction of the rise-time to only 0.07 μs.

Power thyristors are designed with a large active area in order to achieve a high
current handling capability. Once the anode current flow is produced at the edge of
the cathode located near the gate electrode, the current spreads over the rest of the
active area. This is a relatively slow process due to the long distance over which the
current must be distributed. The time taken for the distribution of the current has
been characterized by a spreading velocity. The spreading velocity has been empir-
ically derived to be about 5000 cm/s for typical thyristors [7–10]. As the current
spreads over the active area of the thyristor, the current density decreases producing
a corresponding reduction in the on-state voltage drop. For the case of a resistive
load, the current gradually increases during this time due to the smaller on-state
voltage drop.

Fig. 8.35 Turn-on transient for a one-dimensional thyristor
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Analytical treatment of the current spreading can be performed by assuming that
the process is driven by the diffusion of free carriers from the on-portion of the
thyristor into the off-portion of the structure. If recombination is neglected because
the lifetime is much greater than the turn-on transient time, the time-dependent
diffusion equation for electrons within the N-base region is given by:

∂δn x; tð Þ
∂t

¼ ∂2δn x; tð Þ
∂x2

ð8:63Þ

where δn is the excess electron concentration. The solution for this equation is a
Gaussian distribution:

∂n x; tð Þ ¼ n 0; tð Þ
2

ffiffiffiffiffiffiffiffiffiffi
πDnt

p e�x2=4Dnt ð8:64Þ

with n(0,t), the electron concentration at x ¼ 0, being related to the anode current
density previously derived for the one-dimensional thyristor structure (see
Eq. (8.61).

The current flow through the N-base region (in the y-direction) can be assumed to
be controlled by the drift component as previously discussed for the transit time
analysis. After accounting for high-level injection conditions in the on-portion of the
structure:

JA 0; tð Þ ¼ qμpp 0; tð Þ þ qμnn 0; tð Þ� �
ENB ð8:65Þ

where ENB is the electric field in the conductivity-modulated N-base region. Using
Eq. (8.50) for this electric field and recognizing that the electron and hole concen-
trations are equal due to high-level injection conditions:

n 0; tð Þ ¼ JA tð ÞWN

q μp þ μn
� �

VA
ð8:66Þ

Substituting this expression into Eq. (8.64) with the anode current density given by
Eq. (8.61) yields:

∂n x; tð Þ ¼ JGWN et=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tt,NPNtt,PNP

p � 1
� �

2q μp þ μn
� �

VAαPNP
ffiffiffiffiffiffiffiffiffiffi
πDnt

p e�x2=4Dnt ð8:67Þ

The total electron concentration n(x,t) in the N-base region is then obtained by
adding the doping concentration ND to the above excess electron concentration.

During the turn-on transient, the electron concentration at the edge of the cathode
located in proximity with the gate electrode n(0,t) increases with time due to the
increasing anode current. Concurrently, the electrons diffuse from the on-portion
toward the center of the cathode. An example of the electron distribution in the
N-base region is shown in Fig. 8.36 at various points in time for the case of an anode
bias of 10 V. The on-portion can be observed to expand from the gate electrode
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toward the right-hand side if the on-portion is defined by the electron concentration
exceeding a certain value (e.g., 5 � 1015 cm�3).

The width of the on-portion can be derived from Eq. (8.67) by setting the excess
electron concentration to a fixed value NON at a distance XON, the boundary for the
on-region:

NON ¼ JGWN et=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tt,NPNtt,PNP

p � 1
� �

2q μp þ μn
� �

VAαPNP
ffiffiffiffiffiffiffiffiffiffi
πDnt

p e�X2
ON=4Dnt ð8:68Þ

From this equation:

XON ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Dntð Þ: ln JGWN et=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tt,NPNtt,PNP

p � 1
� �

2qNON μn þ μp
� �

VAαPNP
ffiffiffiffiffiffiffiffiffiffi
πDnt

p
" #vuut ð8:69Þ

It can be observed from Fig. 8.36 that the rate at which the on-region expands is
relatively constant at a value of 100 μm per microsecond (104 cm/s). This value is
comparable to the range of empirical values (4 � 103 to 104 cm/s) reported in the
literature [10].

Simulation Example
In order to gain further insight into the physics of turn-on for the power thyristor, the
results of two-dimensional numerical simulations for the typical structure (described
in the previous section) are discussed here. The total width of the structure, as shown
by the cross section in Fig. 8.17, is 1000 μm (area ¼ 1 � 10�5 cm�2) with a cathode

Fig. 8.36 Electron distribution during the turn-on transient for a two-dimensional thyristor
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finger width of 980 μm. In order to turn on the thyristor, the gate drive current was
abruptly increased from 0 to 2� 10�6 A/micron (0.2 A/cm2), while the anode voltage
was maintained fixed with a load resistance in series with the thyristor structure.

The turn-on characteristics for the thyristor structure are shown in Fig. 8.37 for
three values of the anode bias. The load resistance was altered for each case to obtain
the same anode current density (100 A/cm2) after the thyristor is in the on-state. In all
cases, there is a short delay time of about 50 ns, which is consistent with the delay
time computed by using Eq. (8.48) for the base transit time of the N-P-N transistor.
The anode current then increases exponentially with time as described by the
analytical equation [8.61]. For the case of an anode bias of 10 V, the anode current
approaches 90% of its steady-state value after about 5 μs. This behavior is consistent
with the analytical model for turn-on based upon the diffusion of carriers through the
N-base region. When the anode bias is increased to 100 and 500 V, the anode current
density increases much more rapidly. This behavior is consistent with the analytical
model for turn-on based upon the drift of carriers through the N-base region. In all
cases, a gradual increase in the anode current density is also observed at the end of
the turn-on transient due to the current spreading phenomenon. The time span for
this transient is relatively independent of the anode bias voltage.

The current spreading phenomenon can be examined by observing the current
distribution within the thyristor structure during various time intervals of the turn-on
process as shown in Fig. 8.38. It can be observed that the current initially increases at
the edge of the cathode near the gate contact. The current density peaks at 3 μs. After
this time, the current density decreases as the on-region expands over the cathode.
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In the steady-state (SS) case, the current density becomes relatively uniform at
100 A/cm2 with the exception of the region close to the cathode short. A “dead
zone” of about 100 μm occurs around the cathode short as discussed in Sect. 8.2.4.

The electron carrier distribution in the N-base region is shown in Fig. 8.39 during
various instances of the turn-on transient. It can be observed that the electron
concentration increases in the vicinity of the gate electrode and also spreads toward
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the center of the cathode as time progresses. This behavior is qualitatively similar to
that shown in Fig. 8.36 for the diffusion of electrons using the analytical model.
Based upon the increasing width of the conductivity-modulated region, a spreading
velocity ranging between 1.0 and 1.5 � 104 cm/s can be extracted from the plot. It
can be concluded that the analytical model provides a good estimate for the current
spreading within the thyristor during the turn-on process.

8.4.2 Gate Design

The turn-on of thyristors first occurs at the edges of the gate electrode and then
spreads throughout the cathode area as discussed in the previous section. When the
anode current increases rapidly (i.e., with a high dIA/dt), the current density at the
edges of the gate becomes large. In conjunction with the high anode voltage during
the initial stages of the turn-on process, this produces high local power dissipation
which can produce destructive failure. This problem can be solved by increasing the
gate periphery to distribute the area over which the turn-on occurs. A larger gate
current is required to turn on the thyristor as the gate periphery is made larger.

Two examples for the gate design for power thyristors are illustrated in Fig. 8.40.
The “spoke” gate design shown in Fig. 8.40a extends the gate electrode metal from
the central gate wire bonding pad toward the edges of the wafer. This allows
simultaneous turn-on of parts of the thyristor that are located at the center of the
wafer and at the circumference of the wafer. An even better design, called the
involute structure, is shown in Fig. 8.40b. An involute pattern is generated when a
string is tightly unwound from the edges of a cylinder. If two involutes are unwound
from a cylinder of radius “r” with an angular displacement “θ,” it can be shown that
all points between them will be equidistant with a spacing of “(r.θ).” Consequently,
all portions of the cathode within the thyristor will operate in a similar manner.
The involute design greatly increases the gate periphery enabling improvement of

Fig. 8.40 Typical gate designs for thyristors
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the [dI/dt] capability of the thyristor. However, the gate drive current must be
proportionally increased when turning on the structure. The involute design is
utilized for thyristors used in invertor circuits operated at relatively high frequencies.

8.4.3 Amplifying Gate Design

Thyristors with extended gate designs require substantial gate drive current due to
the large periphery for the gate electrode. The gate drive current can be reduced by
first turning on a small portion of the thyristor located around the gate electrode
(called the amplifying gate thyristor) and using its cathode current to serve as the
gate drive current for the rest of the (main) thyristor [11]. A top view and cross
section of the amplifying gate thyristor structure are illustrated in Fig. 8.41.
The amplifying gate region surrounds the gate contact pad located at the center of
the circular device. The gate extensions discussed in the previous section can be
attached to the amplifying gate thyristor cathode metal to improve the [dI/dt]
capability. Note that the metal electrode for the amplifying gate region overlaps

Fig. 8.41 The amplifying
gate thyristor structure
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the N+ cathode/P-base junction at its edge located away from the gate electrode and
the electrode for the amplifying gate region is not connected to either the gate or
cathode terminals of the thyristor structure.

An equivalent circuit for the amplifying gate thyristor structure is provided in
Fig. 8.42. It consists of the main thyristor on the right-hand side and the amplifying
gate thyristor on the left-hand side. The resistances within the P-base region under
the cathodes for the two thyristors are also shown in the figures. These resistances
shunt the N+ cathode/P-base junctions for both these thyristors. The gate current (IG),
applied to turn on the thyristor, flows from the gate contact to the first row of emitter
shorts within the main thyristor. This is illustrated by the green line labeled IG in
Fig. 8.42 and the cross section of the structure in the lower portion of Fig. 8.41.
When the gate current flows through the resistances indicated in the figures, a
positive voltage is induced within the P-base region toward the gate side in relation
to the cathode potential. This produces a forward bias across the N+ cathode/P-base
junctions for both these thyristors. With appropriate design of the device geometry,
as discussed below, the forward bias across the N+ cathode/P-base junction of the
amplifying gate thyristor can be made larger than that for the main thyristor.
Consequently, the amplifying gate thyristor can be triggered into its on-state prior
to the turn-on of the main thyristor. Since the cathode electrode for the amplifying
gate thyristor is connected to the P-base region, its cathode current is forced to flow
into the cathode shorts for the main thyristor as shown by red lines labeled IAG in
both figures. This current then serves as the gate drive current for the main thyristor.
Most of the gate drive current for the main thyristor is therefore derived from the
anode circuit via the amplifying gate thyristor.

The analysis of the geometrical design for the amplifying gate thyristor structure
can be performed for the circular geometry shown in Fig. 8.41 by using cylindrical
coordinates as indicated in the lower portion of the figure. The radii that define the
boundaries for the N+ cathode regions are provided in the figure. The resistance of
the P-base region under the N+ cathode regions can be analyzed by considering a
small segment at a radius “r.” The resistance of this segment is given by:

Fig. 8.42 Circuit
representation for the
amplifying gate thyristor
structure
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dRB ¼ ρPBdr

2πrWP
¼ ρS,PB

2π
dr

r
ð8:70Þ

where ρS,PB is the sheet resistance of the P-base region obtained by taking the ratio of
the resistivity (ρPB) of the P-base region and its thickness (WP) under the N

+ cathode
region.

The resistance of the P-base region under the N+ cathode region of the amplifying
gate thyristor is obtained by integration of the above resistance between the radii that
define its edges:

RBA ¼
ðrSA
rKA

dRB ¼ ρS,PB
2π

ln
rSA
rKA

� �
ð8:71Þ

In the same manner, the resistance of the P-base region under the N+ cathode region
of the main thyristor is obtained by integration of the incremental resistance between
the radii that define its edges:

RBM ¼
ðrSM
rKM

dRB ¼ ρS,PB
2π

ln
rSM
rKM

� �
ð8:72Þ

The design criterion for the amplifying gate thyristor requires making the resistance
RBA greater than the resistance RBM so that the amplifying gate thyristor will be
triggered by the applied gate current prior to the turn-on of the main thyristor. Based
upon the above equations for these resistances, this can be achieved by making:

rSA
rKA

>
rSM
rKM

ð8:73Þ

It was previously shown (see Sect. 8.3.2) that the gate triggering current for the
thyristor structure is determined by the cathode shorting geometry. This is not
applicable for the amplifying gate thyristor structure. Instead, the gate triggering
current for the amplifying gate thyristor structure is determined by the dimensions of
the amplifying gate region. Using the criterion that the amplifying gate thyristor
turns on when its N+ cathode/P-base junction is forward biased by the junction built-
in potential when the gate current flows through the resistance RBA, the gate
triggering current is given by:

IGT ¼ 2πVbi

ρS,PB ln rSA=rKAð Þ ð8:74Þ

For a typical thyristor structure, the sheet resistance of the P-base region is about
500 Ω/sq. A gate drive current of 10 mA can be achieved for this thyristor by
utilizing a ratio (rSA/rKA) of 1.11 based upon a built-in potential of 0.8 V. The gate
electrode pad in the center of the thyristor is typically designed with a radius of
0.25 cm to allow connection of the gate wire. An inner radius (rKA) of 0.5 cm with an
outer radius (rSA) of 0.55 cm for the N+ cathode region of the amplifying gate
thyristor satisfies the design requirements in this case.
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8.4.4 [dV/dt] Capability

A high rate of change of the anode voltage commonly occurs during circuit operation
due to the high operating voltages in thyristor applications. The rapid change in the
anode voltage produces a displacement current at the reverse-biased P-base/N-base
junction during operation in the first quadrant. The transport of the displacement
current within the P-base region acts like a gate drive current. As the rate of change
in anode voltage is increased, the displacement current can be sufficient to trigger the
thyristor into the on-state without an external gate drive current. This disruption of
circuit operation can lead to destructive failure of the thyristor due to enhanced duty
cycles.

The maximum rate of change of the anode voltage that can be tolerated by the
thyristor before turning on is determined by the design of the cathode shorting
geometry. The analysis of the maximum [dV/dt] capability is performed in this
section by taking into account a linear cathode shorting arrangement as illustrated
in Fig. 8.43. A uniform displacement current density (JD) is produced across the
reverse blocking junction J2 by the increasing anode voltage. The displacement
current density changes with increasing anode voltage due to a reduction of the
junction capacitance.

The current flow pattern illustrated in Fig. 8.43 is identical to that analyzed
previously for the leakage current flow in the thyristor (see Fig. 8.17). As long as
the thyristor remains in its forward blocking mode, the displacement current col-
lected across junction J2 flows into the cathode short (location B in the figure) as
shown by the large green arrow. When the displacement current flows through the
resistance (RBS) of the P-base region, it forward biases the junction J1 at the center of
the N+ cathode (location A in the figure). Injection of electrons is initiated at location

Fig. 8.43 Displacement
current flow within the
thyristor structure
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Awhen the forward bias is equal to the built-in potential for junction J1. This triggers
the thyristor into its on-state.

The displacement current that will trigger the thyristor into its on-state can be
derived by using the procedure provided in Sect. 8.2.4:

JD,Max ¼ 8Vbi

ρSBW
2
KS

ð8:75Þ

The displacement current density is related to the junction capacitance:

JD ¼ CJ
dV

dt

	 

ð8:76Þ

Combining the above equations, a relationship for the maximum [dV/dt] capability is
obtained:

dV

dt

	 

Max

¼ 8Vbi

CJρSBW
2
KS

ð8:77Þ

The junction capacitance is dependent upon the anode voltage:

CJ ¼ εS
WDN

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qεSND

2 VA þ Vbið Þ

s
ð8:78Þ

under the assumption that most of the applied anode voltage (VA) is supported within
a depletion region of width WDN in the N-base region. Using this expression in
Eq. (8.77):

dV

dt

	 

Max

¼ 8Vbi

ρSBW
2
KS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 VA þ Vbið Þ

qεSND

s
ð8:79Þ

Based upon this equation, it can be concluded that the [dV/dt] capability can be
improved by reducing the sheet resistance of the P-base region and making the
distance between the cathode shorts smaller. This is in conflict with obtaining low
holding and gate drive currents. Note that the [dV/dt] capability degrades due to an
increase in the junction capacitance when the anode voltage is reduced, as well as
when the device temperature increases due to a reduction of the built-in potential and
an increase in the sheet resistance of the P-base region.

In the case of phase control operation as illustrated in Fig. 8.6, the anode voltage
is given by:

v tð Þ ¼ VM sin 2πf tð Þ ð8:80Þ
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where VM is the maximum value for the sinusoidal voltage applied to the anode. The
maximum rate of change in the sinusoidal voltage, obtained by taking the first
derivative of the voltage waveform, occurs at t ¼ 0:

dV

dt

	 

Max

¼ 2πf VM ð8:81Þ

The maximum frequency of operation before loss of gate control is then given by:

fMax ¼
dV=dt½ �Max

2πVM
ð8:82Þ

Combining this relationship with Eq. (8.79), while recognizing that the maximum
rate of change in the anode voltage occurs when the anode voltage crosses zero,
yields:

fMax ¼
1

πVMρSBW
2
KS

ffiffiffiffiffiffiffiffiffiffiffiffiffi
32V3

bi

qεSND

s
ð8:83Þ

The [dV/dt] capability computed by using Eq. (8.79), for a thyristor with a P-base
sheet resistance of 350 Ω/sq. and an N-base doping concentration of 5 � 1013 cm�3,
is plotted in Fig. 8.44 for three cases of the anode voltage. As expected the lowest
[dV/dt] capability occurs when the anode voltage is assumed to be zero. For the case

Fig. 8.44 Impact of anode voltage on [dV/dt] capability for a typical thyristor
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of a cathode width of 1000 μm, the [dV/dt] capability predicted by the analytical
solution is about 1000 V/μs. This is a typical value for high-voltage thyristor designs.

The [dV/dt] capability for thyristors degrades with increasing temperature as
discussed earlier. As an example, the [dV/dt] computed by using Eq. (8.79), for a
thyristor with a P-base sheet resistance of 350 Ω/sq. at 300 �K and an N-base doping
concentration of 5 � 1013 cm�3, is plotted in Fig. 8.45 at three temperatures. For the
case of a cathode width of 1000 μm, the [dV/dt] capability predicted by the analytical
solution is reduced from about 1000 V/μs at room temperature to 150 V/μs at
500 �K. It is therefore important to ensure adequate [dV/dt] capability for thyristors
at elevated temperatures after taking into account self-heating during operation.

The maximum operating frequency, limited by the [dV/dt] capability of the
thyristor, computed by using Eq. (8.83) is shown in Fig. 8.46 for the case of three
doping concentrations in the N-base region. For the case of an N+ cathode width of
1000 μm, the maximum operating frequency is indicated to be in excess of 20 kHz.
However, thyristors are not capable of operating at such high frequencies because of
the relatively slow reverse recovery process. The reverse recovery process was
illustrated in Fig. 8.6 for a thyristor operating at 60 Hz. In this case, the reverse
recovery transient is completed during the second half cycle well before the anode
voltage reverts to a positive value. The stored charge produced during on-state
operation can then be assumed to be completely eliminated before the application
of the high [dV/dt] at the end of the period.

The impact of the reverse recovery process on the [dV/dt] capability is illustrated
in Fig. 8.47 for the case of operation at 2 kHz. The minority carrier lifetime used to

Fig. 8.45 Impact of temperature on [dV/dt] capability for a typical thyristor
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Fig. 8.46 Maximum operating frequency for a typical thyristor structure

Fig. 8.47 Reverse recovery during high-frequency operation of a thyristor
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generate the current waveform is 100 μs which is typical for a high-voltage thyristor
designed with low on-state voltage drop. It can be observed that the reverse recovery
transient is not completed at the end of the first period (t ¼ 500 μs). Consequently, a
substantial amount of stored charge is still remnant in the N-base region when the
anode voltage becomes positive with a high [dV/dt] at the start of the second period.
A large current is generated in the P-base region as a result of the extraction of the
stored charge via junction J2. This current is sufficient to trigger the thyristor into its
on-state as illustrated in the figure by the red line.

The reverse recovery process typically occurs over a time interval of three times
the high-level recombination lifetime (τHL). To prevent [dV/dt]-induced turn-on of
the thyristor, it is desirable for the reverse recovery transient to be completed within
one-quarter of the time period. Using these criteria, the maximum operating fre-
quency is given by:

fMax ¼
1

12τHL
ð8:84Þ

The maximum operating frequency limited by the reverse recovery process is plotted
in Fig. 8.48. Thyristors designed for operation at above 2000 V require high-level
lifetime in the range of 100 μs. This limits their operating frequency to below 1 kHz.

Simulation Example
In order to gain further insight into the physics of turn-on for the power thyristor due
to a rapid rate of change in the anode voltage, the results of two-dimensional
numerical simulations for the typical structure (described in the previous sections)

Fig. 8.48 Reverse recovery limited maximum operating frequency for a typical thyristor
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are discussed here. The total width of the structure used for the numerical simula-
tions, which is twice the width of the cross-section in Fig. 8.43, was 1000 μm
(Area ¼ 1 � 10�5 cm�2) with a cathode finger width (WKS) of 980 μm between the
cathode shorts.

The anode voltage was changed from zero to 1000 V at various time intervals
with a load resistance in series with the thyristor structure. The turn-on transients for
the thyristor structure are shown in Fig. 8.49. It can be observed that the thyristor
does not turn on for the cases of [dV/dt] up to 1000 V/μs. An initial anode current
flow is observed due to the displacement current, but this is insufficient to trigger the
thyristor into the on-state. However, when the [dV/dt] exceeds 1000 V/μs, the
thyristor turns on and operates in the on-state with a current density of 100 A/cm2.
The prediction of the analytical model (see Fig. 8.44 for a cathode width of 980 μm)
is consistent with the observed maximum [dV/dt] capability of 1000 V/μs obtained
in the numerical simulations.

The current distribution within the thyristor structure is shown in Fig. 8.50 when
it is turned on by the applied [dV/dt] to the anode electrode. The time instances
corresponding to these plots are indicated in Fig. 8.49 by the dots. At t ¼ 55 ns, the
current flow is due to the displacement current. Subsequently, the thyristor turns on
at the middle of the cathode as assumed in the analytical model. This produces an
increase in the current density at the middle of the cathode as shown by the cases of
t ¼ 89 ns and t ¼ 140 ns. Eventually, the entire cathode carries the current with a
reduced current density at the cathode shorts. The results observed from the numer-
ical simulations validate the approach used to develop the analytical solution for the
[dV/dt] capability for thyristors.
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8.4.5 Turn-Off Process

Thyristors are most commonly used in phase control circuits to regulate the power
delivered from a sinusoidal AC voltage source to the load. The typical waveforms for
the voltage and current in a phase control circuit were previously shown in Fig. 8.6. In
that figure, it can be observed that the anode current switches off during the second
half of the cycle when the anode voltage changes from positive to negative polarity.
The anode current continues to flow in the reverse direction when the anode voltage
crosses zero with an approximately constant rate of change (or constant [di/dt]) until
the P+ anode/N-base junction is able to support voltage. The anode current decreases
to zero in an exponential manner once this junction becomes reverse biased. This
behavior is similar to the reverse recovery process discussed in Chap. 5 for the P-i-N
power rectifier. Analysis of the turn-off time for the thyristor can therefore be
performed by using the analysis described for the P-i-N rectifier.

Simulation Example
The results of two-dimensional numerical simulations for the typical structure
(described in the previous sections) are discussed here to gain further insight into
the physics of turn-off for the power thyristor under a constant [di/dt]. The total
width of the structure used for the numerical simulations was 1000 μm (Area ¼ 1 �
10�5 cm�2) with a cathode finger width of 980 μm between the gate contact and
cathode short. The thyristor was switched from on-state operation at a current
density of 100 A/cm2 with a constant [di/dt] (rate of 150 A/cm2 in 10 μs). This
reverse current ramp rate was applied until the anode voltage reached �1000 V. The
anode voltage was then held constant allowing the anode current to decay to zero.
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The anode current and voltage waveforms for the thyristor are shown in Fig. 8.51.
These waveforms are very similar to those exhibited by the P-i-N rectifier (see Chap. 5
for the non-punch-through case). The anode current flows in the reverse direction until
the anode voltage becomes equal to the reverse bias voltage and then decreases
exponentially to zero. These waveforms confirm that the thyristor structure can be
analyzed by using the reverse recovery analysis previously discussed in Chap. 5 for the
P-i-N rectifier. The reverse recovery process requires a total time interval of about 20 μs
for the baseline simulation structure with a lifetime (τp0, τn0) of 10 μs.

The free carrier distribution within the thyristor structure provides further insight
into the turn-off process. This information is shown in Fig. 8.52 at various points in
time during the turn-off transient which are indicated by the dots in Fig. 8.51. The
initial on-state carrier distribution has the expected catenary shape. The carrier
distribution is relatively flat at time t ¼ 6.6 μs because the anode current is crossing
zero at this time (time t1 in Fig. 8.51). The carrier concentration at the P+ anode/N-
base junction becomes equal to zero at t ¼ 9 μs. The thyristor begins to support a
reverse voltage after this time (t2) as observed in Fig. 8.51. It can be observed that a
depletion region forms at the P+ anode/N-base junction allowing the thyristor to
support an increasing voltage with time. The thyristor voltage reaches the supply
voltage of 1000 V at time t ¼ 10.8 μs as observed in Fig. 8.51. This voltage is
supported across a space-charge region of about 100 μm in size.

The remaining free carriers are removed by a combination of the recombination
process and the reverse current flow after the anode voltage reaches the supply
voltage. This is shown in Fig. 8.53. Note that the space-charge region expands
slightly during this time interval. The space-charge region width is determined by the
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sum of the donor charge and the holes transported through the drift region. The hole
density in the space-charge region decreases as the anode current decays to zero. The
resulting reduction of the charge in the drift region produces a small expansion of its
width with time.

6.6SS

8.2

9.4
10.8

H
ol

e 
C

ar
rie

r C
on

ce
nt

ra
tio

n 
(1

017
 c

m
-3

)

0 400
Distance (microns)

100 300

1.5

Time (microseconds)

200

1.0

0.5

0

9.0

10.3

P+ Anode/N-Base
Junction

Fig. 8.52 Free carrier
distribution within the
thyristor structure with
constant [di/dt] applied to
the anode during reverse
recovery

15.8

10.8

H
ol

e 
C

ar
rie

r C
on

ce
nt

ra
tio

n 
 (1

017
 c

m
-3

)

0 400
Distance (microns)

100 300

1.5

Time (microseconds)

200

1.0

0.5

0

14.0
11.5

P+ Anode/N-Base
Junction

Fig. 8.53 Free carrier
distribution within the
thyristor structure with
constant [di/dt] applied to
the anode during reverse
recovery

8.4 Switching Characteristics 701



8.5 Light-Activated Thyristors

In high-power transmission and distribution systems, the system operating voltages
are extremely large (typically more than 100,000 V). The maximum blocking
voltage capability for silicon thyristors falls far below these voltage levels. Conse-
quently, it is necessary to connect a large number of thyristors in series to hold off the
operating voltage. A technical difficulty encountered with this arrangement is the
large potential difference between the gate electrodes for the devices. Until the
1970s, the only available approach was to use transformers to deliver the gate control
signal to each thyristor with a local power source to supply the gate turn-on current.
More elegant approaches began with the implementation of indirect optical trigger-
ing of thyristors by using optical fibers to deliver the signal to local power sources for
turning on the device [12]. Subsequently, light-activated thyristor structures were
developed that enabled their turn-on directly by the optical signal delivered from the
fiber optical cable [11, 13].

The basic concept for the light-activated thyristor structure is based upon the
generation of the gate triggering current within the structure by creating electron-
hole pairs with an optical source. For a silicon thyristor, the available GaAs/GaAlAs
heterojunction lasers are appropriate because their emission wavelengths (820–900
nm) allow the radiation to penetrate to depths of 10–50 μm into the silicon structure.
The electron-hole pairs can then be generated within the depletion region of the
reverse-biased P-base/N-base junction during the forward blocking mode of opera-
tion. The lasers also provide sufficiently high power levels for efficient coupling to
optical fibers and have short optical delay times.

8.5.1 [dI/dt] Capability

The main difficulty encountered with the development of light-activated thyristors
has been to achieve the triggering of the thyristor with the small power levels
generated by the optical signal while retaining a good [di/dt] and [dV/dt] capability.
Using Eq. (8.61) developed in Sect. 8.4.1 for the increase in anode current during the
turn-on transient, the rate of change in the anode current is given by:

dJA
dt

¼ JG
αPNP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tt,NPNtt,PNP

p et=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tt,NPNtt,PNP

p ð8:85Þ

Based upon this expression, it can be concluded that the [di/dt] capability will be
compromised if the gate current density is reduced. Fortunately, the direct optical
triggering of thyristors can be integrated with the amplifying gate concept to achieve
an acceptable [di/dt] capability.

A top view and cross section of a light-activated structure containing an amplify-
ing gate region are illustrated in Fig. 8.54. Unlike the conventional thyristor structure
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with amplifying gate region, the light-activated structure has a window in the
metallization for the central gate region. The gate metal is used to form a cathode
short across its N+ cathode/P-base junction on the outer periphery. An optical fiber is
brought through the package and located above the window in the gate metallization
in the center of the device. The optical gate signal creates a photon flux (ϕO), indicated
by the downward vertical arrow in the figure, within the gate region. The photon flux
generates electron-hole pairs within the semiconductor which creates a current
density (JO) within the gate region. This current flows to the cathode short formed
in the main cathode region as indicated by the green line. The optically generated
current produces a forward bias across the N+ cathode/P-base junction of the gate
region at its center. With appropriate gate design, the forward bias voltage can be
made sufficiently high to initiate the injection of electrons from the N+ cathode of the
gate region into the P-base region causing latch-up of the thyristor formed in the gate
region. The current (IG) in this thyristor flows, as shown by the red line in the figure, to
the cathode short formed in the main cathode region. This current turns on the
amplifying gate thyristor which then turns on the main thyristor. With appropriate
design of the amplifying gate structure, the light-activated thyristor can be turned on
with a high rate of increase [di/dt] of the anode current.

Fig. 8.54 The light-
activated thyristor structure

8.5 Light-Activated Thyristors 703



8.5.2 Gate Region Design

The design of the light-activated thyristor requires that the photon-induced current is
sufficient to turn on the thyristor in the gate region but not the thyristor within the
amplifying gate structure [11]. The optically induced gate current flows through the
P-base region after it is collected across the P-base/N-base junction. The lateral
current flowing through the P-base region at a radius “r” from the center, shown in
Fig. 8.54, is given by:

IPB rð Þ ¼ πr2JO ð8:86Þ
where JO is the optically induced current density being collected by the P-base/N-
base junction. The voltage drop produced across a narrow segment “dr” by this
current is given by:

dVPB rð Þ ¼ IPB rð ÞdR rð Þ ð8:87Þ
The resistance of the segment dR(r) is given by:

dR rð Þ ¼ ρS,PB
2πr

dr ð8:88Þ

where ρS,PB is the sheet resistance of the P-base region under the N+ cathode.
Combining the above equations:

dVPB rð Þ ¼ JOρS,PB
2

r dr ð8:89Þ

The forward bias across the N+ cathode/P-base junction due to the optically induced
gate current can be obtained by integration of the above voltage to the location (rSG)
of the cathode short in the gate region:

VA ¼
ðrSG
0

JO ρS,PB
2

r dr ¼ JO ρS,PB r
2
SG

4
ð8:90Þ

The thyristor within the gate region gets triggered into its on-state when the
voltage drop becomes equal to the built-in junction potential. The radius rSG can be
designed using this criterion in the above equation:

rSG ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Vbi

J0 ρS,PB

s
ð8:91Þ

For a typical high-voltage thyristor with a sheet resistance of 500Ω/sq. for the P-base
region under the cathode, a design with radius (rSG) of 0.25 cm will allow triggering
the thyristor in the gate region if the optically induced current density is assumed to
be 0.1 A/cm2. This level of optically induced current can be derived from a light
pulse provided by a laser and delivered using an optical fiber as discussed below.
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8.5.3 Optically Generated Current Density

The optically induced current density can be obtained based upon the analysis of the
gate region with a uniform incident photon flux per unit area (ϕO) as shown in
Fig. 8.55. In the analysis, it will be assumed that the surface of the silicon has a thin
anti-reflection coating such that the reflection coefficient is reduced to zero. If the
incident photons have energy (hν) that exceeds the bandgap for silicon (1.11 eV),
they will create electron-hole pairs in the semiconductor. The electron-hole pair
generation rate is given by [14]:

G yð Þ ¼ ϕ0 αe
�αy ð8:92Þ

where α is the absorption coefficient at the wavelength of the optical signal. An
exponential decay in the generation rate occurs with the depth in the silicon due to
the absorption of photons as shown in the lower portion of the figure. The absorption
coefficient (α) for silicon at a typical wavelength of 0.85 μm for the GaAs/GaAlAs
heterojunction lasers is 800 cm�1. This corresponds to a characteristic decay length
(1/α) of 12.5 μm for the generation rate.

The electron-hole pairs that are generated by the optical stimulus are collected by
the reverse-biased P-base/N-base junction (J2) due to both the drift process within
the depletion region and the diffusion process in the neutral regions adjacent to the
depletion region. The depletion region width (WDN) for light-activated thyristors is
large because they are designed to operate at high voltages. Consequently, it can be
assumed that most of the optically induced current is created by the electron-hole
pairs generated within the depletion region. The current produced by the optical
stimulus is then given by:

Fig. 8.55 Optically induced current in the gate region of the light-activated thyristor

8.5 Light-Activated Thyristors 705



JO ¼ q

ð WDNþXJ,PBð Þ
XJ,PB

G yð Þdy ð8:93Þ

The depletion region width within the P-base region has been neglected when
writing this equation. Performing the integration after using Eq. (8.92) yields:

JO ¼ qϕ0 e
�αXJ,PB 1� e�αWDN

� � ð8:94Þ
The depletion layer width (WDN) is usually much larger than the reciprocal of the
absorption coefficient for high-voltage thyristors. Under this assumption:

JO ¼ qϕ0 e
�αXJ,PB ð8:95Þ

The incident photon flux per unit area can also be related to the incident optical
power per unit area (P0) delivered via the optical fiber:

ϕ0 ¼
P0 λ μmð Þ
1:24

ð8:96Þ

where the wavelength (λ) of the optical signal is in microns. The incident photon flux
density is equal to 0.685 times the incident optical power density in the case of a
typical wavelength of 0.85 μm for the GaAs/GaAlAs heterojunction lasers. The
optically generated current density (JO) is calculated to be about 0.1 A/cm

2 by using
these equations for a thyristor structure with a P-base junction depth of 25 μm
operated with a GaAs/GaAlAs heterojunction laser. This value was therefore utilized
when designing the gate region of the light-activated thyristor.

8.5.4 Amplifying Gate Design

The above design of the light-activated thyristor is based upon the assumption that
the optically induced current is sufficiently large to turn on the thyristor incorporated
within the gate region but not the thyristor located within the amplifying gate region.
This can be achieved by proper design of the gate structure as discussed here.

The entire optically induced current generated in the gate region flows through
the P-base region of the amplifying gate structure as shown by the green line in
Fig. 8.54. This current flow produces a forward bias (VAG) across the N

+ cathode/P-
base junction of the thyristor within the amplifying gate structure. It is necessary to
ensure that this current flow will not directly trigger the amplifying gate structure
because the available optically induced gate current is small resulting in a low [di/dt]
capability. It is preferable to trigger the amplifying gate structure with the current
derived from triggering the thyristor located within the gate region.

The optically induced current flowing through the P-base region of the amplifying
gate structure is given by:
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IGO ¼ π r2SG JO ð8:97Þ
When this current flows through the resistance (RBA) of the P-base region (see
Eq. 8.71), it produces a forward bias across the N+ cathode/P-base junction of the
thyristor within the amplifying gate structure given by:

VAG ¼ IGORBA ¼ JO ρS,PB
2

r2SG ln
rSA
rKA

� �
ð8:98Þ

For the typical design for the amplifying gate structure in Sect. 8.4.3 with a ratio
(rSA/rKA) of 1.11 and using an optically induced current density of 0.1 A/cm

2 with a
P-base sheet resistance of 500Ω/sq., a forward bias of less than 0.2 V is produced for
the case of a gate region with a radius (rSG) of 0.25 cm. This amplifying gate design
is therefore compatible with the gate structure for optical triggering of the thyristor.

8.6 Self-Protected Thyristors

Thyristors are used in power circuits with large energy delivered to the load. The
thyristor may be subjected to destructive failure modes under adverse circuit oper-
ating conditions. One such adverse operating condition occurs when the anode
voltage for the thyristor becomes much larger than the nominal supply voltage due
to switching high anode current through stray inductances in series with the device.
Even though this event may be short-lived, the voltage can exceed the breakdown
voltage of the thyristor leading to a high local current at its edge termination. This
can produce sufficient local power dissipation to produce destructive failure of the
thyristor. It is therefore preferable to create a structure within the thyristor during its
design such that the device turns on in the gate area under these transient high-
voltage conditions [15]. The thyristor recovers to its normal mode of operation under
gate control after one AC cycle allowing operation without destructive failure.

Another failure mode identified for thyristors is turn-on by a rapid change in the
anode voltage above its rated [dV/dt] capability. Under these conditions, it is again
preferable that the thyristor gets turned on in the gate area rather than at a random
location under the cathode electrode. Turn-on in the gate area allows utilization of
the amplifying gate structure to spread the turn-on area to reduce local power
dissipation and prevent destructive failure.

8.6.1 Forward Breakdown Protection

The protection of a thyristor structure against failure when the anode voltage exceeds
its rated blocking voltage capability is referred to as forward breakover protection.
The term breakover refers to the reduction of the anode voltage with increasing
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anode current when the thyristor latches up. The basic approach used to achieve this
function is to ensure that the thyristor will turn on in the gate region when the anode
voltage exceeds its rated forward blocking capability instead of at a random location
at its edge termination.

A thyristor structure that provides forward breakover protection is shown in
Fig. 8.56. This structure is similar to the thyristor structure with an amplifying
gate region with the gate region altered to recess the gate contact and incorporate a P
+ region under the contact. The trench depth used to recess the gate contact and the P
+ diffusion junction depth are chosen such that the doping concentration of the
P-base region is large under the gate contact within the depletion region formed in
the P-base region as illustrated in the figure. The larger doping concentration
enhances the electric field locally under the gate region when the thyristor is in its
forward blocking mode as illustrated in the figure on the right-hand side. The
enhanced electric field (EM,A) at location A produces greater impact ionization
than for the rest of the blocking junction. The breakdown-induced local current
(IBV) flows to the cathode short under the main cathode electrode as shown by the
green line in the figure under the assumption that the gate electrode is open circuited
by the external gate drive circuit. This current acts as the gate drive current for
turning on the amplifying gate thyristor because it flows through the resistance RBA.
When the amplifying gate thyristor turns on, its current (IAG) flows through the
resistance RBM turning on the main thyristor. Consequently, the thyristor design
shown in the figure ensures turning on the device at the gate electrode for anode
voltages above its rated forward blocking voltage capability in the same manner as
turning on the thyristor with the application of a gate drive signal. This ensures turn-
on without destructive failure.

Fig. 8.56 Protection of the thyristor against anode voltages above the blocking voltage rating
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In order for the above self-protection scheme to work, it is necessary to make sure
that the breakdown will occur in the gate region. This can be achieved through the
proper choice of the depth of the trench etched in the gate region and the depth of the
P+ region under the gate contact. The relatively large dimensions for the junction
depth of the P-base region and the depletion region extension in the P-base region
provide latitude while processing the trench in the gate region.

Simulation Example
The results of two-dimensional numerical simulations for a self-protected thyristor
structure are discussed here to gain insight into the design. The device structure used
was the same as the baseline thyristor structure discussed in previous sections with
the addition of a trench and P+ region under the gate contact. The depth of the P+

diffusion was maintained at 5 μm, and the depth of the trench in the gate region was
varied. The total width of the structure used for the numerical simulations was 1000
μm (Area¼ 1� 10�5 cm�2) with a cathode finger width of 980 μm between the gate
contact and cathode short.

The breakover phenomenon was initiated by increasing the anode voltage while
maintaining an open circuit at the gate terminal. The resulting i-v characteristics are
shown in Fig. 8.57 for various cases of the depth of the trench under the gate
electrode. The breakdown behavior for the baseline thyristor structure without the
self-protection feature is included in the figure for comparison. It can be observed
that the breakdown voltage is reduced in the presence of the self-protection region.
With a trench depth of 20 μm, the breakdown voltage is reduced to 2000 V in
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comparison with 2300 V for the unprotected structure. The breakdown-induced
current can be used to trigger the thyristor by incorporation of the amplifying gate
structure. When the trench depth is increased to 25 μm, the breakdown voltage is
further reduced to 1650 V. Consequently, the depth of the trench under the gate
contact can be adjusted to obtain the desired breakdown voltage with the breakdown
current being located under the gate contact

The enhancement in the electric field under the gate contact of the self-protected
thyristor structure can be observed in Fig. 8.58. The three-dimensional view of the
electric field distribution in the vicinity of the gate contact is taken at an anode bias of
1500 V. It can be observed that the electric field under the gate contact is enhanced
by a factor of about 1.5 times when compared with the electric field at the P-base/N-
base junction under the cathode region of the main thyristor. The electric field
enhancement occurs due to the introduction of a high doping concentration on the
P-side of the junction. This localized increase in the electric field is sufficient to
reduce the breakdown voltage under the gate contact. The current flow induced by
the breakdown under the gate contact flows through the P-base region to the cathode
short located at the x ¼ 1000 μm. This current can be utilized to turn on the thyristor
by incorporation of an amplifying gate structure. A larger enhancement of the
electric field can be obtained by increasing the depth of the trench formed under
the gate contact because this adds more P-type doping concentration at the junction
formed under the gate contact.
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8.6.2 [dV/dt] Turn-On Protection

The turn-on of the thyristor under a rapid change in the anode voltage was previously
discussed in Sect. 8.4.4. The design criterion for the cathode shorting geometry was
developed based upon the displacement current produced by the applied [dV/dt]
across the P-base/N-base junction. The [dV/dt] rating for the thyristor specified by
the manufacturer is smaller than the design value for the [dV/dt] capability as
determined by the cathode short design. Circuit designers must ensure that the
thyristor is not subjected to higher [dV/dt] than that specified by the device manu-
facturers under normal operating conditions. However, the thyristor may still be
subjected to spurious high-voltage spikes that occasionally exceed the [dV/dt] rating
during operation in circuits. Under these conditions, the thyristor may turn on at a
random location under the cathode electrode. The high in-rush current produced at
this location can result in destructive failure of the thyristor. It is preferable that the
thyristor structure turns on in the gate region under the spurious voltage spike
because the turn-on can be controlled by the amplifying gate region. Such a thyristor
design is considered to be self-protected against [dV/dt]-induced turn-on.

A thyristor design which is self-protected against [dV/dt]-induced turn-on is
illustrated in Fig. 8.59. This design is similar to that for the amplifying gate thyristor
with the inclusion of an N+ cathode region under the gate electrode. The gate
electrode overlaps the junction between this N+ cathode region and the P-base
region. This provides a contact between the gate electrode and the P-base region
to allow introduction of the gate current into the P-base region during normal
triggering of the thyristor.

Fig. 8.59 Protection of the
thyristor structure against
[dV/dt]-induced turn-on
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A displacement current flows across the entire reverse-biased P-base/N-base
junction (J2) due to the junction capacitance (CJ) when a rapid change in the
anode voltage occurs in the positive direction during circuit operation. This dis-
placement current flow (JD) was previously shown in Fig. 8.43. The displacement
current (ID) collected by the P-base/N-base junction (J2) under the gate region flows
to the first row of cathode shorts in the main thyristor as indicated by the green line in
Fig. 8.59. The N+/P junction below the gate contact becomes forward biased at the
center of the gate region (location A in the figure) because this current flows below
the N+ cathode region under the gate electrode. As the [dV/dt] increases, the forward
bias across the junction under the gate electrode can exceed the built-in potential
leading to the injection of electrons at location A which initiates the turn-on of the
thyristor formed under the gate electrode. The current flow in the thyristor formed
under the gate contact, indicated by the red line (IG) in the figure, serves as a gate
current to trigger the thyristor in the amplifying gate structure.

The design criteria for achieving self-protection of the thyristor can be derived by
analysis of the displacement current flowing in the gate region and the rest of the
thyristor structure. Consider the case of a thyristor illustrated in Fig. 8.59 with the
circular gate geometry. The lateral current flowing in the P-base region due to the
collection of the displacement current (JD) across the P-base/N-base junction at a
radius “r” is given by:

ID,PB ¼ πr2JD ð8:99Þ
This current produces a voltage drop across the segment “dr” given by:

dV rð Þ ¼ ID,PB dR rð Þ ð8:100Þ
where dR(r) is the resistance of the segment. This resistance can be related to the
sheet resistance (ρS,PB) of the P-base region under the N+ cathode:

dR rð Þ ¼ ρS,PB dr

2π r
ð8:101Þ

Combining these relationships:

dV rð Þ ¼ 1
2
JD ρS,PB r dr ð8:102Þ

The forward bias across the N+ cathode/P-base junction under the gate electrode is
then given by:

V J,G ¼
ðrSG
0

dV rð Þ ¼
ðrSG
0

1
2
JD ρS,PB r dr ¼

JD ρS,PB
4

r2SG ð8:103Þ
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where rSG is the radius of the N+ cathode region formed under the gate contact. The
thyristor under the gate region will turn on when the forward bias across the N+

cathode/P-base junction under the gate electrode becomes equal to the built-in
potential. The resulting criterion for the design of the gate region is:

rSG ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Vbi

JD ρS,PB

s
ð8:104Þ

Since the displacement current density is given by Eq. (8.76):

rSG ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4Vbi

ρS,PBCJ dV=dt½ �

s
ð8:105Þ

where the junction capacitance (CJ) can be obtained by using Eq. (8.78).
For proper operation of the above self-protection scheme, it is necessary to ensure

that the displacement current arising from the applied [dV/dt] does not trigger the
amplifying gate or the main thyristor structures prior to triggering the thyristor in the
gate region. The design criteria for achieving this can be derived by examination of
the forward bias voltage developed across the N+ cathode/P-base junctions for the
thyristors in the amplifying gate region and the main thyristor.

Using the above approach for the gate region, the forward bias across the N+

cathode/P-base junction for the thyristor in the amplifying gate region is given by:

V J,AG ¼
ðrSA
rKA

dV rð Þ ¼
ðrSA
rKA

1
2
JD ρS,PB r dr ¼

JD ρS,PB
4

r2SA � r2KA
� � ð8:106Þ

where rKA and rSA are the inner and outer radii of the N+ cathode region formed in
the amplifying gate structure. Similarly, the forward bias across the N+ cathode/P-
base junction for the main thyristor is given by:

V J,M ¼
ðrSM
rKM

dV rð Þ ¼
ðrSM
rKM

1
2
JD ρS,PB r dr ¼

JD ρS,PB
4

r2SM � r2KM
� � ð8:107Þ

where rKM and rSM are the inner and outer radii of the N+ cathode region formed in
the main thyristor structure. The triggering of the thyristor at the gate region under an
applied [dV/dt] can be ensured by making:

V J,G > V J,AG > V J,M ð8:108Þ
which can be achieved by making:

r2SG > r2SA � r2KA
� �

> r2SM � r2KM
� � ð8:109Þ

The desired [dV/dt] at which the thyristor is triggered into the on-state with
self-protection can be achieved by using the above equations for selecting the radius
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of N+ cathode region under the gate electrode. From Sect. 8.4.3 for the amplifying
gate structure design, the inner and outer radii for the N+ cathode region of the
amplifying gate thyristor were found to be 0.5 and 0.55 cm, respectively, with a gate
electrode radius of 0.25 cm. By using a radius of 0.24 cm for the N+ cathode region
under the gate contact, a self-protected [dV/dt] capability of about 100 V/μs can be
obtained while ensuring that the criterion defined by Eq. (8.109) is met by the design.
Inner and outer radii for the N+ cathode region for the main thyristor of 0.6 and
0.7 cm, respectively, will also satisfy the criterion defined by Eq. (8.109).

8.7 The Gate Turn-Off Thyristor Structure

The thyristor structure contains a set of coupled transistors that provide regenerative
action during the conduction of current in the on-state. These devices are designed
for operation in AC circuits where the anode voltage cycles between positive and
negative values. The regenerative action is disrupted whenever the anode voltage
reverses from positive to negative. The turn-off of the device then occurs with a
reverse recovery process to establish blocking voltage capability. Such device
structures are not suitable for applications in DC circuits unless expensive commu-
tation circuits [16] are added to reverse the anode voltage polarity.

Until the development of the insulted gate bipolar transistor (IGBT), power
bipolar transistors were the device of choice for DC circuits. The current gain and
on-state characteristics of bipolar power transistors degrade rapidly with increasing
voltage rating as previously discussed in Chap. 7. This prevented the development of
devices with voltage ratings above 2000 V that are suitable for traction (electric
locomotive) applications. The development of a thyristor structure that can be
designed to turn on and turn off current flow under control by a gate signal in a
circuit with a DC power source was motivated by this need. Such thyristors have
been named gate turn-off (GTO) thyristors. The GTO is turned on in the same
manner as the thyristor structures described in previous sections. The turn-off for the
GTO is accomplished by the application of a large reverse gate current. The gate
current must be sufficient to remove stored charge from the P-base region and disrupt
the regenerative action of the internal coupled transistors.

In this section, the basic operation for the GTO is first discussed. A simple
one-dimensional analysis for turning off the GTO is then developed. A
two-dimensional analysis for the removal of the stored charge is included to provide
a more accurate computation of the storage time. This analysis allows analytical
description of the turn-off waveforms for the anode current and voltage. The
maximum controllable current for the GTO is then shown to be limited by the
breakdown voltage of the N+ cathode/P-base junction. It is demonstrated that the
GTO structure exhibits a long tail in the anode current that can lead to high-power
losses during turn-off. An anode-shorted structure is described that can reduce this
switching power loss.
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8.7.1 Basic Structure and Operation

The basic structure for the gate turn-off thyristor is illustrated in Fig. 8.60. Although
similar to the conventional thyristor structure, it is important to note that the GTO
structure does not contain cathode shorts. In addition, the width (WKS) of the cathode
region for the GTO structure is made much smaller than for the conventional
thyristor to facilitate turning off the anode current.

The electric field profile for this structure is shown on the right-hand side of the
figure during the forward blocking mode of operation. The voltage is supported
across the P-base/N-base junction (J2). The forward blocking capability is deter-
mined by the open-base breakdown voltage of the N-P-N transistor as described
earlier for the conventional thyristor. The above structure has approximately the
same reverse blocking voltage capability when the voltage is supported by the P+

anode/N-base junction (J1).
The reverse blocking capability of the GTO structure does not have to match its

forward blocking capability because it is used in circuits with DC power sources. An
asymmetric GTO structure that takes advantage of this is illustrated in Fig. 8.61. Here,
an N-buffer layer is added in the N-base region adjacent to the P+ anode region. The
N-buffer layer has a much larger doping concentration than the lightly doped portion
of the N-base region. These changes result in a trapezoidal shape for the electric field
profile as illustrated on the right-hand side of the figure. The same forward blocking
capability can be achieved for the asymmetric GTO structure with a smaller net
thickness for the N-base region than necessary for the symmetric structure. This
enables reduction of the on-state voltage drop. The presence of the N-buffer layer also
reduces the current gain of the P-N-P transistor which will be shown to improve the

Fig. 8.60 Symmetric
blocking gate turn-off
thyristor structure
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turn-off gain of the GTO. The N-buffer layer is often used in conjunction with an
anode short to reduce the turn-off time as discussed later in this section.

The output characteristics for the GTO structure are illustrated in Fig. 8.62. The
symmetric structure has a high reverse blocking capability (BVR,S) equal to the
forward blocking capability, while the asymmetric structure can support only a
relatively small voltage (BVR,AS) in the reverse blocking mode. The GTO can be
triggered into the on-state while operating in the forward blocking mode by the
application of a small gate current. Once the device enters its regenerative mode of
operation, it can sustain the on-state current flow without any gate drive signal.

Fig. 8.61 Asymmetric
blocking gate turn-off
thyristor structure

Fig. 8.62 Output characteristics of the GTO structure
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The device can be turned off without reversing the anode voltage by the application
of a large reverse gate current. The i-v trajectory during the turn-off transient is
shown by the red lines for an inductive load.

The GTO structure can be turned off by the application of either a constant
reverse gate current (step drive) or a gate current that increases with time in the
reverse direction (ramp drive) as shown in the upper part of Fig. 8.63. In both cases,
the regenerative action within the thyristor does not cease until a time interval called
the storage time (tS). The storage time can be reduced by increasing the reverse gate
current (IGR) for the step drive or the ramp rate for the ramp drive. After the storage
time interval, the anode voltage increases to the DC supply voltage. The anode
current then exhibits an abrupt decrease followed by a long slow decay of the
current. This slow decay of the anode current is referred to as the current tail. Due
to high anode voltage during the time duration of the current tail, a large switching
power loss occurs that limits the frequency of operation of the GTO structure. In
addition, considerable power loss is associated with the voltage rise-time interval

Fig. 8.63 Switching
transients of the GTO
structure
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(tV) during which the anode voltage increases to the supply voltage, while the anode
current remains at the on-state value for an inductive load.

8.7.2 One-Dimensional Turn-Off Criterion

A one-dimensional analysis of the gate current required to turn off the thyristor
structure can be developed by taking into consideration the currents flowing at the
P-base/N-base junction (J2). During on-state operation, the regenerative coupling
between the inherent N-P-N and P-N-P transistors within the thyristor structure
produces the currents indicated in Fig. 8.64 at the P-base/N-base junction (J2). The
collector current for the N-P-N transistor provides the base drive current for the P-N-
P transistor, while the collector current for the P-N-P transistor provides the base
drive current for the N-P-N transistor. The regenerative action can be disrupted by
the application of a reverse gate current that deprives the N-P-N transistor of its base
drive current. If sufficient gate drive current is applied, the regenerative action will
be interrupted leading to the turn-off of the thyristor structure.

The base drive current required to maintain current flow in the N-P-N transistor is
[(1 – αNPN).IK]. The base drive current for the N-P-N transistor supplied by the P-N-
P transistor is (αPNP.IA), while the base drive current for the N-P-N transistor
removed during turn-off is the reverse gate drive current (IGR). In order to make
the net base drive current supplied to the N-P-N transistor less than the base drive
current required to maintain current flow, it is necessary to satisfy the condition:

αPNPIAð Þ � IGR½ � < 1� αNPNð ÞIK½ � ð8:110Þ
Applying Kirchhoff’s current law to the GTO structure:

IA ¼ IK þ IGR ð8:111Þ
The criterion developed for turning off the GTO by combining these relationships is:

Fig. 8.64 Current components during turn-off for the GTO structure
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IGR >
αNPN þ αPNP � 1

αNPN

� �
IA ð8:112Þ

The gate current must exceed 0.2 times the anode current according to this equation
to achieve interruption of the regenerative action within the thyristor if a typical
value of 0.9 for the common base current gain for the N-P-N transistor and 0.28 for
the common base current gain for the P-N-P transistor is assumed.

The above criterion for turn-off of the GTO structure under gate control can also
be expressed by defining a turn-off gain (β):

β ¼ IA
IGR

ð8:113Þ

Based upon Eq. (8.110), the maximum turn-off gain is given by:

βM ¼ αNPN
αNPN þ αPNP � 1

� �
ð8:114Þ

Amaximum turn-off current gain of 5 is obtained according to this equation by using
a typical value of 0.9 for the common base current gain for the N-P-N transistor and
0.28 for the current gain of the P-N-P transistor. Consequently, a large reverse gate
current is required to turn off the GTO structure. This increases the complexity and
cost of the gate drive circuit for the GTO.

From the above relationships, it can be concluded that a larger turn-off current
gain can be achieved by making the current gain of the N-P-N transistor close to
unity while reducing the current gain for the P-N-P transistor. Cathode shorts are not
utilized during the design of the GTO structure based upon the need to maintain a
high current gain for the N-P-N transistor. Instead, the width of the cathode between
the gate electrodes is made much smaller than for conventional thyristors, and the
gate electrode is distributed across the entire wafer. A high [dV/dt] capability and
good high-temperature forward blocking capability are ensured by shorting the gate
electrode to the cathode electrode by the external gate drive circuit except when
triggering the device between the on- and off-states.

The turn-off current gain can be increased by reducing the current gain for the P-N-P
transistor by several methods. In the case of the asymmetric GTO structure, the addition
of the highly doped, N-type, buffer layer reduces the emitter injection efficiency of the
P-N-P transistor. A further reduction of the emitter injection efficiency of the P-N-P
transistor can be obtained by adding anode shorts as discussed later in this section.
Another approach to reducing the current gain for the P-N-P transistor is by reducing
the lifetime in theN-base region to decrease the base transport factor. A reduction of the
lifetime in theN-base region also facilitates reduction of the switching losses because of
a faster decay of the tail current. However, a reduction of the lifetime in the N-base
region produces an increase in the on-state voltage drop. It is customary tomake a trade-
off between the on-state and switching power losses for theGTO structure as in the case
of all bipolar devices.
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8.7.3 One-Dimensional Storage Time Analysis

The storage time for the GTO structure can limit its operating frequency. During the
storage time interval, the applied reverse gate current extracts the stored charge
within the P-base region. Prior to the application of the reverse gate current, the GTO
structure is operating in its on-state like a P-i-N rectifier. A large density of free
carriers are stored within the P-base and N-base regions (see Sect. 8.3.1) according to
the P-i-N rectifier model for the thyristor in its on-state. The stored charge can be
represented by an average free carrier density (see Sect. 5.1.3) given by:

na ¼ JA,ON τHL
q WP þWNð Þ ð8:115Þ

In the simple one-dimensional analysis, the storage time is determined by the reverse
gate current removing all the stored charge (QS,PB) within the P-base region.
Consequently, for the step drive case:

JGR tS ¼ QS,PB ¼ qnaWP ð8:116Þ
Combining the above relationships yields:

tS ¼ WP τHL
WP þWN

� �
JA,ON
JGR

� �
¼ WP τHL

WP þWN

� �
βT ð8:117Þ

where βT is the turn-off gain.
From the above equation developed with the one-dimensional analysis, it can be

concluded that the storage time can be reduced by decreasing the high-level lifetime
and increasing the gate drive current, i.e., by operating with a lower turn-off current
gain. A reduction of the high-level lifetime increases the on-state voltage drop
producing greater power dissipation, while a larger gate current increases the
complexity and cost of the gate drive circuit as well as the gate drive power losses.
For a typical GTO structure with P-base and N-base widths of 40 and 300 μm,
respectively, with a high-level lifetime of 20 μs, the storage time calculated using the
above equation is 4.7 μs when the device is turned off at a current gain of 2. In the
case of the ramp drive case, the storage time becomes twice as large for the same
value of the peak reverse gate current (compare green-shaded areas in Fig. 8.63).

8.7.4 Two-Dimensional Storage Time Model

A simple two-dimensional analysis for the storage time during the turn-off of the
GTO structure can be performed by assuming the reverse gate current is used to
remove the charge stored within the P-base region. The stored charge in the P-base
region due to the on-state current flow is indicated by the ochre shaded region in
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Fig. 8.65. If a linear GTO structure topology is assumed with a depth “Z” orthogonal
to the cross section, the total stored charge in the P-base region is given by:

QS,PB ¼ qWP
WK

2
Z na ð8:118Þ

where the average carrier concentration within the P-base region due to the on-state
current flow is given by:

na ¼ τHL
q WP þWNð Þ

2IA,ON
WKZ

� �
ð8:119Þ

Combining these relationships:

QS,PB ¼ WP

WP þWN

� �
IA,ON τHL ð8:120Þ

In the case of a step drive with constant reverse gate current during the turn-off
transient, the charge removed by the gate current (as illustrated by the green-shaded
area in Fig. 8.63) is given by:

QR ¼ IGR tS,STEP ð8:121Þ
Equating this to the stored charge in the P-base region provides the storage time:

Fig. 8.65 Stored charge in
the P-base region of the
two-dimensional GTO
structure
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tS,STEP ¼ WP

WP þWN

� �
IA,ON
IGR

� �
τHL ¼ WP

WP þWNB

� �
βT τHL ð8:122Þ

In the case of a ramp drive with a ramp rate “a” during the turn-off transient, the
charge removed by the gate current (as illustrated by the green-shaded area in
Fig. 8.63) is given by:

QR ¼ 1
2
IGR tS,RAMP ¼ 1

2
a t2S,RAMP ð8:123Þ

Equating this to the stored charge in the P-base region provides the storage time:

tS,RAMP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

WP

WP þWN

� �
IA,ON
a

� �
τHL

s
ð8:124Þ

For a GTO structure with a P-base width of 40 μm and an N-base width of 300 μm
with a high-level lifetime of 20 μs, the storage time obtained by using the above
equation is 9.7 μs if the ramp rate for the gate is 50 A/cm2-μs and the on-state current
density is 100 A/cm2.

8.7.5 One-Dimensional Voltage Rise-Time Model

The P-base/N-base junction (J2) begins to support voltage across a space-charge
region after the stored charge in the P-base region has been removed by the reverse
gate drive current, as illustrated in Fig. 8.66. Unlike the depletion region formed
across this junction under the steady-state forward blocking mode, the space-charge
region formed during the turn-off of the GTO contains a large concentration of holes
due to the transport of these carriers from the stored charge remaining within the
N-base region near the anode. Since the electric field in the space-charge region is
large, it can be assumed that the holes are transported at their saturated drift velocity
(vsat,p) in this region. The hole concentration ( pSC) within the space-charge region is
therefore related to the on-state anode current density that continues to flow during
the voltage rise-time interval:

pSC ¼ JA,ON
qvsat, p

ð8:125Þ

As an example, the hole concentration within the space-charge region is 6.25� 1013

cm�3 at an anode current density of 100 A/cm2. Since this is comparable to the
doping concentration in the N-base region (typically 5� 1013 cm�3), the presence of
the holes must be accounted for when computing the width of the space-charge
region.
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The width of the space-charge region (ySC) at any point in time is determined by
the solution of Poisson’s equation with a net charge given by the sum of the positive
charge from the ionized donors and the positive charge from the holes being
transported through the region. The anode voltage at any time during the voltage
rise-time interval is then related to the space-charge region width by:

ySC tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSVA tð Þ

q ND þ pSCð Þ

s
ð8:126Þ

Taking the time derivative of this expression yields:

dySC tð Þ
dt

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

εS
2q ND þ pSCð ÞVA tð Þ

r
dVA

dt
ð8:127Þ

As the space-charge region expands, it extracts some of the remaining stored
charge at its boundary. The anode current density is also related to this extraction of
the stored charge:

JA,ON ¼ qpa
dySC tð Þ

dt
ð8:128Þ

where pa is the concentration of the holes in the stored charge region as shown in the
figure. Using Eq. (8.127):

Fig. 8.66 Electric field and free carrier distributions during turn-off for the GTO structure

8.7 The Gate Turn-Off Thyristor Structure 723



JA,ON ¼ qpa

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εS

2q ND þ pSCð ÞVA tð Þ
r

dVA

dt
ð8:129Þ

This equation can be rewritten in the form:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ND þ pSCð ÞJ2A,ON

qεS p2a

s
dt ¼ dVAffiffiffiffiffiffiffiffiffiffiffiffi

VA tð Þp ð8:130Þ

Integration of this expression yields:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ND þ pSCð ÞJ2A,ON

qεS p2a

s
t ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffi
VA tð Þ

p
ð8:131Þ

The voltage transient during the rise-time interval is then obtained:

VA tð Þ ¼ ND þ pSCð ÞJ2A,ON
2qεS p2a

t2 ð8:132Þ

The average hole concentration ( pa) in the stored charge region is determined by the
free carrier distribution within the GTO during the on-state:

pa ¼
JA,ON τHL

q WP þWNð Þ ð8:133Þ

Substituting this into Eq. (8.132) yields:

VA tð Þ ¼ q ND þ pSCð Þ WP þWNð Þ2
2εS τ2HL

t2 ð8:134Þ

According to this solution for the voltage transient, the anode voltage will rise as
the square of time.

The voltage transient obtained by using the above one-dimensional analysis is
illustrated in Fig. 8.67 for the case of a GTO structure with a P-base width of 40 μm
and an N-base width of 300 μm. The doping concentration of the N-base region was
assumed to be 5 � 1013 cm�3 with a high-level lifetime of 20 μs. The device was
assumed to be turned off from an initial on-state current density of 100 A/cm2 leading
to a hole concentration within the space-charge region of 6.25� 1013 cm�3. It can be
observed that the anode voltage reaches 500 and 1000 V in 4.5 and 6.3 μs, respec-
tively. This waveform is applicable after the end of the storage time interval.

The time taken for the anode voltage to reach a supply voltage (VS) is defined as
the voltage rise-time tV. It can be obtained from Eq. (8.134):
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tV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2εSVS

q ND þ pSCð Þ WP þWNð Þ2
s

τHL ð8:135Þ

The values for the voltage rise-times given in the previous paragraph can be
computed by using this expression. Based upon this expression, it can be concluded
that the voltage rise-time will be larger when the high-level lifetime is increased
which in turn will lead to larger power dissipation during this phase of operation.

8.7.6 One-Dimensional Current Fall-Time Model

In the case of switching an inductive load with a clamping diode, the anode voltage
becomes constant at the supply voltage after the voltage rise-time interval. The
anode current then decreases as illustrated in Fig. 8.63 with a sharp drop in value
followed by a current tail. The sudden drop in the anode current is associated with
the cessation of cathode current flow at the end of the voltage rise-time interval. Just
prior to the turn-off of the thyristor, the base drive current for the P-N-P transistor (IB,
PNP) due to the electrons supplied by the N-P-N transistor is given by (αNPN.IK) as
indicated in Fig. 8.64. This base drive current for the P-N-P transistor produces an
anode current given by:

Fig. 8.67 Anode voltage transient during turn-off for the GTO structure
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IAT ¼ βPNP IB,PNP ¼ αPNP
1� αPNP

� �
αNPNIK ð8:136Þ

The anode current is abruptly reduced by the above amount leading to the sudden fall
in the anode current when the cathode current is interrupted by the cessation of
regenerative action during the turn-off of the GTO structure.

The anode current at the start of the current tail is therefore given by:

IA,D ¼ IA,ON � IAT ¼ IA,ON � αPNP
1� αPNP

� �
αNPNIK ð8:137Þ

with the cathode current related to the anode current by Eq. (8.111). For a typical
common-base current gain of 0.9 for the N-P-N transistor and 0.65 for the P-N-P
transistor, an 80% fall in the anode current is predicted by this equation, resulting in
an initial tail current of 20% of the initial on-state anode current.

The decay of the anode current after the initial abrupt reduction is governed by the
recombination of the excess holes and electrons that are trapped within the N-base
region. These stored charges are shown by the ochre-shaded area in Fig. 8.66. In the
absence of diffusion, the continuity equation for holes in the N-base region is given
by:

dδpN
dt

¼ � δpN
τHL

ð8:138Þ

where δpN is the excess hole concentration in the N-base region. The solution for this
equation is:

δpN tð Þ � pN tð Þ ¼ pae
�t=τHL ð8:139Þ

because high-level injection conditions prevail in the N-base region with the initial
concentration of holes in the stored charge region being equal to the average hole
concentration due to the injection of carriers in the on-state. Since this concentration
( pa) is given by Eq. (8.133) because of high-level injection conditions in the N-base
region:

pN tð Þ ¼ JA,ONτHL
q WP þWNð Þ e

�t=τHL ð8:140Þ

The anode current flow that supports the recombination of carriers within the
stored charge region can be analyzed by examination of the carrier distribution on
both sides of the P+ anode/N-base junction (J1). The free carrier concentration in the
N-base region in the vicinity of junction J1 can be assumed to be independent of
distance but a function of time as given by Eq. (8.140). The high concentration of
electrons in the N-base region produces the injection of electrons into the P+ anode
region as indicated in Fig. 8.68. These injected electrons diffuse away from the
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junction producing an exponential decay in concentration as shown in the figure. The
free carrier concentrations on the two sides of the junction are related by:

pA
pN tð Þ ¼

nN tð Þ
nA 0; tð Þ ¼ eqVA=kT ð8:141Þ

where pN(t) and nN(t) are the hole and electron concentrations in the N-base region at
junction J1 given by Eq. (8.140), pA is the hole concentration in the P+ anode region,
and nA(0,t) is the electron concentration at junction J1 in the P+ anode region. The
hole concentration in the P+ anode region can be assumed to be equal to its acceptor
doping concentration (NAA). Using this in Eq. (8.141) yields:

nA 0; tð Þ ¼ nN tð ÞpN tð Þ
NAA

¼ p2N tð Þ
NAA

ð8:142Þ

The electrons diffuse into the P+ anode region with an exponential distribution due to
low-level injection conditions:

nA y; tð Þ ¼ nA 0; tð Þe�y=LnPþ ð8:143Þ
where LnP+ is the diffusion length for electrons in the P+ anode region.

The anode current is produced by the diffusion of the injected electrons in the P+

anode side of the junction:

JA tð Þ ¼ �qDn
∂nA y; tð Þ

∂y y¼0

�� ¼ qDnnA 0; tð Þ
LnPþ

ð8:144Þ

by using Eq. (8.143). Making use of Eqs. (8.142) and (8.140) yields:

Fig. 8.68 Free carrier distribution at the P+ anode/N-base junction during turn-off
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JA tð Þ ¼ qDnp
2
N tð Þ

LnPþNAA
¼ DnJ2A,ONτ

2
HL

qLnPþNAA WP þWNð Þ2 e
�2t=τHL ¼ JA,De

�2t=τHL ð8:145Þ

This equation indicates that the anode current varies as the square of the carrier
density in the stored charge region during the anode current tail. Consequently, the
anode current decreases exponentially with a time constant of one-half of the high-
level lifetime even though the free carrier density in the stored charge region is
decreasing exponentially with a time constant equal to the high-level lifetime.

Consider the case of a GTO structure with P-base and N-base widths of 40 and
300 μm, a high-level lifetime of 20 μs in the N-base region, and an anode doping
concentration of 1 � 1019 cm�3. The diffusion coefficient for electrons (Dn) in the
anode region for this doping concentration is 3 cm2/V-s. The diffusion length for
electrons (Ln) in the anode region is then 2.74 μm if the low-level recombination
lifetime in this region is 25 ns. Using these values in Eq. (8.145) with an on-state
anode current density of 100 A/cm2 yields an anode current density (JA,D) of
24 A/cm2 at the beginning of the anode current tail.

The anode current waveform predicted by the above equation is shown in
Fig. 8.69. In this figure, a small portion with constant anode current is included
prior to anode current transient for clarity. It is a common practice to define a current
turn-off time (ti) as the duration for the anode current to decrease to one-tenth of its
on-state value. This time can be derived from Eq. (8.145):

ti ¼ τHL
2

ln
10JA,D
JA,ON

	 

¼ τHL

2
ln

10Dn JA,ON τ2HL
qLnPþNAA WP þWNð Þ2

" #
ð8:146Þ

Fig. 8.69 Anode current transient during turn-off for the GTO structure
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Using the values given in the previous paragraph, the current turn-off time is found
to be 8.6 μs. This is a relatively long time interval during which there is a substantial
anode current density flowing through the GTO structure while its anode voltage is
high. Consequently, the high-power dissipation associated with the current tail limits
the frequency of operation for the GTO structure.

Simulation Example
The results of two-dimensional numerical simulations for a typical GTO structure
are discussed here for the case of a ramp gate drive to gain insight into its operation
during turn-off. The device structure used has the cross section shown in Fig. 8.60
with a width of 200 μm. No cathode short was used in the structure. The width of the
cathode in the structure was 190 μm with a gate contact electrode of 5 μm in width.

The doping profile for the GTO structure used in the simulations is provided in
Fig. 8.70. The widths of the P-base and N-base regions are 40 and 300 μm,
respectively, as indicated in the figure. The N+ cathode and P+ anode regions have
a thickness of 10 and 50 μm, respectively.

The waveforms for the anode voltage and current, as well as the gate current, are
shown in Fig. 8.71 during turn-off of the GTO. The simulations were performed with
a gate ramp rate of �5 A/cm2-μs. Two cases for the anode supply voltage were used
to examine the impact on the anode voltage rise-time and anode current fall-time.
The storage time extracted from the simulations is 7.5 μs. The simple
two-dimensional analysis for the storage time provides a good estimate for this
time interval. After the storage time, the anode voltage increases as the square of the
time as predicted by the analytical model. The anode voltage rise-time for the case of
supply voltages of 500 and 1000 V obtained in the simulations are 4 and 5.1 μs,
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respectively. The one-dimensional analysis for the voltage rise-time provides a good
prediction for this time interval. The anode current waveform exhibits a sharp drop at
the end of the voltage rise-time interval and then decays slowly over a period of
about 30 μs. After the abrupt drop in anode current, the cathode current ceases
making the anode and gate currents equal in magnitude. The one-dimensional model
for the anode current waveform (see Fig. 8.69) is consistent with these results.

It is instructive to look at the free carrier distribution at various points of time to
gain further insight into the turn-off process within the GTO structure. The electron
concentration is shown in Fig. 8.72 when the GTO structure is operating in its initial
on-state with an anode current density of 100 A/cm2. The electron concentration is
almost uniform throughout the P-base and N-base regions in both the x and
y directions. This provides justification for using the average carrier concentration
(na) as given by Eq. (8.115) during the turn-off analysis.

Three-dimensional views of the carrier distribution within the GTO structure
reveal the physics of operation during the turn-off process. These distributions are
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shown at various points in time during the storage phase, the anode voltage rise-time
phase, and the anode current reduction phase as indicated by the dots on the
waveforms in Fig. 8.71.

It is instructive to examine the minority carrier concentration in the P-base region
during the storage phase. The electron carrier distribution is therefore provided in
Fig. 8.73 during the storage time interval at 3.3 μs. It can be observed that the reverse
gate current has removed some stored charge from the P-base region in the vicinity
of the gate contact. The electron concentration in the N-base region remains close to
the initial on-state distribution.

The electron carrier distribution is shown in Fig. 8.74 during the storage time
interval at 6.6 μs. It can be observed that the reverse gate current has now removed
more charge from the P-base region, while the electron concentration in the N-base
region still remains close to the initial on-state distribution. The electron carrier
distribution is shown in Fig. 8.75 at the end of the storage time interval (at 7.7 μs). It
can be observed that the reverse gate current has removed almost all the stored
charge from the P-base region, while the electron concentration in the N-base region
still remains close to the initial on-state distribution justifying the model used for the
storage time. At the end of the storage time, the device begins to support voltage. The
anode voltage was found to increase to 2 V from the on-state voltage drop of 1.2 V.

It is instructive to examine the minority carrier distribution within the N-base
region after the storage phase. The hole carrier distribution is therefore provided in
Fig. 8.76 during the voltage rise-time interval at 9.2 μs. It can be observed that some
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Fig. 8.72 Three-dimensional view of the initial on-state electron distribution within the GTO
structure
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Fig. 8.73 Three-dimensional view of the electron distribution within the GTO structure during
storage phase of the turn-off transient
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Fig. 8.74 Three-dimensional view of the electron distribution within the GTO structure during the
storage phase of the turn-off transient
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Fig. 8.75 Three-dimensional view of the electron distribution within the GTO structure at the end
of the storage phase of the turn-off transient
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Fig. 8.76 Three-dimensional view of the distribution of holes within the GTO structure during the
voltage rise phase of the turn-off transient
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of the stored charge has been removed from the N-base region in the vicinity of the
P-base/N-base junction. A space-charge region is visible at this junction with a small
hole concentration due to the anode current flow. The presence of these holes was
accounted for by the term pSC in Eq. (8.126). The hole distribution within the
structure can be observed to be still remarkably one-dimensional in nature. This
provides justification for using a one-dimensional analysis for the voltage rise-time.
The anode voltage has risen to 100 V at this point in time. The hole carrier
distribution is provided in Fig. 8.77 at the end of the voltage rise-time interval at
11.7 μs when the anode voltage has reached a supply voltage of 1000 V. It can be
observed that more of the stored charge has been removed from the N-base region in
the vicinity of the P-base/N-base junction. The space-charge region at this junction
has widened to support the larger anode voltage.

After the voltage rise-time, the anode current decreases abruptly followed by a
long current tail. The hole carrier distribution is provided in Fig. 8.78 during the
anode current tail interval at 14.6 μs when the anode current density has decayed to
19 A/cm2. It can be observed that the hole concentration in the space-charge region is
smaller because of this reduced current density. The space-charge region at the
junction has widened slightly to support the same anode voltage with a smaller
space-charge density. Finally, the hole carrier distribution is provided in Fig. 8.79
during the anode current tail interval at 26.1 μs when the anode current density has
decayed to 7 A/cm2. It can be observed that the hole concentration in the space-
charge region has fallen below 1013 cm�3 because of the reduced current density.
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Fig. 8.77 Three-dimensional view of the distribution of holes within the GTO structure at the end
of the voltage rise-time interval during the turn-off transient
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Fig. 8.78 Three-dimensional view of the distribution of holes within the GTO structure during the
current tail in the turn-off transient
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Fig. 8.79 Three-dimensional view of the distribution of holes within the GTO structure during the
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The space-charge region at the junction has widened slightly to support the same
anode voltage with the smaller space-charge density. Eventually, all the stored
charge in the N-base region is removed by the recombination process.

The three-dimensional views of the carrier distributions shown in the above
figures demonstrate that the hole carrier distribution is remarkably
one-dimensional in nature even though the turn-off process is two-dimensional in
nature. This observation justifies creating one-dimensional analytical models for the
turn-off waveforms that provide a good description of the GTO switching behavior.

Further insight into the turn-off process, especially during the anode current tail,
can be obtained by examination of the carrier density at the center of the N+ cathode.
A one-dimensional view of the minority carrier distribution in the GTO structure at
the center of the cathode is shown in Fig. 8.80 from the initial steady-state operating
point (t ¼ 0 μs) to the end of the voltage rise-time (t ¼ 11.7 μs). The initial carrier
distribution has a catenary form within the P-base and N-base regions because the
GTO operates like a P-i-N rectifier in the on-state. The carrier concentration is almost
constant through these regions. This carrier distribution does not change signifi-
cantly until the end of the storage phase (t ¼ 7.7 μs). After this time, a space-charge
region begins to form as indicated in the figure. The hole concentration in the space-
charge region is about 7 � 1013 cm�3, which is consistent with the value for pSC
obtained using the analytical model with the carriers moving at the saturated drift
velocity. The width of the space-charge region can be observed to be about 110 μm,
which is consistent with the predictions of the analytical model (see Eq. (8.126)).

A one-dimensional view of the minority carrier distribution in the GTO structure
at the center of the cathode is shown in Fig. 8.81 from the end of the storage phase
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(t ¼ 11.7 μs) to the completion of the turn-off process. When the anode current
reduces abruptly between t ¼ 11.7 and t ¼ 12.1 μs, the hole concentration decreases
in the space-charge region but is not altered within the rest of the N-base region. This
is consistent with the assumption used in the analytical model that the hole concen-
tration within the stored charge in the N-base region at the beginning of the anode
current decay phase is equal to the initial on-state carrier concentration (see
Eq. (8.139)). Subsequently, the hole concentration in the stored charge region
decreases due to the recombination process. This results in a smaller anode current
and a smaller hole concentration within the space-charge region as well. The slight
expansion of the space-charge region during the anode current tail can also be
observed in Fig. 8.81.

8.7.7 Switching Energy Loss

The power loss incurred during the switching transient limits the maximum operat-
ing frequency for the GTO structure. During the storage time interval, the voltage
across the device is equal to its on-state voltage drop. Consequently, although the
storage time for the GTO structure is very long, it can be accounted for as a part of
the on-time interval. From the point of view of limiting the maximum frequency of
operation, consider the case of a device operating at a 50% duty cycle with the
on-time being determined by the storage time. In this case, since half the period (T )
is equal to the storage time (tS), the maximum operating frequency is given by:
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fMAX ¼ 1
T
¼ 1

2tS
ð8:147Þ

A storage time of 10 μs would correspond to a maximum operating frequency of
50 kHz.

In practice, the maximum operating frequency for the GTO structure is limited by
the turn-off losses. The turn-off losses are associated with the voltage rise-time
interval and the current fall-time interval. The energy loss for each event can be
computed by integration of the power loss, as given by the product of the instanta-
neous current and voltage. During the voltage rise-time interval, the anode current is
constant, while the voltage increases as the square of the time. The energy loss
during the voltage rise-time interval is therefore given by:

EOFF,V ¼
ðtV
0
JA,ONVA tð Þdt ð8:148Þ

Using Eq. (8.134) for the anode voltage waveform:

EOFF,V ¼ qJA,ON ND þ pSCð Þ WP þWNð Þ2
2εSτ2HL

ðtV
0
t2dt

¼ qJA,ON ND þ pSCð Þ WP þWNð Þ2
6εSτ2HL

t3V

ð8:149Þ

For the example shown in Fig. 8.67 with an anode supply voltage of 1000 V and
on-state current density is 100 A/cm2, the energy loss per unit area during the voltage
rise-time is found to be 0.22 Joules/cm2.

During the anode current fall-time interval, the anode voltage is constant, while
the current decreases exponentially with time. The energy loss during the current
fall-time interval is therefore given by:

EOFF, I ¼
ðtI
0
JA tð Þ VSdt ð8:150Þ

Using Eq. (8.145) for the anode current waveform:

EOFF, I ¼
Ð1
0 VSJA,De�2t=τHLdt

¼ JA,DVSτHL
2

ð8:151Þ

For the example shown in Fig. 8.69 with an anode supply voltage of 1000 V and an
on-state current density is 100 A/cm2, the energy loss per unit area during the current
fall-time is found to be 0.24 Joules/cm2.

Thus, the total energy loss per unit area (EOFF,V + EOFF,I) during the turn-off
process for the GTO structure is found to be 0.46 Joules/cm2. For operation of the
GTO structure at a 50% duty cycle with an on-state current density of 100 A/cm2,
the power dissipation per unit area is 60 W/cm2 due to an on-state voltage drop of
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1.2 V. When operated at a frequency of 150 Hz, the turn-off power loss per unit area
is found to be 69W/cm2 by using the energy loss per unit area given above. Thus, the
total power loss per unit area for the GTO structure is 129 W/cm2 when operated
at 150 Hz, which is a reasonable power density for typical power device packaging
technology. This analysis indicates that the maximum operating frequency for
the GTO structure is limited to relatively low frequencies due to the high turn-off
energy losses. The turn-off energy loss can be reduced by decreasing the high-level
lifetime, but this is accompanied by an increase in the on-state voltage drop, which
increases the on-state power dissipation and negates the overall improvement in
performance.

8.7.8 Maximum Turn-Off Current

The largest anode current that can be turned off under gate control is referred to as
the maximum turn-off current or the maximum controllable current. The maximum
turn-off current has been found to be limited by the onset of breakdown of the N+

cathode/P-base junction during the turn-off process. This limitation can be under-
stood by examination of the gate current flow at the end of the storage phase as
illustrated in Fig. 8.82. The stored charge in the P-base region has been confined to
the middle of the cathode finger at this point in time as shown in the figure by the
ochre-shaded area. The reverse gate drive current must traverse the entire P-base

Fig. 8.82 Gate current flow
at the end of the storage
phase during the turn-off for
the GTO structure
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region under the N+ cathode in order to remove the remaining stored charge. The
reverse gate current flows through the P-base region producing a voltage drop at
point A due to the resistance RBM. If this voltage drop becomes equal to the
breakdown voltage of the N+ cathode/P-base junction, impact ionization-induced
current begins to flow at point A which sustains the gate current preventing further
removal of the stored charge. Consequently, the GTO structure will be unable to turn
off the anode current flow.

The maximum reverse gate current that can flow before the onset of breakdown of
the N+ cathode/P-base junction is given by:

IGR,M ¼ BVGK

RPB
¼ 2BVGKZ

ρSBWKS
ð8:152Þ

where BVGK is the breakdown voltage of the N+ cathode/P-base junction and ρSB is
the sheet resistance of the P-base region under the N+ cathode. The maximum anode
current that can be turned off by this reverse gate current is given by:

IA,M ¼ βMIGR,M ¼ 2βMBVGKZ

ρSBWKS
ð8:153Þ

Using the maximum turn-off gain obtained from the one-dimensional analysis
(Eq. (8.114)):

IA,M ¼ 2BVGKZ

ρSBWKS

αNPN
αNPN þ αPNP � 1

� �
ð8:154Þ

The maximum turn-off current density can then be obtained by dividing above
current by the device area:

JA,M ¼ 4BVGK

ρSBW
2
KS

αNPN
αNPN þ αPNP � 1

� �
ð8:155Þ

The typical GTO structure has a maximum turn-off gain of about 5, a typical P-base
region sheet resistance of 350 Ω/sq., and a breakdown voltage for the N+ cathode/P-
base junction of 30 V. For the case of an N+ cathode width of 400 μm, the maximum
turn-off current density for this GTO structure by using the above equation is 1000
A/cm2.

The maximum turn-off current density can be improved by increasing the break-
down voltage of the N+ cathode/P-base junction. An improvement in the breakdown
voltage of the junction at point A can be achieved by eliminating the cylindrical
junction curvature of the planar junction. The etching of a mesa at the gate region
allows removal of the junction curvature and simultaneously recesses the gate
contact so that a large molybdenum plate can be placed on top of the wafer to
contact the cathode electrode. This commonly used GTO architecture is illustrated in
Fig. 8.83.
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8.7.9 Cell Design and Layout

The simplest cathode finger design from a layout standpoint utilizes rectangular
cathode fingers as illustrated in Fig. 8.84a. In this case, a cylindrical junction is
formed at the edges of the fingers and a spherical junction is formed at the corners of
the fingers as indicated in the figure. The breakdown voltage of the N+ cathode/P-
base junction is then limited by spherical junction curvature as discussed in Chap. 3.
An increase in the breakdown voltage for the N+ cathode/P-base junction can be
achieved by using the modified layout with rounded fingers as illustrated in
Fig. 8.84b. A typical width for the cathode finger in the GTO structure of 400 μm
results in a radius of 200 μm for the rounding of the fingers. Since this radius is far
greater than the typical depth of 10 μm for the N+ cathode/P-base junction, a quasi-
cylindrical junction is formed at the ends of the fingers which increase the break-
down voltage to that for cylindrical curvature. Consequently, the commonly used
design for the cathode finger contains rounded ends as shown in Fig. 8.84b.

A typical layout for the GTO structure across a circular wafer is illustrated in
Fig. 8.85. The gate contact electrode is shown in the center of the wafer as in the case
of the conventional thyristor structure. However, due to the high current required to
turn off the GTO structure, it is commonplace to also place an external contact to the
GTO structure on the periphery of the wafer. All the cathode fingers are usually
made with the same width and length in order to achieve uniform and simultaneous
turn-off over the entire device area. Unless this is accomplished, the cathode current
can constrict to only a few fingers during the turn-off process producing a very high
local power dissipation that leads to destructive failure of the GTO structure [17].

Fig. 8.83 Recessed gate
architecture for the GTO
structure
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Fig. 8.84 Cathode cell designs for the GTO structure

Fig. 8.85 Typical layout
for the GTO structure
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8.8 The Triac Structure

Power is most commonly delivered to applications using AC sinusoidal sources as in
the case of residences. The operation of household appliances such as mixers and
food processors are some typical examples of these applications. The power delivery
in these applications was historically done by using phase control circuits until the
availability of the IGBT. This was previously discussed with the aid of Fig. 8.6 for
the case of a thyristor as the power switch. The thyristor can conduct current during
the positive half-cycle of the AC voltage source after it is triggered at an appropriate
time during the half-cycle. It supports the AC voltage during the negative half-cycle
preventing power delivery to the load. More efficient operation is achieved by
delivering power to loads during both half cycles of the AC voltage source, with
the current conduction time during both half-cycles controlled by the power circuit
as illustrated in Fig. 8.86.

This capability can be achieved by connecting two thyristors in a back-to-back
configuration as shown in Fig. 8.87. In this configuration one of the terminals is used
as the reference or ground terminal as indicated for terminal T1 in the figure. The
anode and gate voltages must be applied in reference to this terminal. During the first
half-cycle, when the voltage applied to terminal T2 is positive, thyristor 1 operates in
the forward blocking mode, while thyristor 2 operates in the reverse blocking mode.
Thyristor 1 can be triggered into its on-state during any time in the first half-cycle of
operation allowing current to flow in the load. Similarly, during the second half-
cycle, when the voltage applied to terminal T2 is negative, thyristor 2 operates in the
forward blocking mode, while thyristor 1 operates in the reverse blocking mode.

Fig. 8.86 Phase control power delivery during both half-cycles of an AC voltage source
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Consequently, thyristor 2 can be triggered into its on-state during any time in the
second half-cycle of operation allowing current to flow in the load. Thus, phase
control operation can be achieved with the back-to-back thyristor configuration with
power flow to the load during both half-cycles. However, this solution has several
disadvantages. Firstly, two thyristors are required to achieve the function. Secondly,
the voltage at gate terminal (G2) for thyristor 2 is close to its cathode voltage, which
is operating at a high (and variable) voltage because it is connected to terminal T2.
This complicates the gate drive circuitry.

It is preferable to use a device with the output characteristics shown in Fig. 8.88
for obtaining phase control operation in both half-cycles of the AC voltage supply.
This device has symmetrical forward and reverse blocking capability and can be
triggered into the on-state in both the first and third quadrants. In addition, it is
desirable that the gate triggering is achievable by using a single gate terminal. A
thyristor-based device structure that has been developed [18] with these features is
referred to as the triode AC switch or triac.

8.8.1 Basic Structure and Operation

The triac structure, illustrated in Fig. 8.89, can be considered to be the monolithic
combination of two thyristors in a back-to-back configuration. However, it is
necessary to form two P-base regions on opposite surface of the structure to create

Fig. 8.87 Back-to-back thyristor configuration for AC power control
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Fig. 8.88 Output characteristics for the triac

Fig. 8.89 The monolithic triac structure
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this structure. This adds a lightly doped portion to the anode region for both the
thyristors. The gate region is formed on only one side of the device. The gate
electrode makes contact to the P-base region as in the case of conventional thyristor
structures. Cathode shorts are incorporated for both thyristors within the triac to
obtain a good blocking voltage and [dV/dt] capability.

When a positive bias is applied to terminal T2 of the triac structure, the voltage is
supported across junction J2 with the blocking voltage capability determined by the
open-base P-N-P transistor. The device can be triggered into its on-state with
thyristor 1 carrying the current in the first quadrant. When a negative bias is applied
to terminal T2 of the triac structure, the voltage is supported across junction J1 with
the blocking voltage capability again determined by the open-base P-N-P transistor.
The device can be triggered into its on-state with thyristor 2 carrying the current in
the third quadrant. In both cases, most of the voltage is supported within the N-base
region resulting in a symmetric blocking voltage capability. Since different portions
of the triac structure carry current in the first and third quadrants of operation, its area
is twice that for the thyristor structure. However, its area is smaller than two back-to-
back thyristors required to achieve the same functionality because the two thyristors
in the triac share a common edge termination space. Another advantage of the triac
structure is that it can be triggered into the on-state in both the first and third quadrant
using a single gate terminal referenced to a single high current carrying terminal (T1
in Fig. 8.90). The gate triggering mechanisms are discussed in the subsequent
sections.

Fig. 8.90 Gate triggering mode 1 in the first quadrant for the triac structure
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8.8.2 Gate Triggering Mode 1

Thyristor 1 is operating in its forward blocking mode when the triac is operated in the
first quadrant with a positive bias applied to terminal T2. A positive bias applied to
the gate terminal will induce a gate current flow to the cathode short as shown by the
green line in Fig. 8.90. This produces a voltage drop in the P-base resistance (RPB)
under the N+ cathode region which forward biases junction J3. The largest forward
bias occurs at location A near the gate contact. When the voltage drop at point
A exceeds the built-in potential, injection of electrons is initiated from junction J3,
which promotes the injection of holes from junction J1, ultimately triggering thyris-
tor 1 into its on-state. This triggering mode is similar to that for conventional
thyristor structures.

8.8.3 Gate Triggering Mode 2

Thyristor 2 is operating in its forward blocking mode when the triac is operated in the
third quadrant with a negative bias applied to terminal T2. A positive bias applied to
the gate terminal will induce a gate current flow to the cathode short as shown by the
green line in Fig. 8.91. This produces a voltage drop in the P-base resistance (RPB)
under the N+ cathode region which forward biases junction J3. The largest forward

Fig. 8.91 Gate triggering mode 2 in the third quadrant for the triac structure
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bias occurs at location A near the gate contact. Injection of electrons is initiated from
junction J3 when the voltage drop at point A exceeds the built-in potential. Although
junction J2 is forward biased, it collects the injected electrons and transfers them to
the N-base region as indicated in the figure. These electrons act as the base drive
current for the P-N-P transistor within thyristor 2 promoting the injection of holes
from junction J2. These holes diffuse through the N-base region and are collected by
junction J1. They then provide the base drive current for the N-P-N transistor for
thyristor 2. This initiates the injection of electrons from junction J4. These electrons
diffuse through the P-base region and are collected at junction J1. They then serve as
the base drive current for the P-N-P transistor. This creates the regenerative action
within thyristor 2 triggering it into its on-state. Since the electrons that are respon-
sible for turning on thyristor 2 are derived from N+ cathode region located within
thyristor 1, this mechanism is referred to as remote gate triggering. The triac
structure can therefore be turned on using the same gate terminal when the voltage
at terminal T2 is either positive or negative.

8.8.4 [dV/dt] Capability

One of the problems observed with the triac structure is inadvertent turn-on under the
application of a rapid change in the voltage applied to terminal T2. This problem
occurs because the device is usually conducting current just before the voltage across
it is reversed at the end of each half-cycle as can be observed in Fig. 8.86. For an AC
sinusoidal voltage waveform, the highest [dV/dt] occurs when the voltage crosses
zero. The combination of the high [dV/dt] and the presence of the stored charge can
lead to the undesirable turn-on of the triac without application of the gate control
signal.

Consider the case of thyristor 1 operating in its on-state during the first half-cycle
of the voltage waveform. A large amount of stored charge is then produced within
the N-base region as indicated by the ochre-shaded region in Fig. 8.92. When the
voltage at terminal T2 changes from positive to negative, the junction J1 becomes
reverse biased. The depletion region at this junction expands when the anode voltage
increases, as indicated by the red arrow, removing the stored holes. Due to the
diffusion of the stored charge from the thyristor 1 region toward the thyristor
2 region, some of the holes produce a current within thyristor 2 as shown in the
figure. This current produces a voltage drop across resistor RPB, which forward
biases junction J4 at the middle of the N+ cathode of thyristor 2. It has been found
that the stored charge within the triac structure is sufficient to forward bias the N+

cathode of thyristor 2 to produce the injection of electrons leading to its turn-on.
Thyristor 2 will then conduct current for the entire second half-cycle without a gate
triggering signal. This disrupts the phase control operation [19]. The problems with
[dV/dt] turn-on during commutation have restricted the triac structure to operation at
below 1200 V and 100 A [20]. However, they have been extensively use for home
appliance controls. In these applications, the electromagnetic interference (EMI)
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created by the uncontrolled rate of rise of the device current in the triac during their
turn-on has been found to produce flicker in television reception. These devices have
consequently been replaced by insulated gate bipolar transistors (IGBTs) in modern
household applications.

One option for improving the [dV/dt] capability is to isolate the two thyristors and
suppressing the migration of the stored charge between the two segments. This can
be accomplished by creating a low lifetime zone between the two thyristors as
illustrated in Fig. 8.93. At the same time, a high lifetime is maintained in the thyristor
regions to produce devices with low on-state voltage drop. The low lifetime zone can
be produced by using electron irradiation with a tungsten mask to protect the
thyristor regions within the triac structure.

8.9 Summary

The physics of operation of the thyristor structure has been described in this chapter.
The thyristor structure contains two coupled transistors that create a regenerative
action within the device that can sustain on-state current flow with no external
stimulus. Very-high-voltage devices can be synthesized with low on-state voltage
drop and high current handling capability. Thyristors are extensively used in high-
voltage DC transmission systems with special gate structures that allow optically
induced triggering. They are also employed for driving very-high-power motors.

Fig. 8.92 Impact of stored charge on the triac structure
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A thyristor structure (GTO) capable of turning off current in DC power circuits
has been developed for motor drives used in traction (electric locomotives) applica-
tions. These devices found extensive use in high-speed rail transport systems until
the 1990s. The development of the IGBT [21] in the early 1980s followed by scaling
its voltage and current handling capability in 1990s has resulted in the displacement
of the GTO in traction applications. However, the physics of operation for the
thyristor continues to have relevance because a four-layer (parasitic thyristor) device
is formed within the IGBT structure. The design of the IGBT requires a good
understanding of thyristor physics to prevent its destructive failure under certain
circuit operating conditions.

Problems

8.1 Consider an N+PN-P+ power thyristor structure with uniformly doped N+

cathode, P-base, N-drift, and P+ anode regions. The N+ cathode region has a
doping concentration of 2 � 1019 cm�3 and thickness of 10 μm. The P-base
region has a doping concentration of 2 � 1017 cm�3 and thickness of 20 μm.
The N-drift region has a doping concentration of 5 � 1013 cm�3 and thickness
of 300 μm. The P+ anode region has a doping concentration of 2 � 1019 cm�3

and thickness of 50 μm. The Shockley-Read-Hall (low-level, high-level, and
space-charge generation) lifetime is 10 ns in the N+ cathode and P+ anode
regions and 10 μs in the P-base and N- drift regions. Ignore bandgap narrowing
and Auger recombination. Use an ambipolar diffusion constant Da of 15 cm

2/s

Fig. 8.93 Improving the [dV/dt] performance of the triac structure

750 8 Thyristors



for the on-state calculations. The structure has a linear cell geometry with an
emitter width of 0.5 cm and length of 1 cm. What is the blocking voltage
capability for the device?

8.2 Determine the cathode short distance (D) for a square shorting array to prevent
turn-on of the above thyristor structure. Use a maximum forward bias for the
cathode/base junction of 0.5 V at a leakage current density of 1 A/cm2. Assume
a cathode short size (d ) of 25 μm.

8.3 Determine the on-state current for the thyristor structure described in Problem
8.1 at a forward bias of 1.0 V.

8.4 Calculate the gate triggering current for the thyristor structure described in
Problem 8.1. Use the cathode shorting distance from Problem 8.2.

8.5 What is the holding current for the thyristor structure described in Problem 8.1?
Use the cathode shorting distance from Problem 8.2 and a current gain (alpha)
of 0.5 for the N-P-N transistor in the on-state.

8.6 Determine the [dV/dt] capability the thyristor structure described in Problem
8.1 when the device is blocking 100 V. What is the maximum operating
frequency for the thyristor if the sinusoidal anode voltage has a maximum
value of 1000 V?

8.7 Calculate the current rise-time when turning on the thyristor structure
described in Problem 8.1 with an anode supply voltage of 10 V. What is the
current rise-time if the anode supply voltage is increased to 100 V? Use a gate
current density of 1 A/cm2.

8.8 Using the typical current spreading velocity in a thyristor, determine the
current spreading time for the thyristor structure described in Problem 8.1.

8.9 Design an amplifying gate thyristor structure using a gate electrode pad with
radius of 0.25 cm to achieve a gate triggering current of 200 mA. Use the
parameters given in Problem 8.1 for the semiconductor regions.

8.10 Design a light-triggered thyristor using an optically generated current density
of 0.1 A/cm2 in the semiconductor. The central gate region has a radius of
0.25 cm.

8.11 A gate turn-off thyristor structure has uniformly doped N+ cathode, P-base,
N-drift, and P+ anode regions with the following parameters: The N+ cathode
region has a doping concentration of 2 � 1019 cm�3 and thickness of 10 μm.
The P-base region has a doping concentration of 2 � 1017 cm�3 and thickness
of 40 μm. The N-drift region has a doping concentration of 5 � 1013 cm�3 and
thickness of 300 μm. The P+ anode region has a doping concentration of 2� 10
19 cm�3 and thickness of 50 μm. The Shockley-Read-Hall (low-level, high-
level, and space-charge generation) lifetime is 10 ns in the N+ cathode and P+

anode regions and 10 μs in the P-base and N-drift regions. Ignore bandgap
narrowing and Auger recombination. Use an ambipolar diffusion constant Da

of 15 cm2/s for the on-state calculations. The structure has a linear cell
geometry with an emitter width of 200 μm and length of 1 cm. Determine
the on-state current at an on-state voltage drop of 1.0 V.
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8.12 Determine the storage time if the gate turn-off thyristor structure described in
Problem 8.11 is turned off at a current gain of 2 with a constant gate drive
current.

8.13 The gate turn-off thyristor structure described in Problem 8.11 is turned off
using a DC supply voltage of 1000 V. Determine the voltage rise-time.

8.14 Determine the current waveform during turn-off for the gate turn-off thyristor
structure described in Problem 8.13. Provide the magnitude of the sudden drop
in the anode current. What is the time constant for the exponential decay in the
anode current? Determine the current turn-off time.

8.15 Determine the energy loss during the turn-off of the gate turn-off thyristor
structure described in Problem 8.13 and Problem 8.14. Provide the energy loss
values associated with the voltage rise-time and the current fall time.

8.16 What is the maximum controllable anode current for the gate turn-off thyristor
structure described in Problem 8.11? Assume one-dimensional parallel-plane
breakdown voltage for the cathode/base junction.
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Chapter 9
Insulated Gate Bipolar Transistors

The insulated gate bipolar transistor (IGBT) concept was discovered [1] and
developed in the early 1980s to provide an improved alternate power device to
bipolar power transistors [2]. As discussed in Chap. 7, one of the major shortcomings
of the bipolar power transistor is its low current gain when designed to operate at
high voltages. This increases the size, weight, and cost of its discrete gate drive
circuit. In addition, the bipolar power transistor needs snubber circuits to compensate
for its poor safe operating area. The resulting system solution obtained with bipolar
power transistors is cumbersome in design, difficult to manufacture, and expensive
for implementation in consumer and industrial applications.

One of the approaches taken to create an improved high-voltage switch is to use a
hybrid solution with a power MOSFET structure providing the base drive current to
a bipolar power transistor [3]. The equivalent circuit for this hybrid MOS-bipolar
configuration is shown in Fig. 9.1 together with its monolithic implementation. Note
that the MOSFET and bipolar transistor are located in different portions of the
silicon chip in this concept. The gate drive signal for this hybrid configuration is
applied to the power MOSFET providing the advantages of compact, low-cost,
integrated gate drive circuits made possible by the high input impedance, voltage-
controlled operation. No external connection is made to the source contact of the
power MOSFET. Instead, the source current is used to provide the base drive current
for the bipolar power transistor as indicated by the red and green lines. The bipolar
power transistor is designed to carry most of the device current because of its
superior on-state characteristics. An attribute of this approach is simultaneous
fabrication of both transistors by forming a single P-region as the base of the bipolar
power transistor and the base of the power MOSFET and a single N+ diffusion to
create the emitter of the bipolar power transistor and the source of the power
MOSFET.

Unfortunately, the hybrid MOS-bipolar configuration has many disadvantages.
Firstly, the power MOSFET must have the same high-voltage blocking capability as
the bipolar power transistor. The high specific on-resistance for high-voltage power
MOSFET structures, together with the low current gain for the bipolar power
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transistor, results in a large area occupied by the power MOSFET in spite of typically
carrying a tenth of the total device current. This reduces the average on-state current
density making the die size and cost large. Secondly, a reverse base drive current
cannot be applied in this circuit to remove the stored charge in the bipolar power
transistor resulting in a very long turn-off time. Thirdly, the on-state voltage drop
exceeds 1 volt in this approach because the drain current flows through the emitter-
base junction. Attempts made to improve upon this circuit by using an additional
MOSFET in series with the emitter of the bipolar transistor have not found wide-
spread applications [4].

The IGBT represents the true MOS-bipolar integration in the sense of
intermingling the physics of operation of the MOSFET structure with the physics
of operation of bipolar transistors [5]. In this concept, the MOSFET structure is used
to provide the base drive current for the bipolar transistor with the bipolar transistor
used to modulate the conductivity of the drift region for the MOSFET structure. The
reduced resistance of the power MOSFET structure allows providing much greater
base drive current to the bipolar transistor in this configuration. Consequently, the
bipolar power transistor structure can be altered from the traditional narrow-base N-
P-N transistor structure to a wide-base P-N-P transistor structure. Although this
change reduces the current gain of the bipolar transistor, it greatly enhances the safe
operating area for the composite structure. Moreover, the IGBT structure has
inherent forward and reverse blocking capability enabling its utilization in both
DC and AC circuit applications.

The first observation of the IGBT mode of operation in a four-layer vertical
device structure was reported in 1979 [1]. In that work, the ability to increase and
reduce current flow in a four-layer structure under the control of a gate voltage
without latch-up of the thyristor was experimentally demonstrated over a limited

Fig. 9.1 Hybrid MOS-bipolar power devices
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current range for the first time. The first IGBT devices with substantial current
ratings were reported in the literature in 1982 with a symmetric (equal forward and
reverse) blocking voltage capability of 600 V in recognition of their prospective
applications in DC and AC circuits [6]. It was also apparent that the asymmetrical
IGBT structure, with only forward blocking capability, could be optimized with
superior on-state and switching speed capability [6–8]. The ability to scale the
voltage rating of the IGBT structure with modest increase in the on-state voltage
drop was also recognized immediately after its invention [5]. This provided a strong
impetus to scale up the voltage rating of IGBT structures as shown in Fig. 9.2. This
chart was created using data published on IGBT devices at the IEEE International
Electron Devices Meeting until 1990 and the IEEE International Symposium on
Power Semiconductor Devices and ICs beyond this time frame. Within a short span
of 10 years, devices capable of supporting over 3000 V were developed. Continued
interest in using the IGBT for traction (electric locomotive drives) applications led to
the scaling up of the voltage ratings to 6500 V for these devices. More recently,
silicon carbide-based IGBTs have been demonstrated with blocking voltages
exceeding 20 kV [9, 10]. The silicon carbide devices have not yet been
commercialized.

Interest in reducing the on-state voltage drop for IGBTs motivated the utilization
of a trench-gate architecture in place of the planar-gate configuration in 1987
[11]. Subsequently, the observation of an enhanced carrier concentration in the
vicinity of the trench-gate region, named the injection-enhancement effect [12],
has stimulated the development of devices capable of the same high-voltage and
current handling capability as planar devices. In addition, although IGBT structures
with reverse blocking capability were first reported in 1982 [6], these structures lay

Fig. 9.2 Growth in voltage ratings for IGBTs
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dormant for many years due to higher degree of interest in DC circuit applications as
well as the difficulties for formation of passivated reverse blocking junctions. There
has been a recent resurgence of interest in these structures for applications in matrix
(AC-to-AC) converters [13–16].

The growth in the current handling capability for the IGBT devices is charted in
Fig. 9.3 using the same reference sources used for the voltage ratings. The first
IGBTs reported in 1982 had a modest current rating of 10 A which quickly scaled to
25 A for use in adjustable speed motor drives for air-conditioning applications. Since
then, interest in using the IGBT for traction applications has motivated a steady
growth in the current handling capability. This has been accomplished by scaling the
die size as well as improving the packaging. Press-pack IGBTs have now become
available with the capability of switching 2000 A. These devices have utilized the
planar-gate structure due to its larger die yield and ruggedness. The current handling
capability of trench-gate IGBT devices has generally lagged behind in time when
compared with planar-gate devices. However, trench-gate IGBTs have now been
developed capable of handling 1300 A.

The extraordinarily rapid growth in the power handling capability of IGBT
devices is charted in Fig. 9.4. The chart was developed by using the previously
cited reference sources augmented by review papers that have reported these trends
[5, 17]. The first IGBTs reported in 1982 were capable of delivering 6 kilowatts of
power to a load. Since then, a rapid growth in power handling capability has been
achieved by scaling both the voltage and the current ratings. A single IGBT module
is now available with the ability to control 9 megawatts of power. The IGBT
structure has consequently not only completely displaced the bipolar power transis-
tor in medium power applications but also the gate turn-off (GTO) thyristor in high-

Fig. 9.3 Growth in current handling capability for IGBTs
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power applications. It is now being utilized even for high-voltage DC power
transmission with voltage source regulators.

In this chapter, the basic structure and operating characteristics of the IGBT are
first described. The analysis of forward and reverse blocking capability is then
performed followed by discussion of the on-state characteristics of IGBTs with
various collector structures. The IGBT structure is shown to behave like a P-i-N
rectifier in the on-state producing a low on-state voltage drop even for structures
designed to support large voltages. The switching behavior of the IGBT is then
analyzed including discussion of lifetime control processes for optimization of the
trade-off between on-state and switching losses. Various methods to suppress the
parasitic thyristor within the IGBT structure are discussed in detail because this is
essential to the design of functional devices. The analysis and design of trench-gate
IGBT structures are also provided in this chapter.

9.1 Basic Device Structures

The basic structure for an n-channel IGBT structure is illustrated in Fig. 9.5. The
current carrying terminals for the IGBT structure have been labeled the emitter and
collector terminals because this made the device structure pin-compatible with
existing bipolar transistor circuits when the IGBT was initially developed. Unfortu-
nately, this is contradictory to the physics of operation of the internal bipolar transistor
within the IGBT structure. The control terminal for the IGBT is labeled as a gate
terminal because it has an MOS structure similar to that in a power MOSFET device.

Fig. 9.4 Growth in power handling capability for IGBTs
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The IGBT structure is formed using four (N-P-N-P) alternating semiconductor
layers. This creates a basic thyristor structure. However, the thyristor structure is
made inoperative by including a deep P+ diffusion and short-circuiting the P-base
region to the N+ emitter region using the emitter electrode as shown in the figure.
When thyristor operation is suppressed, the IGBT structure operates as a transistor as
discussed in more detail below.

The cross section of the symmetric IGBT structure shown in Fig. 9.5 is capable to
supporting large voltages in the first and third quadrants. This is necessary for its use
in AC power circuits. It is often referred to as the non-punch-through (NPT) IGBT
structure because the electric field does not extend through the entire width of the
lightly doped portion of the N-drift region. The cross section for the asymmetric
IGBT structure is shown in Fig. 9.6. It is capable of supporting large voltages only in
the first quadrant. The asymmetric IGBT structure is optimized for DC circuit
applications where no reverse bias is applied to the device because it operates
exclusively in the first quadrant of the i-v characteristics. The main distinguishing
feature of the asymmetric IGBT structure is the introduction of an N-buffer layer
within the N-drift region. This layer is sometimes referred to as the field-stop layer.
The forward blocking voltage can be supported by a thinner N-drift region in the
asymmetric IGBT structure resulting in reducing the on-state voltage drop. This
structure is often referred to as the punch-through (PT) IGBT structure because the
electric field “punches through” the entire lightly doped portion of the N-drift region.

Fig. 9.5 The symmetric IGBT device structure

760 9 Insulated Gate Bipolar Transistors



The symmetric IGBT structure is usually fabricated by starting with a lightly
doped n-type silicon wafer whose resistivity is chosen based upon the blocking
voltage rating for the device. The collector P+ region is formed by the diffusion of
dopants from the backside of the wafer to a junction depth xJC as shown in Fig. 9.7a.
The asymmetric IGBT structure is usually fabricated by the growth of the n-type
drift region on top of a P+ substrate. The initial growth of the n-type drift region is
performed with a larger doping concentration to create the N-buffer layer as shown
in Fig. 9.7b. The rest of the n-type drift region is then grown with a low doping
concentration to the thickness necessary to support the forward blocking
voltage. The development of fabrication technology for handling thin silicon wafers
has allowed making the asymmetric IGBT devices without epitaxial growth. A deep
P+ region is formed at the center of the window in the polysilicon gate electrode to
suppress the latch-up of the parasitic thyristor in both IGBT structures. Its depth
(xJP+) is chosen so that the p-type dopant does not penetrate into the semiconductor
below the gate electrode due to lateral diffusion. The doping profiles taken in the
vertical direction along the dashed lines shown in the device cross sections are
illustrated in Fig. 9.7.

The gate oxide is grown after formation of the deep P+ region, immediately
followed by the deposition of the polysilicon gate electrode. The P-base is then
created in both the IGBT structures by the ion implantation of boron as the p-type
dopant using the polysilicon as the mask. The p-type dopant is diffused to a depth of
xJB to form the P-base region. Next, a mask is used in the center of the polysilicon
window during the ion implantation of the N+ emitter to allow the short-circuiting of

Fig. 9.6 The asymmetric IGBT device structure
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the junction J3 between the N+ emitter and the P-base regions. The n-type dopant is
diffused to a depth of xJE to form the N+ emitter region. The N+ emitter and P-base
regions are consequently self-aligned to the edge of the polysilicon gate electrode
enabling control of the channel length by their relative diffusion depths. Electrodes
are formed on the front side of the wafer to contact the emitter and gate regions and
on the backside of the wafer to contact the collector region. No contact electrode is
usually attached to the N-drift (N-base) region.

The doping profile taken in the lateral direction just under the gate oxide along the
dashed lines shown in the device cross sections is illustrated in Fig. 9.8. The N+

emitter and P-base regions have Gaussian doping profiles with surface concentra-
tions of NES and NBS, respectively. The doping concentration of the JFET region is
sometimes enhanced to ND,JFET by an additional diffusion of n-type dopants prior to
the formation of the P+ region on the top surface of the wafer. The larger doping
concentration in the JFET region reduces the lateral diffusion depth xJB of the P-base
region. This must be accounted for when designing the process to obtain an adequate
channel length. The maximum p-type doping concentration of the P-base region,
after accounting for compensation by the n-type emitter dopant, determines the
threshold voltage for the IGBT structure. This concentration is usually controlled
by adjusting the dose of the p-type ion implantation which determines the surface
concentration NBS of the P-base region.

Fig. 9.7 Vertical doping profiles for the IGBT device structures
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9.2 Device Operation and Output Characteristics

The symmetric IGBT structure is capable of supporting high voltages in the first and
third quadrants when the gate electrode is short-circuited to the emitter electrode by
the external gate control circuit. This is shown in Fig. 9.9 by the blue lines. The
asymmetric IGBThas an equivalent blocking voltage capability in thefirst quadrant as
shown by the blue line and low reverse blocking capability as shown by the red line.

When a positive bias is applied to the collector of either the symmetric or
asymmetric IGBT structure, junction J1 is forward biased, while junction J2 becomes
reverse biased. The applied voltage is supported across the reverse-biased deep P+/
N-base (or N-drift) region junction J2 with the depletion region extending in the
N-base region toward junction J1. The maximum forward blocking voltage capabil-
ity of the symmetric IGBT structure is determined by the open-base breakdown
voltage of the P-N-P transistor. The thickness of the N-base region and the minority
carrier lifetime in this region determine the breakdown voltage. In the case of the
asymmetric IGBT structure, the lightly doped portion of the N-base (N-drift) region
becomes completely depleted at a relatively low voltage. The electric field stops at
the interface between the N-drift region and the N-buffer layer because of the
relatively high doping concentration (1016–1017 cm�3) of the N-buffer layer. The
N-buffer layer thickness and doping concentration must be sufficient to suppress
reach-through and keep the gain of the P-N-P transistor as low as possible. In this

Fig. 9.8 Lateral doping
profile for the IGBT device
structure
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case, the forward blocking capability of the asymmetric IGBT structure will be
determined by the thickness of the lightly doped portion of the N-base region.

When a negative bias is applied to the collector of the symmetric IGBT structure,
junction J1 is reverse biased, while junction J2 becomes forward biased. The applied
voltage is supported across the reverse-biased junction J1 with the depletion region
extending in the N-base region toward junction J2. The maximum reverse blocking
voltage capability of the symmetric IGBT structure is determined by the open-base
breakdown voltage of the P-N-P transistor. The thickness of the N-base region and the
minority carrier lifetime in this region determine the breakdown voltage. The reverse
blocking voltage capability is consequently equal to the forward blocking voltage
capability. In the case of the asymmetric IGBT structure, the junction J1 cannot support
a high voltage because of the high doping concentration (1016–1017 cm�3) of the
N-buffer layer and the P+ collector region (1019 cm�3). This is acceptable for
utilization of the asymmetric IGBT structure in DC circuits, especially for motor
control where an antiparallel diode is connected across the IGBT device.

The application of a positive bias to the gate of the IGBT structures creates an
inversion layer channel under the gate electrode which connects the N+ emitter region
to the N-base region. This allows the transport of electron current from the N+ emitter
region to the N-base region when a positive voltage is applied to the collector
terminal. The electron current serves as the base drive current for the P-N-P transistor
promoting the injection of holes from the P+ collector/N-base junction J1. The
injected holes produce the emitter current of the P-N-P bipolar transistor. Conse-
quently, current flow occurs from the collector terminal to the emitter terminal with a
bipolar component associated with the wide-base P-N-P transistor and a unipolar
component via the channel of theMOSFET region. The N-base (N-drift) region of the
IGBT structures operates with high-level injection conditions during current flow.

Fig. 9.9 Output characteristics of the IGBT device structures
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This reduces the resistance of the N-base region allowing high current flow with low
on-state voltage drop. With sufficiently large gate bias to ensure operation of the
MOSFET region in its linear (triode) mode, the on-state characteristics of the IGBT
structure look like those of a P-i-N rectifier as illustrated in Fig. 9.9 by the green line.

When the gate bias voltage is made only slightly above the threshold voltage of
the MOSFET region, the channel enters pinch-off conditions resulting in limiting the
electron current delivered to the N-base region. Since this limits the base drive
current for the P-N-P bipolar transistor, its current also becomes saturated. The
IGBT structure is therefore capable of exhibiting an active region with the collector
current saturated at a value determined by the applied gate bias as illustrated in
Fig. 9.9 by the black lines. These characteristics are valuable for providing short-
circuit protection features in applications. The safe operating area for the IGBT has
been found to be excellent eliminating the need for snubbers that were essential
when bipolar power transistors were used in applications.

The switching of the IGBT device in power circuits can be performed by toggling
the gate bias between zero and a positive bias VGS above its threshold voltage. When
the gate bias is abruptly increased from zero to VGS, the collector current of the IGBT
increases rapidly with an on-state voltage drop that is determined by the modulation
of the conductivity of the N-base region. The rate of rise in collector current can be
controlled by tailoring the rate of rise of the gate bias voltage. When the gate bias is
rapidly decreased from VGS to zero, the collector current is turned off with a current
tail associated with the removal of the stored charge in the N-base region. The turn-
off switching losses can be reduced by decreasing the lifetime in the N-base region,
but this is accompanied by an increase in the on-state voltage drop. It is therefore
customary to perform a trade-off between the on-state voltage drop and the switching
losses when designing IGBT devices.

As mentioned earlier, the IGBT structure consists of four alternating semicon-
ductor layers that also constitute a thyristor structure as indicated in Fig. 9.10. It is
necessary to completely suppress the operation of this thyristor structure to preserve
the IGBT mode of operation over a broad range of currents and voltages. The
suppression of the triggering and latch-up of the parasitic thyristor can be accom-
plished by numerous techniques that are discussed in detail later in this chapter. The
successful implementation of these methods for suppressing the parasitic thyristor
has been crucial to the success of the IGBT device as a product for power electronic
applications.

9.3 Device Equivalent Circuits

The equivalent circuit representation of the IGBT structure is provided in Fig. 9.11a.
The circuit contains the coupled P-N-P and N-P-N transistors that form the parasitic
thyristor as well as the MOSFET which provides the base drive current for the P-N-P
transistor. Although the N+ emitter and P-base regions in the IGBT structure are
short-circuited by the emitter electrode, there is a finite resistance for bipolar current
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flow to the emitter electrode indicated by the resistor RS. If this resistance is made
extremely small, the N-P-N transistor within the IGBT structure cannot be activated.
In this case, the equivalent circuit for the IGBT becomes a bipolar transistor driven
by a MOSFET transistor as illustrated in Fig. 9.11b. This is the equivalent circuit for
IGBT products and for power electronic circuits.

9.4 Blocking Characteristics

As discussed in the previous section, the symmetric IGBT structure provides both
forward blocking capability in the first quadrant of operation and reverse blocking
capability in the third quadrant of operation. The voltage blocking capability in both

Fig. 9.10 Parasitic thyristor
with the IGBT device
structure
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Fig. 9.11 Equivalent circuits for the IGBT device structure
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quadrants is approximately equal making the IGBT well suited for AC power
circuits. In the case of the asymmetric IGBT structure, the operating characteristics
for the device are optimized for operation in the first quadrant while sacrificing the
reverse blocking capability.

9.4.1 Symmetric Structure Forward Blocking Capability

When a positive bias is applied to the collector terminal of the IGBT structure, the
deep P+ region/N-base junction (J2) becomes reverse biased, while the junction (J1)
between the P+ collector region and the N-base region becomes forward biased. The
collector voltage is supported across the P+ region/N-base junction (J2) with a
depletion layer extending mostly within the N-base region as illustrated in
Fig. 9.12. A one-dimensional view of only the portion under the deep P+ region is
illustrated here because this governs the blocking voltage capability for the IGBT
structure. The maximum electric field occurs at the P+ region/N-base junction (J2).
On the one hand, if the width of the N-base region is very large when compared with
the depletion layer width, the blocking voltage capability is limited by avalanche
breakdown when the maximum electric field (Em) becomes equal to the critical
electric field. This corresponds to the multiplication coefficient (M ) becoming equal
to infinity. The avalanche breakdown voltage is given by:

BVPP ¼ 4:45� 1013N�3=4
D ð9:1Þ

However, a very large width for the N-base region is unacceptable because it
increases the on-state voltage drop of the IGBT structure.

Fig. 9.12 Electric field distribution during the forward blocking mode in the symmetric IGBT

9.4 Blocking Characteristics 767



On the other hand, if the width of the N-base region is made small when
compared with the depletion layer width, the depletion region can extend through
the entire N-base region as illustrated at the bottom of Fig. 9.12, while the maximum
electric field at the junction is well below the critical electric field for breakdown.
This phenomenon is referred to as the reach-through condition. When the depletion
region from the reverse-biased junction J2 reaches the forward-biased junction J1,
holes are injected from junction J1 producing an abrupt increase in the anode current.
This phenomenon limits the maximum blocking capability of the IGBT structure at
the reach-through breakdown voltage given by:

BVRT ¼ qND

2εS
W2

N ð9:2Þ

where ND is the doping concentration of the N-base region and WN is its width.
The actual breakdown voltage for the IGBT structure in the forward blocking

mode falls between the above limits and is governed by the open-base transistor
breakdown phenomenon. In order to analyze this phenomenon for the IGBT struc-
ture, consider the currents flowing at the boundary of the depletion region, as
illustrated in Fig. 9.12. The current consists of the leakage current due to the
generation process within the depletion region and the collector current amplified
by the current gain of the P-N-P transistor. Based upon the application of Kirchhoff’s
Current Law to the IGBT structure in the absence of a gate current:

IC ¼ αPNPIC þ IL ¼ IE ð9:3Þ
leading to the relationship:

IC ¼ IL
1� αPNPð Þ ð9:4Þ

From this expression, it can be concluded that the collector current will increase very
rapidly when the common-base current gain of the P-N-P bipolar transistor within
the IGBT structure approaches unity. As the positive collector bias is increased, the
width of the un-depleted portion of the N-base region becomes smaller producing an
increase in the base transport factor (αT). Concurrently, the maximum electric field at
junction J2 becomes larger leading to an increase in the multiplication coefficient.
Both phenomena produce an increase in the common-base current gain with increas-
ing collector bias until it becomes equal to unity resulting in an open-base transistor
breakdown.

Based upon the above analysis, the open-base transistor breakdown condition for
the IGBT structure is given by:

αPNP ¼ γE:αTð ÞPNPM ¼ 1 ð9:5Þ
The injection efficiency (γE) of the P

+ collector/N-base junction (J1) is close to unity
because of the relatively high doping concentration in the P+ collector region and the
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low doping concentration of the N-base region. The magnitude of the other two
terms in the above equation is a function of the collector bias.

The base transport factor is determined by the width (l ) of the un-depleted portion
of the N-drift region (see Fig. 9.12):

αT ¼ 1

cosh l=Lp
� � ð9:6Þ

with:

l ¼ WN �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSVC

qND

s
ð9:7Þ

where VC is the applied positive bias to the collector electrode and Lp is the diffusion
length for holes in the N-base region. As the collector bias increases, the width of the
un-depleted portion of the N-base region shrinks resulting in an increase in the base
transport factor.

The multiplication factor is determined by the collector bias relative to the
avalanche breakdown voltage of the deep P+ region/N-base junction (BVPP):

M ¼ 1
1� VC=BVPPð Þn ð9:8Þ

where n ¼ 6 for the case of a P+/N diode. The multiplication coefficient also
increases with increasing collector bias. The open-base transistor breakdown voltage
(and the forward blocking capability of the IGBT structure) is determined by the
collector voltage at which the multiplication factor becomes equal to the reciprocal
of the base transport factor.

To illustrate the design procedure for optimization of the drift region doping
concentration and width, consider the case of an IGBT structure that must have a
forward blocking voltage of 1200 V. In the case of avalanche breakdown, there is a
unique value of 1.6 � 1014 cm�3 for the doping concentration of the drift region to
obtain this blocking voltage. However, in the case of open-base transistor break-
down, many combinations of the drift region doping concentration and width can be
used to obtain this blocking voltage capability. This is illustrated in Fig. 9.13 where
the open-base breakdown voltage is plotted as a function of the drift region width for
five cases of the drift region doping concentration. A lifetime of 10 μs was used in
the N-drift region for this analysis.

It can be observed from Fig. 9.13 purple line that the open-base breakdown
voltage becomes equal to 1300 V (10% greater than a design target of 1200 V) at
a drift region width greater than 250 μm for a drift region doping concentration of
2.5 � 1013 cm�3. In this case, the base transport factor becomes close to unity under
breakdown conditions. When the doping concentration of drift region is increased to
5 � 1013 cm�3, the drift region thickness is reduced to 200 μm to achieve the same
open-base breakdown voltage of 1300 V as shown by the blue line. If the doping
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concentration of drift region is increased to 1.25 � 1014 cm�3, the drift region
thickness increases to 300 μm to achieve the same open-base breakdown voltage of
1300 V as shown by the ochre line. In this case, the multiplication coefficient
becomes large under open-base breakdown conditions. These examples demonstrate
that there is an optimum drift region doping concentration to obtain a minimum
drift region width to achieve an open-base breakdown voltage of 1300 V. The
location of the optimum design with a width of 190 μm and doping concentration
of 6 � 1013 cm�3 is illustrated for this case in Fig. 9.14.

The forward blocking voltage capability for the symmetric IGBT structure is also
dependent upon the ambient temperature. As temperature increases, the impact
ionization coefficients are reduced leading to a decrease in the multiplication coef-
ficient. Concurrently, the base transport factor increases due to an increase in the
minority carrier lifetime. In general, the reduction of the impact ionization is
dominant as temperature goes up. Consequently, the forward blocking voltage
capability for the symmetric IGBT structure increases with increasing temperature.

9.4.2 Symmetric Structure Reverse Blocking Capability

When a negative bias is applied to the collector terminal of the IGBT structure, the P
+ collector/N-base junction (J1) becomes reverse biased, while the junction (J2)
between the deep P+ region and the N-base region becomes forward biased. The
reverse blocking voltage is supported across the P+ region/N-base junction (J1) with

Fig. 9.13 Open-base breakdown voltage for the symmetric IGBT structure in the forward
blocking mode
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a depletion layer extending mostly within the N-base region as illustrated in
Fig. 9.15. Here, a one-dimensional view of only the portion under the deep P+

region is illustrated because this governs the blocking voltage capability for the
IGBT structure. The maximum electric field occurs at the P+ collector/N-base
junction (J1). On the one hand, if the width of the N-base region is very large
when compared with the depletion layer width, the blocking voltage capability is
limited by avalanche breakdown when the maximum electric field (Em) becomes
equal to the critical electric field. This corresponds to the multiplication coefficient
(M ) becoming equal to infinity. The avalanche breakdown voltage is given by
Eq. (9.1). However, a very large width for the N-base region is unacceptable because
it increases the on-state voltage drop of the IGBT structure.

On the other hand, if the width of the N-base region is made small when
compared with the depletion layer width, the depletion region can extend through
the entire N-base region as illustrated at the bottom of Fig. 9.15, while the maximum
electric field at the junction is well below the critical electric field for breakdown.
This phenomenon is referred to as the reach-through condition. When the depletion
region from the reverse-biased junction J1 reaches the forward-biased junction J2,
holes are injected from junction J2 producing an abrupt increase in the collector
current. This phenomenon limits the maximum blocking capability for the symmet-
ric IGBT structure at the reach-through breakdown voltage given by Eq. (9.2).

The actual breakdown voltage for the symmetric IGBT structure in the reverse
blocking mode falls between the above limits and is governed by the open-base
transistor breakdown phenomenon. Since the depletion layer extends in the

Fig. 9.14 Optimum width and doping concentration of the drift region for the symmetric IGBT
structure to obtain a forward blocking capability of 1200 V
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symmetric IGBT structure in the same N-base region as during the forward blocking
mode, the open-base breakdown voltage in the reverse blocking mode is the same as
for the forward blocking mode. The forward blocking analysis is therefore pertinent
to determination of the reverse blocking voltage as well. The equations derived in the
previous section can therefore be used for determination of the reverse blocking
capability. In addition, the same procedure for optimization of the doping concen-
tration of the N-drift region can be used as shown in Figs. 9.13 and 9.14 to achieve a
minimum width for the N-drift region.

9.4.3 Symmetric Structure Leakage Current

The leakage current in reverse blocking junctions is produced by space-charge
generation within the depletion region as discussed in Chap. 5. In the case of the
symmetric IGBT structure in the forward blocking mode, the space-charge genera-
tion current at the reverse-biased deep P+/N-base junction J2 is amplified by the gain
of the internal P-N-P transistor:

JL ¼ JSCG
1� αPNPð Þ ð9:9Þ

where the space-charge generation current density is given by:

Fig. 9.15 Electric field distribution during the reverse blocking mode in the symmetric IGBT
structure
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JSCG ¼ qWDni
τSC

¼ ni
τSC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qεSVC

ND

r
ð9:10Þ

The space-charge generation current increases with increasing collector bias.
Concurrently, the current gain (αPNP) of the P-N-P transistor is also a function of
the collector bias voltage because the base transport factor and the multiplication
factor increase when the collector bias increases. At collector bias voltages less than
80% of the open-base breakdown voltage, the multiplication factor remains close to
unity.

As an example, consider the case of a symmetric IGBT structure that is designed
with a forward blocking capability of 1200 V. This would be satisfied by using an
N-base region with a doping concentration of 5 � 1013 cm�3 and width of 200 μm.
The leakage current computed by using the above analysis is shown in Fig. 9.16 for
the case of a space-charge generation lifetime (τSC) of 20 μs. The leakage current
density (JSC) at 300 �K due to just space-charge generation, without amplification by
the gain of the P-N-P transistor, is also shown in the figure. It can be seen that this
current increases with collector bias voltage due to the expansion of the width of the
depletion region. However, an increase in the leakage current by an order of
magnitude occurs at a collector bias of 800 V when the gain of the P-N-P transistor
is included in the analysis. In this figure, the leakage current at elevated temperatures
is also plotted as a function of the collector bias. The increase in the parallel-plane
breakdown voltage with temperature due to reduction of impact ionization was
included here. Due to the significant increase in the intrinsic carrier concentration
with temperature, the leakage current increases by a factor of 500 times when the

Fig. 9.16 Leakage current for the symmetric IGBT structure
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temperature increases from 300 �K to 400 �K. The influence of impact ionization can
be observed in all the cases at collector voltages above 1200 V.

The changes in the leakage current due to variations of the lifetime can also be
modeled using the equations derived in this section. When the space-charge gener-
ation lifetime is reduced, the space-charge generation current increases as described
by Eq. (9.10). At the same time, the current gain of the P-N-P transistor is reduced
due to the concomitant decrease in the minority carrier low-level lifetime and
diffusion length. This behavior can be observed in Fig. 9.17 where the leakage
current density is plotted for the above structure for three values of the low-level
lifetime. The space-charge generation lifetime was assumed to be equal to twice the
low-level lifetime. When the low-level lifetime is increased from 10 to 100 μs, the
leakage current density at low collector bias voltages becomes smaller. However, the
leakage current increases more rapidly with collector voltage due to the larger
minority carrier diffusion length leading to a crossover of the current at 900 V.
The maximum blocking voltage reduces from 1300 V to 1100 V when the lifetime is
increased from 10 to 100 μs. When the low-level lifetime is reduced from 10 to 1 μs,
the leakage current density at low collector bias voltages increases, but the current
does not increase as rapidly with increasing collector bias due to the smaller minority
carrier diffusion length. The maximum blocking voltage increases from 1300 V to
1400 V when the lifetime is reduced from 10 to 1 μs.

Simulation Example
The results of two-dimensional numerical simulations for a typical structure are
described here to gain further insight into the physics of operation for the symmetric
IGBT structure under voltage blocking conditions. The simulations were performed

Fig. 9.17 Leakage current for the symmetric IGBT structure
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using a cell with half the width of the structure shown in Fig. 9.5, i.e., extending from
the center of the diffusion window to the center of the polysilicon gate electrode.
This cell has a width of 15 μm (area¼ 1.5� 10�7 cm�2) with an opening of 7 μm in
the polysilicon gate electrode. The symmetric IGBT structure used for the simulations
was formed by starting with a uniformly doped N-drift region with concentration of
5 � 1013 cm�3 and thickness of 220 μm. The P-base region has a Gaussian doping
profile with a surface concentration of 4 � 1017 cm�3 and a vertical depth of 3 μm.
The N+ emitter region has a Gaussian doping profile with a surface concentration of
1� 1020 cm�3 and a vertical depth of 1 μm. The deep P+ region has a Gaussian doping
profile with a surface concentration of 1� 1019 cm�3 and a vertical depth of 5 μm. The
doping concentration in the JFET region was enhanced by using a Gaussian doping
profile with a surface concentration of 1 � 1016 cm�3 and a vertical depth of 5 μm.
The P+ collector regionwas formed at the bottom of the device using aGaussian doping
profile with a surface concentration of 1� 1019 cm�3 and a depth of 20 μm.The doping
profile in the vertical direction through the deep P+ region is shown in Fig. 9.18
indicating the net width of the N-base region is 195 μm after accounting for the
diffusions.

The lateral doping profile for the simulated symmetric IGBT structure is provided
in Fig. 9.19. The channel for the MOSFET region in the IGBT structure is formed by
the relative diffusion of the P-base and N+ emitter regions with a common polysilicon
boundary located at x¼ 7 μm. Note that the JFET doping enhances the concentration
of the N-base region to 1� 1016 cm�3. The peak concentration in the P-base region is
1.5 � 1017 cm�3 which results in a reasonable threshold voltage while preventing
reach-through problems. The channel length can be observed to be 1.5 μm.
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The forward blocking capability was obtained by increasing the collector bias
while maintaining the gate electrode at zero volts. The characteristics obtained at
various temperatures are provided in Fig. 9.20 for the case of a minority carrier
lifetime (τp0) of 10 μs. In all cases, the leakage current increases rapidly with
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increasing collector voltage. This occurs due to the increase in the space-charge
generation volume and the increase in the current gain (αPNP) of the open-base P-N-P
transistor. The simple analytical theory (see Fig. 9.16) provides a very good quali-
tative and quantitative description of the leakage current behavior as a function of
both the collector voltage and the temperature. It also predicts the maximum
blocking voltage accurately.

The leakage currents obtained at 300 �K using the numerical simulations are
provided in Fig. 9.21 for the case of three values of the lifetime in the N-base region.
It can be observed that the leakage current decreases at low collector voltages when
the lifetime is increased from 10 to 100 μs. However, the blocking voltage capability
is compromised and falls below 1200 V due to the increase in the current gain of the
P-N-P transistor. When the lifetime is reduced to 1 μs, the leakage current at low
collector voltages increases, but the rate of increase with voltage becomes smaller.
The behavior obtained by using the simple analytical model for the leakage current
(see Fig. 9.17) is in remarkably good qualitative and quantitative agreement with
these simulation results including the changes in the maximum blocking voltage
capability.

The voltage is primarily supported within the N-base region in the symmetric
IGBT structure. This is illustrated in Fig. 9.22 where the electric field profiles are
shown during operation in the reverse and forward blocking modes at five voltages.
It can be observed that the P+ collector/N-base junction (J1) becomes reverse biased
during the reverse blocking mode with the depletion region extending toward the
left-hand side with increasing (negative) collector bias. In contrast, the deep P+/N-
base junction (J2) becomes reverse biased during the forward blocking mode with
the depletion region extending toward the right-hand side with increasing (positive)
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collector bias. The electric field profiles used in Figs. 9.12 and 9.15 to develop the
analytical models for the blocking voltage are consistent with those observed with
the simulations.

9.4.4 Asymmetric Structure Forward Blocking Capability

When a positive bias is applied to the collector terminal of the asymmetric IGBT
structure, the deep P+ region/N-base junction (J2) becomes reverse biased, while the
junction (J1) between the P

+ collector region and the N-base region becomes forward
biased. The forward blocking voltage is supported across the deep P+ region/N-base
junction (J2) with a depletion layer extending mostly within the N-base region as
illustrated in Fig. 9.23. Here, a one-dimensional view of only the portion under the
deep P+ region is illustrated because this governs the blocking voltage capability for
the IGBT structure. The maximum electric field occurs at the P+ region/N-base
junction (J2).

On the one hand, if the width of the N-base region is very large when compared
with the depletion layer width, the blocking voltage capability is limited by ava-
lanche breakdown when the maximum electric field (Em) becomes equal to the
critical electric field. This corresponds to the multiplication coefficient (M ) becom-
ing equal to infinity. The avalanche breakdown voltage is given by:
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BVPP ¼ 5:34� 1013N�3=4
D ð9:11Þ

where ND is the doping concentration in the lightly doped portion of the N-base
region. However, a very large width for the N-base region is unacceptable because it
increases the on-state voltage drop of the thyristor.

On the other hand, if the width of the N-base region is made small when
compared with the depletion layer width, the depletion region can extend through
the entire lightly doped portion of the N-base region as illustrated in the middle of
Fig. 9.23, while the maximum electric field at the junction is well below the critical
electric field for breakdown. The depletion region reaches through the lightly doped
portion of the N-base region at a collector bias given by:

VRT ¼ qND

2εS
W2

N ð9:12Þ

where WN is the width of the lightly doped portion of the N-base region.
Due to the presence of the N-buffer layer in the asymmetric IGBT structure, the

device can continue to support voltages after the depletion region reaches through
the lightly doped portion of the N-base region. The electric field distribution for this

Fig. 9.23 Electric field distribution during the forward blocking mode in the asymmetric IGBT
structure

9.4 Blocking Characteristics 779



case is illustrated at the bottom of Fig. 9.23. (The vertical axes for the three electric
field plots in the figure have different scales to allow displaying the field distribu-
tions. The slope of the electric field with distance within the lightly doped portion of
the N-base region is the same for all three cases as determined by the doping
concentration in the region.) The electric field has a trapezoidal shape typical of
punch-through structures. As discussed in Chap. 3, the avalanche breakdown voltage
for the punch-through structure is given by:

BVPT ¼ ECWN � qND

2εS
W2

N ð9:13Þ

where EC is the critical electric field for breakdown corresponding to the doping
concentration ND in the lightly doped portion of the N-base region.

The actual breakdown voltage for the asymmetric IGBT structure in the forward
blocking mode falls below the punch-through breakdown voltage because it is
governed by the open-base transistor breakdown phenomenon. In order to analyze
this phenomenon for the IGBT structure, consider the currents flowing at the
boundary of the depletion region, as illustrated in Fig. 9.23. The current consists
of the leakage current due to the generation process within the depletion region and
the collector current amplified by the current gain of the P-N-P transistor. Based
upon the application of Kirchhoff’s current law to the IGBT structure in the absence
of a gate current:

IC ¼ αPNPIC þ IL ¼ IE ð9:14Þ
leading to the relationship:

IC ¼ IL
1� αPNPð Þ ð9:15Þ

From this expression, it can be concluded that the collector current will increase very
rapidly when the common-base current gain of the P-N-P bipolar transistor within
the asymmetric IGBT structure approaches unity. When the positive collector bias is
increased for the symmetric IGBT structure, the width of the un-depleted portion of
the N-base region becomes smaller producing an increase in the base transport factor
(αT). Concurrently, the maximum electric field at junction J2 becomes larger leading
to an increase in the multiplication coefficient. Both phenomena produce an increase
in the common-base current gain with increasing collector bias. This also occurs for
the asymmetric IGBT structure until the depletion regions reach through to the
N-buffer layer. Once reach-through of the depletion has occurred, the base transport
factor remains constant, while the multiplication factor increases due to the increas-
ing electric field in the N-base region.

The emitter injection efficiency for the asymmetric IGBT structure is smaller than
unity due to the high doping concentration of the N-buffer layer. This must be
factored into the current gain of the P-N-P transistor. The emitter injection efficiency
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for the P+ collector/N-buffer junction (J1) can be obtained by using an analysis
similar to that described for the bipolar power transistor in Chap. 7 (see Eq. (7.39):

γE ¼ DpNBLnENAE

DpNBLnENAE þ DnEWNBNDNB
ð9:16Þ

where DpNB and DnE are the diffusion coefficients for minority carriers in the
N-buffer and P+ collector regions, NAE and LnE are the doping concentration and
diffusion length for minority carriers in the P+ collector region, and NDNB and WNB

are the doping concentration and width of the N-buffer layer. In determining the
diffusion coefficients and the diffusion length, it is necessary to account for the high
doping concentrations in the P+ collector region and N-buffer layer. In addition, the
lifetime within the highly doped P+ collector region is reduced due to heavy doping
effects, which shortens the diffusion length.

Based upon the above analysis, the open-base transistor breakdown condition for
the asymmetric IGBT structure is given by:

αPNP ¼ γE αTð ÞPNPM ¼ 1 ð9:17Þ
Before the advent of reach-through of the lightly doped portion of the N-base region,
the base transport factor (αT) is determined by the width (l ) of the un-depleted
portion of the N-drift region (see Fig. 9.18):

αT ¼ 1

cosh l=Lp
� � ð9:18Þ

with:

l ¼ WN �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSVC

qND

s
ð9:19Þ

where VC is the applied forward bias to the collector electrode. As the forward bias
increases, the width of the un-depleted portion of the N-base region shrinks resulting
in an increase in the base transport factor. However, when the collector bias exceeds
the reach-through voltage (VRT), the electric field is truncated by the high doping
concentration of the N-buffer layer making the un-depleted width equal to the width
of the N-buffer layer. The base transport factor is then given by:

αT ¼ 1

cosh WNB=Lp,NB
� � ð9:20Þ

which is independent of the collector bias. Here, Lp,NB is the diffusion length for
holes in the N-buffer layer. This analysis neglects the depletion region extension
(shown as WDNB in Fig. 9.23) within the N-buffer layer.
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The diffusion length for holes (Lp,NB) in the N-buffer layer depends upon the
diffusion coefficient and the minority carrier lifetime in the N-buffer layer. The
diffusion coefficient varies with the doping concentration in the N-buffer layer based
upon the concentration dependence of the mobility. In addition, the minority carrier
lifetime has been found to be dependent upon the doping concentration [18]. The
variation of the minority carrier lifetime with doping concentration is inherent in the
lifetime analysis provided in Chap. 2 (see Eq. 2.76) because the Fermi level position
varies with doping concentration:

n0 ¼ ND ¼ nie
EF�Eið Þ=kT ð9:21Þ

Combining this relationship with Eq. (2.76) yields:

τLL
τp0

¼ 1þ ni
ND

e Er�Eið Þ=kT
� �

þ ζ
ni
ND

e� Er�Eið Þ=kT ð9:22Þ

where Er is the recombination center position within the bandgap.
The variation of the low-level lifetime computed by using the above expression is

plotted in Fig. 9.23 for two cases of the recombination level position and the zeta
parameter. A reduction of the low-level lifetime with increasing doping concentra-
tion is observed when the recombination center is located well below mid-gap and
has a large zeta parameter. However, recombination centers located close to mid-gap
have been found to dominate in the recombination process. In this case, there is no
significant variation of the low-level lifetime with doping concentration when the
concentration of the recombination center is kept constant as shown in the figure.

However, it has been empirically observed that the low-level lifetime decreases
with increasing doping concentration [16, 19]. This is usually modeled by using the
relationship:

τLL
τp0

¼ 1
1þ ND=NREFð Þ ð9:23Þ

where NREF is a reference doping concentration [20] whose value will be assumed to
be 5� 1016 cm�3. This behavior is also plotted in Fig. 9.24 as the simulation model.
The reduction of the low-level lifetime indicated by this model must be taken into
account for computing the diffusion length of minority carriers when the doping
concentration in the N-buffer layer is increased.

The multiplication factor given by Eq. (9.8) is determined by the collector bias
relative to the avalanche breakdown voltage of the deep P+ region/N-base junction
(BVPP) without the punch-through phenomenon. In order to apply this formulation
to the punch-through case relevant to the asymmetric IGBT structure, it is necessary
to relate the maximum electric field at the junction for the two cases. The electric
field at the interface between the lightly doped portion of the N-base region and the
N-buffer layer is given by:
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E1 ¼ Em � qNDWN

εS
ð9:24Þ

The voltage supported by the device is given by:

VC ¼ Em þ E1

2

� �
WN ¼ EmWN � qND

2εS
W2

N ð9:25Þ

From this expression, the maximum electric field is given by:

Em ¼ VC

WN
þ qNDWN

2εS
ð9:26Þ

The corresponding equation for the non-punch-through case is:

Em ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qNDVNPT

εS

r
ð9:27Þ

Consequently, the non-punch-through voltage that determines the multiplication
coefficient “M” corresponding to the applied collector bias “VC” for the punch-
through case is given by:

Fig. 9.24 Low-level lifetime variation with doping concentration
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VNPT ¼ εSE2
m

2qND
¼ εS

2qND

VC

WN
þ qNDWN

2εS

� �2

ð9:28Þ

The multiplication coefficient can be computed by using this non-punch-through
voltage:

M ¼ 1
1� VNPT=BVPPð Þn ð9:29Þ

where n ¼ 6 for the case of a P+/N diode. The multiplication coefficient increases
with increasing collector bias. The open-base transistor breakdown voltage (and the
forward blocking capability of the asymmetric IGBT structure) is determined by the
collector voltage at which the multiplication factor becomes equal to the reciprocal
of the product of the base transport factor and the emitter injection efficiency.

As an example of the design procedure for optimization of the drift region doping
concentration and width, consider the case of an IGBT structure that must have a
forward blocking voltage of 1200 V. In the case of avalanche breakdown, there is a
unique value of 1.6 � 1014 cm�3 for the doping concentration of the drift region to
obtain this blocking voltage. However, in the case of the asymmetric IGBT structure,
it is advantageous to use a much lower doping concentration for the lightly doped
portion of the N-base region in order to reduce its width. The strong conductivity
modulation of the N-base region during on-state operation favors a smaller thickness
for the N-base region independent of its original doping concentration. The doping
concentration of the N-buffer layer must be sufficiently large to prevent reach-
through of the electric field to the P+ collector region. Doping concentrations
above 1 � 1016 cm�3 are sufficient to accomplish this goal. A larger doping
concentration in the N-buffer layer produces a reduction of the emitter injection
efficiency which results in an increase in the blocking voltage. This is illustrated in
Fig. 9.25 where the open-base breakdown voltage is plotted as a function of the
N-buffer region doping concentration. A lifetime of 1 μs was used in the N-drift
region for this analysis with the lifetime in the N-buffer layer scaled in accordance
with Eq. (9.23). It can be observed that the base transport factor decreases with
increasing doping concentration in the N-buffer layer due to a reduction of the
lifetime in accordance with Eq. (9.20). The emitter injection efficiency is also
reduced with increasing doping concentration in the N-buffer layer in accordance
with Eq. (9.16). The reduction of the product of the base transport factor and the
emitter injection efficiency produces the observed increase in the open-base break-
down voltage.

The forward blocking voltage capability for the asymmetric IGBT structure is
also dependent upon the ambient temperature. As temperature increases, the impact
ionization coefficients are reduced leading to a decrease in the multiplication coef-
ficient. Concurrently, the base transport factor increases due to an increase in the
minority carrier lifetime. In general, the reduction of the impact ionization is
dominant as temperature goes up. Consequently, the forward blocking voltage
capability for the asymmetric IGBT structure increases with increasing temperature.
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9.4.5 Asymmetric Structure Reverse Blocking Capability

When a negative bias is applied to the collector terminal of the IGBT structure, the P+

collector/N-base junction (J1) becomes reverse biased, while the junction (J2) between
the deep P+ region and the N-base region becomes forward biased. The reverse
blocking voltage is supported across the P+ collector/N-buffer layer junction (J1)
with a depletion layer extending mostly within the N-buffer layer as illustrated in
Fig. 9.26. The maximum electric field occurs at the P+ collector/N-buffer layer
junction (J1). The base transport factor for the P-N-P transistor is small under these
conditions because of the large un-depleted width of the lightly doped portion of the
N-base region. Consequently, the blocking voltage capability is limited by avalanche
breakdown when the maximum electric field (Em) becomes equal to the critical electric
field at the P+ collector/N-buffer layer junction (J1). Based upon the analysis of
avalanche breakdown voltage in Chap. 3, the reverse blocking voltage can be obtained
from the doping concentration of the N-buffer layer:

BVRB ¼ 5:34� 1013N�3=4
NB ð9:30Þ

and the depletion layer extension in the N-buffer layer at breakdown can be obtained
using:

Fig. 9.25 Open-base breakdown voltage for the asymmetric IGBT structure in the forward
blocking mode
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WD,NB ¼ 2:67� 1010N�7=8
NB ð9:31Þ

The magnitudes of the breakdown voltage and depletion layer width at break-
down are provided in Fig. 9.27 for the typical range of doping concentrations in the
N-buffer layer. The breakdown voltage ranges from 53 to 3.4 V as the doping in
the N-buffer layer is increased from 1� 1016 to 4� 1017 cm�3. In this doping range,

Fig. 9.27 Reverse breakdown voltage for the asymmetric IGBT structure and the corresponding
depletion layer width in the N-buffer layer

Fig. 9.26 Electric field distribution in the reverse blocking mode for the asymmetric IGBT
structure

786 9 Insulated Gate Bipolar Transistors



the maximum depletion region extension in the N-buffer layer is only 2.6 μm. It is
therefore sufficient to use an N-buffer layer thickness of 10 μm to ensure the absence
of reach-through of the N-base region during forward and reverse blocking
operation.

The asymmetric IGBT structure is commonly used in H-bridge circuits for motor
control applications, such as variable speed drives. In this topology, a reverse
conducting or flyback diode is connected across the IGBT, as shown in Fig. 9.28,
to carry current during some circuit operating conditions [21]. When a power
MOSFET is used in this totem-pole configuration, its internal body diode can
complete for the reverse current flow with the flyback diode. This problem does
not occur for the asymmetric IGBT structure if its reverse blocking capability
exceeds 4 V. Even without special termination of the P+ collector/N-buffer layer
junction (J1) at the edges of the chip, the asymmetric IGBT structure can support this
voltage if the N-buffer layer doping does not exceed 4 � 1017 cm�3.

9.4.6 Asymmetric Structure Leakage Current

The leakage current in reverse blocking junctions is produced by space-charge
generation within the depletion region as discussed in Chap. 5. In the case of the
asymmetric IGBT structure in the forward blocking mode, the space-charge
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DIODE
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HIGH VOLTAGE DC POWER BUS
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Fig. 9.28 Typical totem-pole configuration used in PWM motor drives
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generation current at the reverse-biased deep P+/N-base junction J2 is amplified by
the gain of the internal P-N-P transistor:

JL ¼ JSCG
1� αPNPð Þ ð9:32Þ

The space-charge generation current density is given by:

JSCG ¼ qWDni
τSC

¼ ni
τSC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qεSVC

ND

r
ð9:33Þ

at low collector bias voltages before the depletion region in the lightly doped portion
of the N-base region reaches through to the interface between the lightly doped
portion of the N-base region and the N-buffer layer. The space-charge generation
current increases with increasing collector bias in this regime of operation for the
asymmetric IGBT structure.

Concurrently, the current gain (αPNP) of the P-N-P transistor is also a function of
the collector bias voltage because the base transport factor increases when the
collector bias increases. Prior to the complete depletion of the lightly doped portion
of the N-base region, the multiplication factor remains close to unity. It is therefore
sufficient to account for the increase in the base transport factor with collector bias as
given by Eqs. (9.18) and (9.19).

Once the lightly doped portion of the N-base region becomes completely
depleted, the electric field becomes truncated at the interface between the lightly
doped portion of the N-base region and the N-buffer layer as illustrated at the bottom
of Fig. 9.23. The space-charge generation width then becomes independent of the
collector bias because the depletion width in the N-buffer layer is small. Under these
bias conditions, the base transport factor also becomes independent of the collector
bias as given by Eq. (9.20). Consequently, the leakage current becomes independent
of the collector bias until the onset of avalanche multiplication.

The transport of minority carriers through the N-base region of the P-N-P
transistor occurs through the N-buffer layer and the lightly doped portion of the
N-base region that has not been depleted by the applied collector bias. The base
transport factor is therefore given by:

αT ¼ αT,N�BufferαT,N�Base ð9:34Þ
The base transport factor associated with the N-buffer layer can be obtained from the
decay of the hole current within the N-buffer layer as given by low-level injection
theory:

αT,N�Buffer ¼ Jp WNB�ð Þ
Jp xNð Þ ¼ γEJCe

�WNB=Lp,NB

γEJC
¼ e�WNB=Lp,NB ð9:35Þ

where Jp(xN) is the hole current density at the P+ collector/N-buffer layer junction
(J1), Jp(WNB-) is the hole current density at the interface between the lightly doped
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portion of the N-base region and the N-buffer layer,WNB is the width of the N-buffer
layer, and Lp,NB is the minority carrier diffusion length in the N-buffer layer. The
base transport factor for the lightly doped portion of the N-base region is similar to
that previously derived for the bipolar power transistor in Sect. 7.4.4 under low-level
injection conditions appropriate for computation of the leakage current:

αT,N�Base ¼ 1

cosh WN �WDNð Þ=Lp,N
	 
 ð9:36Þ

where WN is the width of the lightly doped portion of the N-base region and Lp,N is
the minority carrier diffusion length in the lightly doped portion of the N-base
region. In this expression, the depletion width WDN prior to punch-through is
given by:

WDN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSVC

qND

s
ð9:37Þ

As the collector bias voltage increases, the base transport factor for the P-N-P
transistor increases until it becomes equal to that for the N-buffer layer.

As an example, consider the case of an asymmetric IGBT structure that is
designed with a forward blocking capability of 1200 V. This would be satisfied by
using an N-base region with a lightly doped portion having a doping concentration
of 5 � 1013 cm�3 and width of 100 μm and an N-buffer layer with a thickness of
10 μm. The leakage current computed by using the above analysis is shown in
Fig. 9.29 for the case of a space-charge generation lifetime (τSC) of 1 μs in the lightly

Fig. 9.29 Leakage current for the asymmetric IGBT structure
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doped portion of the N-base region for two cases of doping concentration in the
N-buffer layer. In performing this analysis, the reduction of the lifetime with
increasing doping concentration in the N-buffer layer (see Eq. 9.23) was taken into
account. The space-charge generation current is also included in the figure for
comparison purposes. It can be seen that the space-charge generation leakage current
increases with collector bias voltage (to 2.2 � 10�5 A/cm2) due to the expansion of
the width of the depletion region until about 400 V. This corresponds to a reach-
through voltage of 386 V obtained by using Eq. (9.12). The space-charge generation
leakage current then becomes independent of the collector bias. The leakage current
for the asymmetric IGBT structure is larger than the space-charge generation current
due to the current gain of the P-N-P transistor. For the case of an N-buffer layer
doping of 1 � 1017 cm�3, the current gain of the P-N-P transistor is 0.44 after the
lightly doped portion of the N-base region becomes completely depleted. The
leakage current density for this case is 3.9 � 10�5 A/cm2. When the doping
concentration of the N-buffer layer is reduced to 1 � 1016 cm�3, the current gain
of the P-N-P transistor increases to 0.70 after the lightly doped portion of the N-base
region becomes completely depleted. Consequently, the leakage current density for
this case increases to 7 � 10�5 A/cm2. The blocking voltage capability of the
asymmetrical IGBT structure goes down from 1600 V to 1500 V when the buffer
layer doping concentration is reduced from 1 � 1017 cm�3 to 1 � 1016 cm�3 due to
the larger base transport factor of the P-N-P transistor.

The leakage current for the asymmetrical IGBT structure at elevated temperatures
can also be obtained by using the above analytical model. As an example, consider
the case of an N-buffer layer doping concentration of 1 � 1016 cm�3. The leakage
current density at various temperatures calculated using the analytical model is
provided in Fig. 9.30 together with the space-charge generation current at 300 �K.

Fig. 9.30 Leakage current for the asymmetric IGBT structure
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The increase in parallel-plane breakdown voltage with increasing temperature due to
a reduction in the impact ionization coefficients was included here. When the
temperature increases from 300 �K to 400 �K, the leakage current increases by a
factor of 500 times because of the rapid increase in the intrinsic carrier concentration.

Simulation Example
The results of two-dimensional numerical simulations for a typical structure are
described here to gain further insight into the physics of operation for the asymmetric
IGBT structure under voltage blocking conditions. The simulations were performed
using a cell with half the width of the structure shown in Fig. 9.6, i.e., extending from
the center of the diffusion window to the center of the polysilicon gate electrode.
This cell has a width of 15 μm (area¼ 1.5� 10�7 cm�2) with an opening of 7 μm in
the polysilicon gate electrode. The asymmetric IGBT structure used for the simula-
tions was formed by using a uniformly doped P+ substrate with a doping concen-
tration of 1 � 1019 cm�3 with an epitaxial N-base region consisting of a lightly
doped portion with concentration of 5 � 1013 cm�3 and thickness of 100 μm and an
N-buffer layer with a thickness of 10 μm. The doping concentration in the N-buffer
layer was varied to examine its impact on the forward blocking capability and
leakage current.

The P-base region had a Gaussian doping profile with a surface concentration of
4 � 1017 cm�3 and a vertical depth of 3 μm. The N+ emitter region has a Gaussian
doping profile with a surface concentration of 1 � 1020 cm�3 and a vertical depth of
1 μm. The deep P+ region has a Gaussian doping profile with a surface concentration
of 1� 1019 cm�3 and a vertical depth of 5 μm. The doping concentration in the JFET
region was enhanced by using a Gaussian doping profile with a surface concentra-
tion of 1 � 1016 cm�3 and a depth of 5 μm. The doping profile in the vertical
direction through the deep P+ region is shown in Fig. 9.31 indicating the net width of
the N-base region is 95 μm after accounting for the deep P+ region. The lateral
doping profile for the simulated asymmetric IGBT structure is the same as that used
for the symmetric IGBT structure (see Fig. 9.19).

The forward blocking capability was obtained by increasing the collector bias
while maintaining the gate electrode at zero volts. The characteristics obtained at
various temperatures are provided in Fig. 9.32 for the case of a minority carrier
lifetime (τp0) of 1 μs. In all cases, the leakage current increases rapidly with
increasing collector voltage until about 400 V. This occurs due to the increase in
the space-charge generation volume and the increase in the current gain (αPNP) of the
open-base P-N-P transistor until the collector bias becomes equal to the reach-
through voltage obtained using the analytical solution given by Eq. (9.12). The
leakage current then becomes independent of the collector voltage until close to the
breakdown voltage. The blocking voltage increases with temperature due to the
reduced impact ionization coefficients. This behavior is well described by the
analytical model (see Fig. 9.30). The leakage current density obtained using the
analytical model is within a factor of 2 of the values derived from the numerical
simulations at all the temperatures. Thus, the simple analytical theory provides a
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very good qualitative and quantitative description of the leakage current behavior as
a function of both the collector voltage and the temperature.

The leakage currents obtained using the numerical simulations are provided in
Fig. 9.33 for two doping concentrations in the N-buffer layer. A lifetime of 1 μs (τp0)
was used in the lightly doped portion of the N-base region for both cases. It can be
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observed that the leakage current decreases when the N-buffer layer doping concen-
tration is increased due to the reduction of the emitter injection efficiency and base
transport factor of the P-N-P transistor. The reduced current gain of the P-N-P
transistor also results in an increase in the open-base breakdown voltage. The
behavior obtained by using the simple analytical model for the leakage current
(see Fig. 9.29) is in good qualitative and quantitative agreement with these simula-
tion results.

The voltage is primarily supported within the lightly doped portion of N-base
region in the asymmetric IGBT structure during operation in the forward blocking
mode. This is illustrated in Fig. 9.34 where the electric field profiles are shown during
operation in the reverse and forward blocking modes at several collector voltages. It
can be observed that the deep P+/N-base junction (J2) becomes reverse biased during
the forward blocking mode with the depletion region extending toward the right-hand
side with increasing (positive) collector bias. The electric field has a triangular shape
until the entire lightly doped portion of the N-base region becomes completely
depleted. This occurs at a collector bias of 400 V in precise agreement with the
value obtained using the analytical solution (see Eq. 9.12). The electric field profile
then takes a trapezoidal shape due to the high doping concentration in the N-buffer
layer. The electric field profiles used in Fig. 9.23 to develop the analytical models for
the blocking voltage are consistent with those observed with the simulations.

The P+ collector/N-base junction (J1) becomes reverse biased during the reverse
blocking mode with the depletion region confined to the N-buffer layer for the
asymmetric IGBT structure. This can be observed in Fig. 9.34 for the electric field
profiles shown with the dashed lines. A very high electric field occurs when the
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collector voltage reaches �50 V. The reverse breakdown voltage obtained with the
simulations for this case was found to be 54 V. The analytical model for the reverse
breakdown voltage (see Eq. (9.30) and Fig. 9.27) is able to predict this accurately.

9.5 On-State Characteristics

As already discussed in Sect. 9.2, the IGBT structure is designed to support a large
voltage when the gate bias is below the threshold voltage. However, if a gate bias is
applied with a value much larger than the threshold voltage, the MOSFET within the
IGBT structure operates in its linear region. Electrons supplied into the N-base
region from the channel of the MOSFET promote the injection of holes from the P
+ collector/N-base junction. Due to the low doping concentration used in the N-base
region to achieve the high blocking voltage capability, the concentration of the
injected holes exceeds the doping concentration in the N-base region even at
moderate collector current densities. Consequently, the N-base region operates
under high-level injection conditions with strong modulation of its conductivity.
This reduces the resistance within the IGBT structure during on-state operation
allowing it to carry high current densities with a low on-state voltage drop. The
output characteristics of the IGBT structure then resemble those for a P-i-N rectifier
when the IGBT is operated with a large gate bias as illustrated in Fig. 9.35. However,
if the gate bias is made only slightly above the threshold voltage, the MOSFET
region will enter its saturation mode, and the IGBT collector current will also
saturate as shown in the figure. In this mode, it is appropriate to treat the IGBT
structure as a MOSFET providing the base drive current for a P-N-P transistor.
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9.5.1 On-State Model

A simple model that can be used to analyze the on-state characteristics of the IGBT
structure consists of a P-i-N rectifier connected in series with a MOSFET operating
in its linear region. This equivalent circuit for the IGBT structure is shown in
Fig. 9.36 together with the cross section of the device indicating the corresponding
regions in the device that constitute the MOSFET and P-i-N rectifier. The current
flow path pertinent to the MOSFET/P-i-N rectifier model is indicated by the shaded

Fig. 9.35 Forward
conduction characteristics
for the IGBT structure

Fig. 9.36 On-state MOSFET/P-i-N equivalent circuit for the IGBT structure
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area in the figure. For most of the current flow in the N-base region, the current
density remains uniform allowing simplification of the model for the P-i-N rectifier
to a one-dimensional structure. The collector current then transfers to the MOSFET
at location “A” in the figure. The MOSFET current flow is governed by operation of
the MOSFET in its linear region.

The application of a large positive gate bias to induce operation of the IGBT
structure in the on-state leads to the formation of an accumulation layer under the
gate electrode where it overlaps the N-base region. During on-state current flow, the
electrons arriving in the accumulation layer via the channel of the MOSFET can be
viewed as being injected into the N-base region. The corresponding injection of
holes from the P+ collector region produces high-level injection conditions within
the N-base region. The electron and hole concentrations within the N-base region
take a catenary distribution under the gate electrode as illustrated in Fig. 9.37. In
accordance with the analysis for the P-i-N rectifier in Sect. 5.1.3:

n yð Þ ¼ p yð Þ ¼ τHLJC
2qLa

cosh y=Lað Þ
sinh d=Lað Þ �

sinh y=Lað Þ
2cosh d=Lað Þ

� �
ð9:38Þ

where the distance d is half the width (WN) of the N-base region as indicated in the
figure.

The voltage drop across the P-i-N rectifier portion in the IGBT structure can be
obtained (see Chap. 5) by using:

VF,PiN ¼ 2kT
q

ln
JCWN

4qDaniF WN=2Lað Þ
� �

ð9:39Þ

Aminimum on-state voltage drop occurs as in the case of the P-i-N rectifier when the
ambipolar diffusion length (La) is equal to the distance “d” or one-half the width
(WN) of the N-base region. The typical contribution to the on-state voltage drop for
the IGBT structure from the P-i-N rectifier portion is approximately 1 V at a collector
current density of 100 A/cm2. The voltage drop in the P-i-N portion produces a

Fig. 9.37 On-state carrier
distribution within the P-i-N
rectifier portion of the IGBT
structure
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“knee” in the on-state characteristics when it is plotted on a linear scale because the
current increases exponentially with the on-state voltage drop as given by:

JC ¼ 4qDani
WN

F
WN

2La

� �
eqVPiN=2kT ð9:40Þ

In the MOSFET/P-i-N rectifier model, all of the collector current in the IGBT
structure flows through the MOSFET before leaving through the emitter terminal.
The voltage drop across the MOSFET portion must be added to the voltage drop
across the P-i-N portion to determine the total on-state voltage drop for the IGBT
structure. The voltage drop across the channel of the MOSFET when operated in its
linear regime (see Sect. 6.6.3 for the channel resistance RCH) is given by:

VF,MOSFET ¼ ICRCH ¼ ICLCH
ZμniCOX VG � VTHð Þ ð9:41Þ

where Z is the length of the IGBT structure orthogonal to the cross section shown in
Fig. 9.36. The collector current is related to the collector current density by:

IC ¼ JCWcell Z

2
ð9:42Þ

where “WCell” is the cell width indicated in Fig. 9.36. Applying this relationship:

VF,MOSFET ¼ WCell LCH JC
2μniCOX VG � VTHð Þ ð9:43Þ

The on-state voltage drop for the IGBT structure is then given by the addition of
the voltage drops across the P-i-N and MOSFET portions of the device:

VF, IGBT ¼ 2kT
q

ln
JCWN

4qDaniF WN=2Lað Þ
� �

þ WCellLCHJCH
2μniCOX VG � VTHð Þ ð9:44Þ

At low on-state collector current densities with a large gate bias voltage, the first term
in the above equation becomes dominant. In this regime of operation, the collector
current in the IGBT structure increases exponentially with increasing on-state
voltage drop similar to that observed for the P-i-N rectifier. At larger collector
current densities, the second term in the above equation becomes significant, adding
a resistance in series with the diode voltage drop.

As an example, the on-state i-v characteristics are provided in Fig. 9.38 for the
symmetric IGBT structure with an N-base width of 200 μm. The lifetime (τp0, τn0)
was assumed to be 10 μs in the N-base region. The structure has a cell pitch of 15 μm
and a channel length of 1.5 μm. A channel mobility of 200 cm2/V-s was used with a
gate oxide thickness of 500 Å. It can be seen that very little current flow occurs until
the collector bias exceeds a “knee” voltage of about 0.8 V as in the case of a P-i-N
rectifier. The current then increases with a differential resistance which becomes
smaller with increasing gate bias.
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The exponential increase in the collector current with collector bias for the above
symmetric IGBT structure can be observed in Fig. 9.39. From this figure, it can also
be seen that the characteristics are similar to those of the P-i-N rectifier at large gate
bias voltages. At a gate bias of 5 V above the threshold voltage (VG of 10 V in the
figure), the on-state voltage drop is found to be 1.26 V at an on-state current density
of 100 A/cm2. Since the specific on-resistance for a power MOSFET capable of
supporting 1200 V is 0.3Ω-cm2, the forward voltage drop for the power MOSFET at
this current density would be 30 V. In practice, the on-state operating point is
dictated by maintaining the power dissipation below a value required to keep the
junction temperature below 125 �C from reliability considerations. Based upon
typical thermal impedances, the power dissipation for power devices is about
100 W/cm2. The locus of the power dissipation is indicated in Fig. 9.39 by the red
dashed line. The intersection of this line with the on-state characteristics defines the
operating point for the device. In the case of the 1200 V symmetric IGBT structure,
the operating point is at a current density of 85 A/cm2 with an on-state voltage drop
of 1.18 V. In contrast, for a silicon power MOSFET that is designed to support
1200 V, the operating point is at a current density of 18 A/cm2 with an on-state
voltage drop of 5.44 V. Consequently, the chip area for the IGBT structure is nearly
five times smaller than that of the power MOSFET structure. This not only reduces
the cost of the power device but reduces the gate drive current because of the smaller
input capacitance.

The on-state characteristics for the IGBT structure obtained by using the
MOSFET/P-i-N model can be analyzed to include the saturation of the collector

Fig. 9.38 On-state characteristics for the symmetric IGBT structure using the linear region model
for MOSFET portion
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current at large collector current levels when the gate bias is close to the threshold
voltage. In this case, the voltage drop across the MOSFET channel is no longer
assumed to be small compared with the gate bias voltage. When the channel pinch-
off phenomenon is included in the analysis of the channel resistance, the voltage
drop across the MOSFET channel is related to the collector current by (see Sect.
6.5.5):

IC ¼ JCWCell Z

2
¼ μniCOXZ

2LCH
2 VG � VTHð ÞVF,MOSFET � V2

F,MOSFET

	 
 ð9:45Þ

Solving for the voltage drop across the MOSFET channel yields:

VF,MOSFET ¼ VG � VTHð Þ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2WCellLCHJC

2μniCOX VG � VTHð Þ2
s" #

ð9:46Þ

The voltage drop across the IGBT structure can be obtained by adding the voltage
drop across the P-i-N portion (given by Eq. 9.39) to this voltage drop across the
MOSFET portion. The results are shown in Fig. 9.40 for the same structure that was
used to obtain Fig. 9.38. The saturation of the collector current is now evident when
the gate bias becomes close to the threshold voltage.

Fig. 9.39 On-state characteristics for the symmetric IGBT structure
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Simulation Example
The results of two-dimensional numerical simulations for the typical symmetric
structure (described in the previous section) are discussed here to gain further insight
into the physics of operation for the IGBT structure in the on-state. The simulations
were performed using a cell with half the width of the structure shown in Fig. 9.6,
i.e., extending from the center of the diffusion window to the center of the
polysilicon gate electrode. This cell has a width of 15 μm (area ¼ 1.5 � 10�7 cm
�2) with an opening of 7 μm in the polysilicon gate electrode. In order to operate the
IGBT structure in its on-state, various gate voltages were applied while sweeping the
collector voltage.

The forward conduction characteristics are shown in Fig. 9.41 for the case of a
lifetime (τp0, τn0) of 10 μs. It can be observed that the collector current increases only
after the collector bias exceeds a “knee voltage” of about 0.8 V. The on-state voltage
drop decreases when the gate bias is increased. At a gate bias of 5 and 6 V (close to
the threshold voltage of 4.7 V), the current becomes saturated. The MOSFET/P-i-N
model provides an accurate depiction of these phenomena (see Fig. 9.40). The
on-state voltage drop is 1.26 V at a collector current density of 100 A/cm2 for a
gate bias of 10 V. The MOSFET/P-i-N model provides an accurate quantitative
assessment of this value.

The forward conduction characteristics for the symmetric IGBT structure are
shown in Fig. 9.42 using a logarithmic scale for the collector current. The collector
current can be observed to increase exponentially with collector bias voltage for
current densities below 10 A/cm2 when a gate bias of 15 V is applied to maintain the

Fig. 9.40 On-state characteristics for the symmetric IGBT structure including channel pinch-off
model for MOSFET portion
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MOSFET channel in its linear mode of operation. This behavior is accurately
modeled by the P-i-N portion of the equivalent circuit for the IGBT structure.
When the gate bias is reduced, the resistance contributed by the channel increases
producing a non-exponential rise in the collector current with the applied collector
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bias. At the smallest gate bias of 5 V, a strong saturation of the collector current
becomes evident. Thus, the on-state i-v characteristics, predicted by the MOSFET/P-
i-N model (see Fig. 9.39), provide an accurate description of the IGBT structure.

9.5.2 On-State Carrier Distribution: Symmetric Structure

According to the MOSFET/P-i-N model for the on-state characteristics of the
symmetric IGBT structure, the free carrier distribution within the N-base region
exhibits a catenary distribution in accordance with Eq. (9.38). Although this is a
reasonable approximation at the middle of the gate electrode, a low free carrier
concentration occurs under the deep P+ region because this junction is reverse biased
when the IGBT structure is operating in its on-state. Consequently, the boundary
conditions for the IGBT structure are different from those for the P-i-N rectifier
[22]. The reduced free carrier concentration in the portion of the device away from
the middle of the gate electrode tends to increase the on-state voltage drop.

A one-dimensional analysis of the free carrier distribution can be performed for
the portion of the IGBT structure under the deep P+ region by solving the continuity
equation for minority carriers (holes in the N-base region) under steady-state high-
level injection conditions (see Eq. 5.23):

d2p

dy2
� p

L2a
¼ 0 ð9:47Þ

where La is the ambipolar diffusion length in the N-base region given by:

La ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
DaτHL

p ð9:48Þ
The general solution for the carrier distribution is given by:

p yð Þ ¼ Acosh
y

La

� �
þ Bsinh

y

La

� �
ð9:49Þ

where A and B are parameters determined by the boundary conditions. If the distance
“y” is defined as starting from the P+ collector/N-base junction (J1) and ending at the
deep P+/N-base junction (J2) (i.e., at y ¼ WN), these boundary conditions are:

p 0ð Þ ¼ p0 ð9:50Þ
due to the injection of holes from the P+ collector/N-base junction (J1), and

p WNð Þ ¼ 0 ð9:51Þ
due to the reverse-biased deep P+/N-base junction (J2). Using these boundary
conditions yields:
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A ¼ p0 ð9:52Þ
and

B ¼ � p0
tanh WN=Lað Þ ð9:53Þ

Substituting into Eq. (9.49) and performing simplification of the terms yield:

p yð Þ ¼ p0
sinh WN � yð Þ=La½ �

sinh WN=Lað Þ ð9:54Þ

The hole concentration ( p0) at the P
+ collector/N-base junction (J1) can be related

to collector current (JC) by using:

2qDp
dp

dy

� �
y¼0

¼ Jp 0ð Þ ¼ γE,ONJC ð9:55Þ

where γE,ON is the injection efficiency of the P+ collector/N-base junction (J1) in the
on-state and Jp(0) is the portion of the total collector current due to holes at the
junction. Under low-level injection conditions, the injection efficiency for the P+

collector/N-base junction (J1) is close to unity due to the low doping concentration
within the N-base region for the symmetric IGBT structure. However, during
on-state operation with high collector current density, the electron concentration
within the N-base region at the P+ collector/N-base junction (J1) becomes large due
to high-level injection conditions. This promotes increased injection of electrons into
the P+ collector region reducing the injection efficiency.

The free carrier concentrations are illustrated in the vicinity of the P+ collector/N-
base junction (J1) in Fig. 9.43 for the IGBT structure in the on-state. The electron and
hole concentrations are much larger than the minority and majority carrier concen-
trations on the N-base side. The electron and hole current densities in the N-base
region do not vary rapidly with distance. The injected electron concentration in the P
+ collector region (which is behaving as an emitter within the IGBT structure) is
enhanced by the high concentration of electrons on the N-side of the junction. These
electrons decay at the characteristic diffusion length (LnE) for the P

+ collector region.
The electron and hole components of the collector current are illustrated at the
bottom of the figure. The electron current in the P+ collector region decreases within
the P+ collector region. The electron and hole currents are considered to be contin-
uous through the depletion region [23].

Using the Boltzmann quasi-equilibrium boundary condition for the P-N junction:

p yNð Þ
p yPð Þ ¼

n yPð Þ
n yNð Þ ¼ e� qΔψ=kTð Þ ð9:56Þ

where p(xN) and p(xP) are the hole concentrations on the two sides of the junction, n
(xN) and n(xP) are the electron concentrations on the two sides of the junction, and
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Δψ is the potential barrier across the junction under forward-biased operation. Due
to low-level injection conditions in the P+ collector region, the hole concentration is
equal to the acceptor doping concentration (NAE):

p yPð Þ ¼ p0E ¼ NAE ð9:57Þ
The electron and hole concentrations at the junction on the N-base side are equal due
to high-level injection conditions:

n yNð Þ ¼ p yNð Þ ¼ p0 ð9:58Þ
Using these relationships in Eq. (9.56) yields:

n yPð Þ ¼ n0 ¼ p20
NAE

ð9:59Þ

The diffusion current due to electrons in the P+ collector region under low-level
injection conditions is given by:

Jn yPð Þ ¼ qDnEn0
LnE

¼ qDnEp
2
0

LnENAE
ð9:60Þ

Since the electron current is continuous through the depletion region:

Jn yNð Þ ¼ Jn yPð Þ ¼ qDnEp
2
0

LnENAE
ð9:61Þ

Fig. 9.43 Impact of high-
level injection at the P+

collector/N-base junction in
the symmetric IGBT
structure
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The injection efficiency for holes at the P+ collector/N-base junction (J1) is then
determined by:

γE,ON ¼ Jp yNð Þ
JC

¼ 1� Jn yNð Þ
JC

ð9:62Þ

A diffused P+ collector region with a surface concentration of 1 � 1019 cm�3 has an
effective doping concentration of 1 � 1018 cm�3 due to the graded doping profile.
Using an injected hole carrier concentration (p0) of 1 � 1017 cm�3 in the N-base
region at a collector current density of 100 A/cm2, the hole and electron currents at
the junction are found to be 25 and 75 A/cm2, respectively. Thus, the injection
efficiency is typically reduced to about 0.25 due to the high-level injection condi-
tions in the N-base region.

The electron current density in the N-base region at the P+ collector/N-base
junction (y ¼ 0) is given by:

Jn 0ð Þ ¼ qμnDn 0ð ÞE 0ð Þ þ qDnD
dn

dy

� �
y¼0

¼ 1� γE,ON
� �

JC ð9:63Þ

From this equation, an expression for the electric field in the N-base region at the
junction (y ¼ 0) is obtained:

E 0ð Þ ¼ 1� γE,ON
� �

JC
qμnDp0

� kT

qp0

dp

dy

� �
y¼0

ð9:64Þ

based upon making the electron concentration n(0) at the junction equal to the hole
concentration ( p0) due to high-level injection conditions in the N-base region. The
hole current density at the P+ collector/N-base region (y ¼ 0) is given by:

Jp 0ð Þ ¼ qμpDp 0ð ÞE 0ð Þ � qDpD
dp

dy

� �
y¼0

ð9:65Þ

Using Eq. (9.64) in Eq. (9.65) yields:

Jp 0ð Þ ¼ μpD
μnD

� �
1� γE,ON
� �

JC � 2qDpD
dp

dy

� �
y¼0

ð9:66Þ

However, the hole current density is also given by:

Jp 0ð Þ ¼ γE,ONJC ð9:67Þ
Combining these relationships:

dp

dy

� �
y¼0

¼ μpD
μnD

� �
JC

2qDpD

 !
1� γE,ON � μnD

μpD

 !
γE,ON

" #
ð9:68Þ
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Based upon Eq. (9.54):

dp

dy

� �
y¼0

¼ � p0
Latanh Wn=Lað Þ ð9:69Þ

Using Eq. (9.69) in Eq. (9.66) together with Eq. (9.67) provides a solution for the
hole concentration at the P+ collector/N-base junction:

p0 ¼
JCLa
2qDpD

μpD
μnD

� �
tanh WN=Lað Þ μnD

μpD

 !
γE,ON � 1þ γE,ON

� �" #
ð9:70Þ

Combining this expression with Eqs. (9.61) and (9.62) yields a quadratic solution for
the hole concentration ( p0) at the P

+ collector/N-base junction:

ap20 þ bp0 þ c ¼ 0 ð9:71Þ
with coefficients:

a ¼ qDnE

LnENAEJC
1þ μnD

μpD

 !
ð9:72Þ

b ¼ 2qDpD

LaJCtanh WN=Lað Þ
μnD
μpD

 !
ð9:73Þ

c ¼ � μnD
μpD

 !
ð9:74Þ

The value of the hole concentration ( p0) at the P
+ collector/N-base junction can then

be computed using:

p0 ¼ � b

2a
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4ac

b2

� �s" #
ð9:75Þ

As an example, the hole carrier densities calculated using Eq. (9.54) with the
above analytical solution for the hole concentration ( p0) at the P

+ collector/N-base
junction are provided in Fig. 9.44 for the symmetric IGBT structure with an N-base
width of 200 μm at an on-state collector current density of 100 A/cm2. The high-
level lifetime was varied from 200 to 0.2 μs in the N-base region. In this analysis, a
diffusion length for electrons (LnE) of 0.5 μm was obtained in the P+ collector region
for a high-level lifetime of 20 μs in the N-base region after scaling the lifetime in the
P+ collector region in proportion to the lifetime in the N-base region. A doping
concentration of 1 � 1018 cm�3 was used for the P+ collector region as being
representative of a diffused region with surface concentration of 1 � 1019 cm�3. It
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can be seen that there is a high concentration of holes (indicated by p0 in the figure)
at the P+ collector/N-base junction (J1) which reduces to zero at the deep P+/N-base
junction (J2) at y ¼ 200 μm. The injected hole concentration ( p0) at the P

+ collector/
N-base junction (J1) becomes smaller when the lifetime is reduced. In the case of the
smallest lifetime of 0.2 μs, high-level injection conditions do not prevail throughout
the N-base region because the hole concentration falls below the doping concentra-
tion indicated by the dashed line. The analytical model derived above is not
applicable for the upper half of the N-base region in this case.

Simulation Example
The results of two-dimensional numerical simulations for the typical symmetric
structure (described in the previous section) are discussed here to gain further insight
into the physics of operation for the IGBT structure in the on-state. The hole
concentration was obtained in the on-state at a current density of 100 A/cm2 for
various values for the high-level lifetime. A three-dimensional view of the free
carrier distribution is shown in Fig. 9.45 for the case of a high-level lifetime of
20 μs. It can be observed that the hole concentration reduces to zero at the deep P+/N-
base junction. There is a slight increase in the hole concentration under the gate
electrode, but even in this portion, the carrier profile is closer to that described by
Eq. (9.54) rather than a catenary distribution applicable to P-i-N rectifiers.

A one-dimensional view of the hole distribution under the deep P+ region
obtained from simulations performed with the various high-level lifetime values is
provided in Fig. 9.46. It can be observed that the hole concentration at the P+

Fig. 9.44 On-state hole distribution within the symmetric IGBT structure under the deep P+ region
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Fig. 9.45 Hole distribution in the on-state for the symmetric IGBT structure
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collector/N-base junction (J1) is much larger than the background doping concen-
tration and goes to zero at the deep P+/N-base junction (J2). The hole concentration at
the P+ collector/N-base junction (J1) becomes smaller when the lifetime is reduced.
The predictions of the analytical model (see Fig. 9.44) are in a very good qualitative
and quantitative agreement with the results of the simulations for practical lifetime
values (>1 μs) for the symmetric IGBT structure providing validation for the utility
of the analytical model.

9.5.3 On-State Voltage Drop: Symmetric Structure

In the previous section, it was established that the free carrier distribution within the
N-base region of the IGBT structure deviates from that for the P-i-N rectifier. The
lower carrier concentration in the upper portion of the IGBT structure tends to
increase the voltage drop in the N-base region when compared with the P-i-N
rectifier. It is therefore necessary to derive the voltage drop in the N-base region
for the IGBT structure using the carrier distribution given by Eq. (9.54). In addition,
a more accurate prediction for the on-state voltage drop for the IGBT structure can be
obtained by addition of the accumulation and JFET region contributions to the
channel contribution from the MOSFET portion.

The on-state voltage drop for the IGBT structure can be obtained by using:

VON ¼ VPþN þ VNB þ VMOSFET ð9:76Þ
where VP+N is the voltage drop across the P+ collector/N-base junction (J1), VNB is
the voltage drop across the N-base region after accounting for conductivity modu-
lation due to high-level injection conditions, and VMOSFET is the voltage drop across
the MOSFET portion. The voltage drop across the P+ collector/N-base junction (J1)
can be obtained from the increase in the minority carrier concentration at the junction
boundary:

VPþN ¼ kT

q
ln

p0
p0N

� �
¼ kT

q
ln

p0ND

n2i

� �
ð9:77Þ

where the minority carrier density in equilibrium ( p0N) has been related to the
doping concentration in the N-base region. The increase in the hole concentration
at the junction ( p0) can be obtained from the analysis provided in the previous
section.

The voltage drop across the N-base region (VNB) can be obtained by integration of
the electric field within the N-base region. The electric field can be derived by
analysis of the hole and electron current density in the N-base region:
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Jp yð Þ ¼ qμp p yð ÞE yð Þ � kT

q

dp

dy

� �
ð9:78Þ

Jn yð Þ ¼ qμn n yð ÞE yð Þ þ kT

q

dn

dy

� �
ð9:79Þ

The increase in y along the left direction (see Figs. 9.37 and 9.43) has been
accounted for when writing these expressions. Continuity of collector current flow
requires:

Jn yð Þ þ Jp yð Þ ¼ JC ð9:80Þ
Due to high-level injection conditions in the N-base region, the electron and hole
concentrations, as well as their derivatives, can be assumed to be equal. Combining
these expressions with this knowledge and solving for the electric field yield:

E yð Þ ¼ JC
qp yð Þ μn þ μp

� �� kT

q

μn � μp
μn þ μp

 !
1

p yð Þ
dp

dy
ð9:81Þ

Using the free carrier distribution given by Eq. (9.54):

E yð Þ ¼ JCsinh WN=Lað Þ
qp0 μn þ μp
� �

sinh WN � yð Þ=La½ �

�kT

q

μn � μp
μn þ μp

 !
1

Latanh WN � yð Þ=La½ �
ð9:82Þ

The voltage drop across the N-base region can be obtained by integrating the
above electric field from y ¼ 0 at the P+ collector/N-base junction (J1) to the edge of
depletion region of the deep P+/N-base junction (J2), namely, at y ¼ (WN – WON),
whereWON is the depletion width at the deep P+/N-base junction (J2) in the on-state.
The voltage drop associated with the first part of the above electric field expression
is:

VNB1 ¼ 2LaJCsinh WN=Lað Þ
qp0 μn þ μp
� � arctanh e� WON=Lað Þ

h i
� arctanh e� WN=Lað Þ

h in o
ð9:83Þ

The depletion width (WON) across the deep P+/N-base junction (J2) in the on-state
depends on the on-state voltage drop. The voltage drop associated with the second
part of the above electric field expression is:

VNB2 ¼ kT

q

μn � μp
μn þ μp

 !
ln

tanh WON=Lað Þcosh WON=Lað Þ
tanh WN=Lað Þcosh WN=Lað Þ

� �
ð9:84Þ

The voltage drop across the MOSFET portion includes contributions from the
JFET region, the accumulation layer, and the channel. As discussed in the previous
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section, the free carrier concentration becomes small in the vicinity of the deep P+/N-
base junction (J2). Consequently, it is appropriate to compute the resistance of the
JFET region based upon its doping concentration. Since IGBT structures have low
doping concentrations in the N-base region to obtain high blocking voltage ratings,
the JFET region can become completely depleted by the built-in potential of the deep
P+/N-base junction (J2). For instance, the zero-bias depletion width is 5 μm for a
typical doping concentration of 5 � 1013 cm�3 in the N-base region. For a typical
gate electrode width (WG) of 16 μm and a P-base depth of 3 μm, the available space
for current flow in the JFET region is then reduced to zero. This can lead to not only a
high on-state voltage drop for the IGBT structure but also produce a negative
resistance (snapback) in the forward i-v characteristics that is detrimental to circuit
operation. This problem can be overcome by enhancing the doping concentration in
the JFET region by the ion implantation and diffusion of phosphorus. For the
purposes of formulating an analytical model, the JFET region will be assumed to
have an effective doping concentration of 5 � 1015 cm�3 based upon a Gaussian
profile with a surface concentration of 1 � 1016 cm�3. The resistivity (ρJFET) for the
JFET region is then about 1.25 Ω-cm.

Based upon the analysis for the power MOSFET structure (see Eq. 6.63):

V JFET ¼ JC � RJFET,SP ¼ JCρJFET xJP þW0ð ÞWCELL

WG � 2xJP � 2W0ð Þ ð9:85Þ

where xJP is the junction depth of the P-base region. The voltage drop across the
accumulation layer in the IGBT structure can also be derived based upon the analysis
for the power MOSFET structure (see Eq. (6.66):

VACC ¼ JC � RA,SP ¼ JCKA WG � 2xJPð ÞWCELL

4μnACOX VG � VTHð Þ ð9:86Þ

The accumulation layer coefficient (KA) for the IGBT structure can be assumed to
have the same value (0.6) as for power MOSFET structures. The voltage drop across
the channel of the MOSFET portion can also be obtained by using the analysis for
the power MOSFET structure (see Eq. 6.63):

VCH ¼ JC � RCH,SP ¼ JCLCHWCELL

2μniCOX VG � VTHð Þ ð9:87Þ

As an example, the components of the on-state voltage drop determined by using
the above analytical model are provided in Fig. 9.47 for the case of the symmetric
IGBT structure with blocking voltage capability of 1200 V. The device has an
N-base width of 200 μm with a depth of 5 μm for the deep P+ region. All the
parameters used for the structure are the same as those used to compute the free
carrier concentration in Fig. 9.44. The MOSFET portion has an effective JFET
region doping concentration of 5 � 1015 cm�3 corresponding to a diffused region
with surface concentration of 1 � 1016 cm�3 and depth of 5 μm, a gate oxide
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thickness of 500 Å, and a channel length of 1.5 μm. The mobility for electrons in the
inversion and accumulation layer was assumed to be 450 and 1000 cm2/V-s,
respectively, (the same as those used for analysis of power MOSFET structures in
Chap. 7). The IGBT structure had a cell width (WCELL) of 30 μm with a gate
electrode width (WG) of 16 μm. Cell width is the width of the structure shown in
Fig. 9.5. The gate bias and threshold voltages used were 15 and 5 V, respectively.
From the figure, it can be concluded that the voltage drop across the P+ collector/N-
base junction and the MOSFET portion are dominant when the high-level lifetime is
large (>20 μs). When the high-level lifetime is reduced, the voltage drop across the
N-base region increases and becomes dominant for lifetime value below 2 μs. A very
rapid increase in the on-state voltage drop is observed when the high-level lifetime is
reduced below 1 μs. This limits the maximum switching speed for the symmetric
IGBT structure.

Simulation Example
The results of two-dimensional numerical simulations for the typical symmetric
structure (described in the previous section) are discussed here to corroborate the
analytical model for the on-state voltage drop. A three-dimensional view of the
doping distribution at the upper portion of the device structure is provided in
Fig. 9.48. The N+ emitter and deep P+ diffusions are located on the upper left-
hand side, while the MOSFET portion is located on the upper right-hand side. The
enhanced doping of the JFET region can be observed at the upper right-hand side
with a surface concentration of 1 � 1016 cm�3 and depth of 5 μm. From the profile,
an effective doping concentration of 5 � 1015 cm�3 is appropriate in the analytical
model.

Fig. 9.47 On-state voltage drop for the symmetric IGBT structure
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The on-state voltage drop was obtained at a current density of 100 A/cm2 at a gate
bias of 15 V for various values for the high-level lifetime. It was found that the
on-state voltage drop increases rapidly when the high-level lifetime is reduced below
2 μs. The on-state voltage drop obtained from the numerical simulations are com-
pared with those obtained using the analytical model in Fig. 9.49. The analytical
model provides an accurate prediction of the on-state voltage drop until the high-
level lifetime becomes smaller than 1 μs. When the lifetime becomes smaller than
1 μs, the assumptions of high-level injection conditions within the N-base region
used for the analytical model are not satisfied in the upper portion of the structure. In
spite of this, the analytical model is adequate for the analysis of the on-state voltage
drop for the symmetric IGBT structure over a broad range of parameters.

9.5.4 On-State Carrier Distribution: Asymmetric Structure

Based upon the analysis in the previous section, the on-state voltage drop for the
symmetric IGBT structure was observed to increase rapidly when the recombination
lifetime in the N-base region is reduced. This limits the maximum switching
frequency for the symmetric IGBT structure as discussed later in the chapter. An
improvement in the switching speed, while maintaining a low on-state voltage drop,
can be derived by using the asymmetric IGBT structure due to its smaller N-base
width for the same forward blocking voltage capability. As an example, it was
demonstrated in Sect. 9.4 that an N-base width of 110 μm can be utilized for the
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asymmetric IGBT structure when compared with 200 μm for the symmetric IGBT
structure to achieve the same forward blocking capability of 1200 V.

Low Buffer Layer Doping Concentration
If the buffer layer concentration in the asymmetric IGBT is relatively low (<5� 1016

cm�3), the injected hole concentration in the N-buffer layer during on-state oper-
ation can exceed its doping concentration. Consequently, both the N-buffer layer and
the lightly doped portion of the N-base region operate under high-level injection
conditions. The analytical model for the free carrier distribution developed in the
Sect. 9.5.2 for the symmetric IGBT structure is then also applicable to the asym-
metric IGBT structure. Modifying Eq. (9.54) to the relevant width of the N-base
region for the asymmetric IGBT structure yields the hole distribution profile:

p yð Þ ¼ p0
sinh WN þWNB � yð Þ=La½ �
sinh WN þWNBð Þ=La½ � ð9:88Þ

The hole concentration ( p0) at the P
+ collector/N-buffer layer junction (J1) can also

be obtained using the equations developed in Sect. 9.5.2 for the symmetric IGBT
structure (see Eq. 9.70).

As an example, the hole carrier densities calculated using Eq. (9.88) are provided
in Fig. 9.50 for the asymmetric IGBT structure with an N-base region with lightly
doped portion of width 100 μm and a N-buffer layer width of 10 μm at an on-state
collector current density of 100 A/cm2. The high-level lifetime was varied from
200 to 0.2 μs in the N-base region. In this analysis, a diffusion length for electrons
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(LnE) of 0.06 μm was obtained in the P+ collector region for the case of a high-level
lifetime of 20 μs in the N-base region after the lifetime in the P+ collector region was
scaled in proportion to the lifetime in the N-base region. The smaller diffusion length
obtained in this case is due to the abrupt junction doping profile at junction J1, which
makes the effective doping concentration in the P+ collector region equal to its
uniform doping concentration of 1 � 1019 cm�3. It can be seen that there is a high
concentration of holes (indicated by p0 in the figure) at the P+ collector/N-base
junction (J1) which reduces to zero at the deep P

+/N-base junction (J2) at y¼ 110 μm.
The injected hole concentration is greater than the doping concentration (shown by
the red dashed lines) of the N-buffer layer for all cases here. The injected hole
concentration ( p0) at the P

+ collector/N-base junction (J1) becomes smaller when the
lifetime is reduced. High-level injection conditions prevail for this asymmetric IGBT
structure even when the lifetime is reduced to 0.2 μs.

Simulation Example
The results of two-dimensional numerical simulations for the typical asymmetric
IGBT structure with a relatively low (1 � 1016 cm�3) doping concentration in the
N-buffer layer are discussed here to gain further insight into the physics of operation
in the on-state. This structure had an N-base region consisting of a lightly doped
(5 � 1013 cm�3) portion with a width of 100 μm and an N-buffer layer with a width
of 10 μm. The hole concentration was obtained in the on-state at a current density of
100 A/cm2 for various values for the high-level lifetime.

Fig. 9.50 On-state hole distribution within the asymmetric IGBT structure under the deep P+

region for low buffer layer doping concentrations
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A one-dimensional view of the hole distribution under the deep P+ region
obtained from simulations performed with the various high-level lifetime values is
provided in Fig. 9.51. It can be observed that the hole concentration at the P+

collector/N-base junction (J1) is larger than the background doping concentration
even within the N-buffer layer and goes to zero at the deep P+/N-base junction (J2).
The hole concentration at the P+ collector/N-base junction (J1) becomes smaller
when the lifetime is reduced. The predictions of the analytical model for low
N-buffer layer doping concentrations (see Fig. 9.50) are in a very good qualitative
and quantitative agreement with the results of the simulations for practical lifetime
values (>0.2 μs) for the asymmetric IGBT structure providing validation for the
model for the case of relatively low buffer layer doping levels.

High Buffer Layer Doping Concentration
An alternate approach (to changing the lifetime in the N-base region) for controlling
the on-state and switching characteristics for the asymmetric IGBT structure is by
adjusting the doping concentration in the N-buffer layer [6, 24]. When the doping
level in the N-buffer layer is increased, the injection efficiency at the P+ collector/N-
buffer junction (J1) is reduced producing a smaller injected hole concentration in the
N-base region. This increases the on-state voltage drop for the asymmetric IGBT
structure and simultaneously reduces the turn-off time during switching. A trade-off
curve between the on-state and switching power losses in a manner similar to that
obtained with lifetime control can be achieved with this approach.

When the doping concentration in the N-buffer layer is made greater than 1 � 10
17 cm�3, high-level injection conditions do not prevail within the N-buffer layer and
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are confined to the lightly doped portion of the N-base region. It is therefore
necessary to use low-level injection analysis at junction J1 and high-level injection
analysis within the lightly doped portion of the N-base region. The carrier distribu-
tions and currents are illustrated in Fig. 9.52 under these conditions on both sides of a
P-N junction (J1). The component of the current due to the injection of holes into the
N-side of the junction is given by [21]:

Jp xNð Þ ¼ Dp,NBp0,NBLn,Pþ
Dp,NBp0,NBLn,Pþ þ Dn,Pþn0,PþLp,NB
� � JC ð9:89Þ

where Dp,NB and Dn,Pþ are the diffusion coefficients for holes in the N-buffer layer
and electrons in the P+ collector region, p0,NB and n0,Pþ are the minority carrier
concentrations in the N-buffer layer and the P+ collector regions in equilibrium, and
Lp,NB and Ln,Pþ are the minority carrier diffusion coefficients in the N-buffer layer
and the P+ collector regions.

The concentration of the injected minority carriers on both sides of the junction is
given by:

p xNð Þ ¼ p0,NBLp,NBLn,Pþ

qDp,NBp0,NBLn,Pþ þ qDn,Pþn0,PþLp,NB
� � JC þ p0,NB ð9:90Þ

Fig. 9.52 On-state carrier and current distributions at the P+ collector/N-buffer junction within the
asymmetric IGBT structure under low-level injection in the N-buffer layer
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n xPð Þ ¼ n0,PþLp,NBLn,Pþ

qDp,NBp0,NBLn,Pþ þ qDn,Pþn0,PþLp,NB
� � JC þ n0,Pþ ð9:91Þ

The minority carriers diffuse away from the junction at their respective characteristic
diffusion lengths leading to an exponential decay in their concentrations. This is
shown in Fig. 9.52 as a straight line due to the logarithmic scale for the free carrier
densities. Within the P+ collector region, the minority carrier density decreases to its
equilibrium concentration. Within the N-buffer layer, the minority carrier density
decreases to:

p WNB�ð Þ ¼ p0,NBLp,NBLn,Pþ

qDp,NBp0,NBLn,Pþ þ qDn,Pþn0,PþLp,NB
� � JCe� WNB=Lp,NBð Þ ð9:92Þ

if the minority carrier concentration in equilibrium is neglected. This equation
provides the hole concentration on the right-hand side of the boundary between
the lightly doped portion of the N-base region and the N-buffer layer as indicated in
Fig. 9.52.

In accordance with low-level injection theory for a P-N junction, the hole current
density on the N-side decreases exponentially away from the junction. Conse-
quently, the hole current density at the interface between the lightly doped portion
of the N-base region and the N-buffer layer is given by:

Jp WNB�ð Þ ¼ Dp,NBp0,NBLn,Pþ
Dp,NBp0,NBLn,Pþ þ Dn,Pþn0,PþLp,NB
� � JCe� WNB=Lp,NBð Þ ð9:93Þ

The free carrier distribution in the lightly doped portion of the N-base region can
be obtained by solving the continuity equation for minority carriers (holes in the
N-base region) under steady-state high-level injection conditions. This solution has
the same form as previously derived for the asymmetric structure (namely, Eq. 9.88):

p yð Þ ¼ p WNBþð Þ sinh WN þWNB � yð Þ=La½ �
sinh WN þWNBð Þ=La½ � ð9:94Þ

which is valid for y > WNB.
The hole concentration [p(WNBþ)] at the left-hand side of the interface between

the lightly doped portion of the N-base region and the N-buffer layer can be obtained
by recognizing that the hole current density at the interface must be continuous:

Jp WNBþð Þ ¼ Jp WNB�ð Þ ð9:95Þ
The hole current density at the left-hand side of the interface between the lightly
doped portion of the N-base region and the N-buffer layer is given by:
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Jp WNBþð Þ ¼ 2qDp
dp

dy

� �
y¼WNBþ

¼ 2qDpp WNBþð Þ
Latanh WN þWNBð Þ=La½ � ð9:96Þ

by using Eq. (9.94). Combining Eq. (9.95) with Eq. (9.96) yields:

p WNBþð Þ ¼ Latanh WN þWNBð Þ=La½ �
2qDp

Jp WNB�ð Þ ð9:97Þ

In conjunction with Eq. (9.93), this expression provides a solution for the hole
concentration at the left-hand side of the interface between the lightly doped portion
of the N-base region and the N-buffer layer. The hole and electron concentration
profiles in the lightly doped portion of the N-base region can then be calculated using
Eq. (9.94). The discontinuity in the hole concentration at the interface between the
lightly doped portion of the N-base region and the N-buffer layer is illustrated in
Fig. 9.52.

As an example, the hole carrier densities calculated by using the above analytical
solutions for the hole concentrations are provided in Fig. 9.53 for the asymmetric
IGBT structure at an on-state collector current density of 100 A/cm2. The lightly
doped portion of the N-base region has a width of 100 μm, and the N-buffer layer has
a thickness of 10 μm. The high-level lifetime in the N-base region is 1 μs, while the
lifetime in the N-buffer layer is scaled with its doping concentration. In this analysis,
a doping concentration of 1 � 1019 cm�3 was used for the P+ collector region as

Fig. 9.53 On-state hole distribution within the asymmetric IGBT structure under the deep P+

region for high buffer layer doping concentrations
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being representative of a heavily doped substrate region on which the N-base region
was formed using epitaxial growth. The N-buffer layer doping concentration was
varied from 5� 1016 to 1� 1018 cm�3. It can be seen that the injected concentration
of holes (indicated by p(yN) in the figure) at the P

+ collector/N-buffer junction (J1) is
below the doping concentration in the N-buffer layer. The injected hole concentra-
tion decays exponentially from the P+ collector/N-buffer junction (J1) within the
N-buffer layer. The concentration of holes on the left-hand side of the interface
between the lightly doped portion of the N-base region and the N-buffer layer is
larger than on its right-hand side. The hole profile within the lightly doped portion of
the N-base region decreases with increasing distance in a manner similar to that for
the symmetric IGBT structure. The hole concentration becomes smaller when the
doping concentration in the N-buffer layer is increased. For the largest doping
concentration of 1 � 1018 cm�3 in the N-buffer layer, no conductivity modulation
of the lightly doped portion of the N-base region is observed.

Simulation Example
The results of two-dimensional numerical simulations for the asymmetric IGBT
structure with high doping concentrations in the N-buffer layer are discussed here to
gain further insight into the physics of operation in the on-state. This structure had an
N-base region consisting of a lightly doped (5 � 1013 cm�3) portion with a width of
100 μm and an N-buffer layer with a width of 10 μm. The hole concentration was
obtained in the on-state at a current density of 100 A/cm2 for various values for the
doping concentration in the N-buffer layer.

A one-dimensional view of the hole distribution under the deep P+ region
obtained from simulations performed with the various N-buffer layer doping values
is provided in Fig. 9.54. It can be observed that the hole concentration at the P+

collector/N-base junction (J1) is smaller than the background doping concentration
within the N-buffer layer and goes to zero at the deep P+/N-base junction (J2). The
hole concentration at the P+ collector/N-base junction (J1) becomes smaller when the
N-buffer layer doping concentration is increased. The predictions of the analytical
model for high N-buffer layer doping concentrations (see Fig. 9.53) are in a very
good qualitative and quantitative agreement, including the discontinuity at the
interface between the lightly doped portion of the N-base region and the N-buffer
layer, with the results of the simulations for the asymmetric IGBT structure provid-
ing validation for the analytical model for the case of relatively high buffer layer
doping levels.

9.5.5 On-State Voltage Drop: Asymmetric Structure

Low Buffer Layer Doping Concentration
In the previous section, it was established that the free carrier distribution within
the N-base region of the asymmetric IGBT structure is identical to that for the
symmetric IGBT structure when the doping concentration in the N-buffer layer is
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low (<5� 1016 cm�3). Since the width of the N-base region (sum of the width of the
lightly doped part and the N-buffer layer) for the asymmetric IGBT structure is much
smaller than that for the symmetric IGBT structure, its on-state voltage drop is
smaller especially when the lifetime is reduced.

The on-state voltage drop for the asymmetric IGBT structure can be obtained by
using:

VON ¼ VPþN þ VNB þ VMOSFET ð9:98Þ
where VP+N is the voltage drop across the P+ collector/N-base junction (J1), VNB is
the voltage drop across the N-base region (both portions) after accounting for
conductivity modulation due to high-level injection conditions, and VMOSFET is the
voltage drop across the MOSFET portion. In the asymmetric IGBT structure, the
junction (J1) between the P+ collector region and the N-base region is formed with
the more heavily doped N-buffer layer. Consequently, the voltage drop across the
junction (J1) must be modified to:

VPþN ¼ kT

q
ln

p0
p0,NB

� �
¼ kT

q
ln

p0ND,NB

n2i

� �
ð9:99Þ

where ND,NB is the doping concentration in the N-buffer layer.
As an example, the components of the on-state voltage drop determined by using

the analytical model are provided in Fig. 9.55 for the case of the asymmetric IGBT

Fig. 9.54 Hole distribution
in the on-state for the
asymmetric IGBT structure
with high N-buffer doping
concentrations
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structure with blocking voltage capability of 1200 V. The device has an N-base width
consisting of a lightly doped portion with a thickness of 100 μm and a N-buffer layer
with a thickness of 10 μm. All the parameters used for the structure are the same as
those used to compute the free carrier concentration in Fig. 9.53. The MOSFET
portion has an effective JFET region doping concentration of 5 � 1015 cm�3

corresponding to a diffused region with surface concentration of 1 � 1016 cm�3 and
depth of 5 μm, a gate oxide thickness of 500 Å, and a channel length of 1.5 μm. The
mobility for electrons in the inversion and accumulation layer was assumed to
be 450 and 1000 cm2/V-s, respectively, (the same as those used for analysis of
power MOSFET structures in Chap. 7). The IGBT structure had a cell width
(WCELL) of 30 μm with a gate electrode width (WG) of 16 μm. The gate bias and
threshold voltages used were 15 and 5 V, respectively.

From Fig. 9.55, it can be concluded that the voltage drop across the P+ collector/
N-base junction and the MOSFET portion is dominant when the high-level lifetime
is large (>2 μs). When the high-level lifetime is reduced, the voltage drop across the
N-base regions increases and becomes dominant for lifetime value below 0.5 μs. A
very rapid increase in the on-state voltage drop is observed when the high-level
lifetime is reduced below 0.3 μs. In comparison with the symmetric IGBT structure
with the same voltage blocking capability (discussed in Sect. 9.5.3), a much lower
on-state voltage drop is obtained with the asymmetric IGBT structure for small
values for the high-level lifetime. For example, at a high-level lifetime of 0.8 μs, the
on-state state voltage drop for the symmetric IGBT structure is 5 V, while that for the
asymmetric IGBT structure is only 1.6 V. The asymmetric IGBT structure is

Fig. 9.55 On-state voltage drop for the asymmetric IGBT structure with N-buffer layer doping
below 1 � 1017 cm�3
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therefore preferred for power circuits operated from a DC power bus (as in the case
of variable speed motor control).

Simulation Example
The results of two-dimensional numerical simulations for the typical asymmetric
structure (described in the previous section) are discussed here to corroborate the
analytical model for the on-state voltage drop for the asymmetric IGBT structure
with N-buffer layer doping concentration below 1� 1016 cm�3. The on-state voltage
drop was obtained at a current density of 100 A/cm2 at a gate bias of 15 V for various
values for the high-level lifetime. It was found that the on-state voltage drop
increases rapidly when the high-level lifetime is reduced below 0.3 μs. The
on-state voltage drop obtained from the numerical simulations are compared with
those obtained using the analytical model in Fig. 9.56. It can be concluded that the
analytical model provides an accurate prediction of the on-state voltage drop over a
broad range of high-level lifetime values.

High Buffer Layer Doping Concentration
When the doping concentration in the N-buffer layer is increased beyond 5 � 1016

cm�3, the model for the voltage drop contributed by the N-base region must be
modified to account for low-level injection conditions within the N-buffer layer. The
total voltage drop across the asymmetric IGBT structure is still given by:

VON ¼ VPþN þ VNB þ VMOSFET ð9:100Þ
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Fig. 9.56 On-state voltage drop for the asymmetric IGBT structure with N-buffer layer doping
concentration of 1 � 1016 cm�3
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where VP+N is the voltage drop across the P+ collector/N-base junction (J1), VNB is
the voltage drop across the N-base region (both portions) after accounting for
conductivity modulation due to high-level injection conditions, and VMOSFET is the
voltage drop across the MOSFET portion. In the asymmetric IGBT structure with
large N-buffer layer doping concentrations, the junction (J1) between the P

+ collector
region and the N-base region operates at low injection levels. Consequently, the
voltage drop across the junction (J1) must be modified to:

VPþN ¼ kT

q
ln

p yNð Þ
p0,NB

� �
¼ kT

q
ln

p yNð ÞND,NB

n2i

� �
ð9:101Þ

where p(yN) is the injected hole concentration at the junction in the N-buffer layer
(see Fig. 9.52) and ND,NB is the doping concentration in the N-buffer layer.

The voltage drop across the N-base region consists of the voltage drop across the
N-buffer layer and the lightly doped portion of the N-base region. Since the N-buffer
layer operates under low injection levels, there is only a small ohmic voltage drop
(<10 mV) due to majority carrier transport [21] within this region which can be
neglected. The voltage drop across the lightly doped portion of the N-base region can
be obtained using the solutions (see Eqs. 9.83 and 9.84) derived previously for the
symmetric IGBT structure with p0 replaced by p(WNBþ). The voltage drop across
the MOSFET portion in the asymmetric IGBT structure is identical to that for the
symmetric IGBT structure.

As an example, the components of the on-state voltage drop determined by using
the analytical model are provided in Fig. 9.57 for the case of the asymmetric IGBT

Fig. 9.57 On-state voltage drop for the asymmetric IGBT structure
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structure with blocking voltage capability of 1200 V. The device has an N-base
width consisting of a lightly doped portion with a thickness of 100 μm and an
N-buffer layer with a thickness of 10 μm. All the parameters used for the structure
are the same as those used to compute the free carrier concentration in Fig. 9.53. The
high-level lifetime in the lightly doped portion of the N-base region is 2 μs. The
MOSFET portion has an effective JFET region doping concentration of 5� 1015 cm�3

corresponding to a diffused region with a surface concentration of 1 � 1016 cm�3 and
depth of 5 μm, a gate oxide thickness of 500 Å, and a channel length of 1.5 μm. The
mobility for electrons in the inversion and accumulation layerwas assumed to be 450 and
1000 cm2/V-s, respectively (the same as those used for analysis of power MOSFET
structures in Chap. 7). The IGBT structure had a cell width (WCELL) of 30 μmwith a gate
electrode width (WG) of 16 μm. The gate bias and threshold voltages used were 15 and
5 V, respectively. Note that the model with high injection level in the N-buffer layer was
used for N-buffer layer doping levels below 5 � 1016 cm�3, and the model with low
injection level in the N-buffer layer was used for N-buffer layer doping levels above
5 � 1016 cm�3.

From Fig. 9.57, it can be concluded that the voltage drop across the P+ collector/
N-base junction and the MOSFET portion is dominant when the doping concentra-
tion in the N-buffer layer is less than 1 � 1017 cm�3. When doping concentration in
the N-buffer layer is increased beyond 1 � 1017 cm�3, the voltage drop across the
N-base region increases and becomes dominant. A very rapid increase in the on-state
voltage drop is observed when doping concentration in the N-buffer layer is
increased beyond 2.5 � 1017 cm�3.

Simulation Example
The results of two-dimensional numerical simulations for the typical asymmetric
structure (described in the previous section) are discussed here to corroborate the
analytical model for the on-state voltage drop for the asymmetric IGBT structure
with large doping concentrations in the N-buffer layer. The on-state voltage drop was
obtained at a current density of 100 A/cm2 at a gate bias of 15 V for various values for
the high-level lifetime. It was found that the on-state voltage drop increases rapidly
when the doping concentration in theN-buffer layer is increased beyond 2� 1017 cm�3

. The on-state voltage drop obtained from the numerical simulations are compared with
those obtained using the analytical model in Fig. 9.58. It can be concluded that the
analytical model provides an accurate prediction of the on-state voltage drop over a
broad range of doping concentrations in the N-buffer layer.

9.5.6 On-State Carrier Distribution: Transparent Emitter
Structure

The traditional method for improving the switching speed of bipolar power devices
is based upon reducing the lifetime in the drift region to accelerate the recombination
of the stored charge. Although this method is widely practiced for the IGBT
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structure, an alternate technique for improving the switching speed has evolved
based upon the use of a P+ collector region with a relatively low doping concentra-
tion and a very small thickness [25–27]. Since the P+ collector region in the IGBT
structure behaves as an emitter for minority carriers into the N-base region during
on-state operation, this technique is referred to as the transparent emitter structure.
The basic concept for the transparent emitter structure is to reduce the stored charge
in the N-base region during on-state operation by decreasing the injection efficiency
of the P+ collector region. A large value for the high-level lifetime is maintained in
the N-base region in these devices to obtain a reasonably low on-state voltage drop.

Recombination in the P+ collector region becomes dominant during on-state
operation when the doping concentration and thickness of the P+ collector region
in the symmetric IGBT are reduced, while a large lifetime is maintained in the
N-base region. Under forward-biased conditions for the P+ collector/N-base junc-
tion, the electrons injected into the P+ collector region diffuse to the collector contact
without significant recombination within the region if its thickness is much smaller
than the diffusion length. The electron concentration at the contact can be assumed to
be zero because the recombination rate is extremely large at an ohmic contact. This
produces a linear minority carrier concentration profile, as well as a constant electron
current density, in the P+ collector region as illustrated in Fig. 9.59.

The electron current density in the P+ collector region is then given by:

Jn ¼ qDnE
dn

dy

� �
¼ qDnEn yPð Þ

WPþ
ð9:102Þ
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Fig. 9.58 On-state voltage drop for the asymmetric IGBT structure
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Substituting for the electron concentration [n(yP)] at the P
+ collector/N-base region

junction (J1) using Eq. (9.59):

Jn ¼ qDnE

WPþ

p20
NAE

ð9:103Þ

where NAE is the effective doping concentration of the P+ collector region. The hole
current density in the P+ collector region is then given by:

Jp ¼ JC � Jn ð9:104Þ
These currents are continuous across the junction as shown in the figure.

The free carrier distribution in the N-base region is governed by high-level
injection conditions with no recombination when the lifetime is large:

d2p

dy2
¼ 0 ð9:105Þ

The general solution for this case is a linear carrier distribution given by:

p yð Þ ¼ Ayþ B ð9:106Þ
The constants A and B are determined by the following boundary conditions:

p 0ð Þ ¼ p0 ð9:107Þ

Fig. 9.59 On-state carrier
and current distributions at
the P+ collector/N-buffer
layer junction within the
IGBT structure with
transparent emitter
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p WNð Þ ¼ 0 ð9:108Þ
leading to the solution:

p yð Þ ¼ p0
WN

WN � yð Þ ð9:109Þ

The hole and electron current densities in the N-base region are given by:

Jp yð Þ ¼ qμp p yð ÞE yð Þ � kT

q

dp

dy

� �
ð9:110Þ

Jn yð Þ ¼ qμn n yð ÞE yð Þ þ kT

q

dn

dy

� �
ð9:111Þ

In the above expressions, the electron and hole concentrations, as well as their
derivatives, can be assumed to be equal due to high-level injection conditions in
the N-base region. In addition, continuity of collector current flow requires:

Jn yð Þ þ Jp yð Þ ¼ JC ð9:112Þ
Combining these expressions and solving for the electric field yield:

E yð Þ ¼ JC
qp yð Þ μn þ μp

� �� kT

q

μn � μp
μn þ μp

 !
1

p yð Þ
dp

dy
ð9:113Þ

Using the free carrier distribution given by Eq. (9.109):

E yð Þ ¼ JCWN

qp0 μn þ μp
� �þ kT

q

μn � μp
μn þ μp

 !" #
1

WN � yð Þ ð9:114Þ

The hole current density within the N-base region at the P+ collector/N-buffer
layer junction (J1) can then be obtained by using Eq. (9.110) with the hole carrier
distribution given by Eq. (9.109) and the above electric field:

Jp yNð Þ ¼ μpJC
μn þ μp
� �þ 2μnμp

μn þ μp

 !
kT

WN
p0 ð9:115Þ

Using Eqs. (9.103) and (9.104), the hole current density in the P+ collector region at
the P+ collector/N-buffer layer junction (J1) is given by:

Jp yPð Þ ¼ JC � qDnE

WPþ

p20
NAE

ð9:116Þ
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The hole current densities [Jp(yP) and Jp(yN)] on the two sides of the junction can be
equated because the current is continuous at the junction. This yields a quadratic
solution for the hole concentration ( p0) at the P

+ collector/N-base junction:

ap20 þ bp0 þ c ¼ 0 ð9:117Þ
with coefficients:

a ¼ qDnE

WPþNAE
ð9:118Þ

b ¼ � 2μnμp
μn þ μp

 !
kT

WN
ð9:119Þ

c ¼ � μn
μn þ μp

 !
JC ð9:120Þ

The value of the hole concentration (p0) at the P
+ collector/N-base junction can then

be computed using:

p0 ¼ � b

2a
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4ac

b2

� �s" #
ð9:121Þ

As an example, the hole carrier densities calculated using Eq. (9.109) with the
above analytical solution for the hole concentration ( p0) at the P

+ collector/N-base
junction are provided in Fig. 9.60 for the transparent emitter IGBT structure with an
N-base width of 200 μm at an on-state collector current density of 100 A/cm2. A
high-level lifetime of 20 μs (τp0 of 10 μs) was used in the N-base region. Since it is
customary to form the P+ collector region using a diffused layer with a typical
thickness (WP+) of 1 μm, an effective doping concentration must be used in the
analytical solution.

Due to the large variation of the doping concentration within the P+ collector
region, it is appropriate to use an effective doping concentration related to the
geometric mean of the surface concentration of the P+ diffusion and the concentra-
tion at the junction (which is equal to the doping concentration of the N-base region):

NAE Effectiveð Þ ¼ KTE1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NAESND

p ð9:122Þ
where NAES is the surface concentration of the P+ diffusion and ND is the doping
concentration of the N-base region. A value of 20 for the constant KTE1 was found to
predict the free carrier concentrations within the N-base region over a broad range of
values for the surface concentration of the P+ diffusion. In this analysis, the diffusion
coefficient for electrons (DnE) must be scaled with the effective doping concentration
of P+ collector region. It can be seen that the hole concentration varies linearly from
junction J1 to junction J2. The concentration of holes (indicated by p0 in the figure) at
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the P+ collector/N-base junction (J1) is much smaller than for the case of the
symmetric IGBT structure discussed in Sect. 9.5.2 (see Fig. 9.44). The injected
hole concentration ( p0) at the P+ collector/N-base junction (J1) becomes smaller
when surface concentration of the P+ collector region is reduced.

Simulation Example
The results of two-dimensional numerical simulations for the typical structure with
1 μm thick P+ collector region are discussed here to gain further insight into the
physics of operation for the transparent emitter IGBT structure in the on-state. This
structure had an N-base region with a doping concentration of 5 � 1013 cm�3, a
width of 200 μm, and a lifetime (τp0) of 10 μs. The hole concentration was obtained
in the on-state at a current density of 100 A/cm2 for various values for the doping
concentration of the P+ collector region. The P+ collector region was formed using a
Gaussian profile with a junction depth of 1 μm using various surface doping
concentrations.

A one-dimensional view of the hole distributions under the deep P+ region
obtained from simulations performed with the various surface concentrations for
the P+ collector region is provided in Fig. 9.61. It can be observed that the hole
concentration in the N-base region varies linearly with distance as predicted by the
analytical model and goes to zero at the deep P+/N-base junction (J2). The hole
concentration at the P+ collector/N-base junction (J1) becomes smaller when the
surface concentration for the P+ collector region is reduced. The predictions of the
analytical model for various surface doping concentrations for the P+ collector

Fig. 9.60 On-state hole distribution within the transparent emitter IGBT structure under the deep P
+ region
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region (see Fig. 9.41) are in a very good qualitative and quantitative agreement with
the results of the simulations when a value for KTE1 of 20 is used in Eq. (9.122).

9.5.7 On-State Voltage Drop: Transparent Emitter Structure

The on-state voltage drop for the transparent emitter IGBT structure can be obtained
using the same approach used earlier for the symmetric IGBT structure by the
addition of VP+N, the voltage drop across the P+ collector/N-base junction (J1);
VNB, the voltage drop across the N-base region after accounted for conductivity
modulation due to high-level injection conditions; and VMOSFET, the voltage drop
across the MOSFET portion:

VON ¼ VPþN þ VNB þ VMOSFET ð9:123Þ
The voltage drop across the P+ collector/N-base junction (J1) can be obtained from
the increase in the minority carrier concentration at the junction boundary:

VPþN ¼ kT

q
ln

p0
p0N

� �
¼ kT

q
ln

p0ND

n2i

� �
ð9:124Þ

where the minority carrier density in equilibrium ( p0N) has been related to the
doping concentration in the N-base region. The increase in the hole concentration
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at the junction ( p0) can be obtained from the analysis provided in the previous
section.

The voltage drop across the N-base region (VNB) can be obtained by integration of
the electric field within the N-base region. An expression for the electric field
distribution in the N-base region for the transparent emitter IGBT structure was
derived in the previous section (see Eq. (9.114). The voltage drop across the N-base
region can be obtained by integrating the electric field from y¼ 0 at the P+ collector/
N-base junction (J1) to the edge of depletion region of the deep P+/N-base junction
(J2), namely, at y¼ (WN –WON), whereWON is the depletion width at the deep P+/N-
base junction (J2) in the on-state. The voltage drop in the N-base region is given by:

VNB ¼ JCWN

q μn þ μp
� �

p0
þ kT

q

μn � μp
μn þ μp

 !" #
ln

WN

WON

� �
ð9:125Þ

The depletion width across the deep P+/N-base junction (J2) in the on-state depends
on the on-state voltage drop. The voltage drop across the MOSFET portion includes
contributions from the JFET region, the accumulation layer, and the channel. The
same expressions derived in Sect. 9.5.3 can be used for the transparent emitter IGBT
structure as well.

As an example, the components of the on-state voltage drop determined by using
the above analytical model are provided in Fig. 9.62 for the case of the transparent
emitter IGBT structure with blocking voltage capability of 1200 V. The device has
an N-base width of 200 μm with a lifetime (τp0) of 10 μs. The depth of the deep P+

collector region was 1 μm for all the cases. All the other parameters used for the
structure are the same as those used to compute the free carrier concentration in
Fig. 9.60. The MOSFET portion has an effective JFET region doping concentration
of 5 � 1015 cm�3 corresponding to a diffused region with surface concentration of
1 � 1016 cm�3 and depth of 5 μm, a gate oxide thickness of 500 Å, and a channel
length of 1.5 μm. The mobility for electrons in the inversion and accumulation layer
was assumed to be 450 and 1000 cm2/V-s, respectively, (the same as those used for
analysis of power MOSFET structures in Chap. 7). The IGBT structure had a cell
width (WCELL) of 30 μm with a gate electrode width (WG) of 16 μm. The gate bias
and threshold voltages used were 15 and 5 V, respectively. Note that the voltage
drop across the junction (VP+N) is less than for the symmetric IGBT structure due to
the reduced hole injection level in the N-base region. From the figure, it can be
concluded that the voltage drop across the N-base region is comparable to that across
the P+ collector/N-base junction and the MOSFET portion when the surface con-
centration of the P+ collector region is 1 � 1019 cm�3. When the surface concentra-
tion of the P+ collector region is reduced, the voltage drop across the N-base region
increases and becomes dominant. The on-state voltage drop is observed to increase
gradually with reduction of the surface concentration of the P+ collector region. The
analytical solution indicates that the injection efficiency of the transparent emitter
structure is typically reduced to 30%.
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Simulation Example
The results of two-dimensional numerical simulations for the typical case with 1 μm
thick P+ collector region are discussed here to corroborate the analytical model for
the on-state voltage drop for the transparent emitter IGBT structure. The structure is
the same as the one described in the previous section. The on-state voltage drop was
obtained at a current density of 100 A/cm2 at a gate bias of 15 V for various values
for the surface concentration of the thin P+ collector region. It was found that the
on-state voltage drop increases gradually as the surface concentration of the P+

collector region is reduced. The injection efficiency of the transparent emitter was
found to be 30% as predicted by the analytical model. The on-state voltage drops
obtained from the numerical simulations are compared with those obtained using the
analytical model in Fig. 9.63. The analytical model provides an accurate prediction
of the on-state voltage drop for the entire broad range of surface concentrations of the
P+ collector region.

9.6 Current Saturation Model

The P-i-N rectifier/MOSFET model for the IGBT structure provides a good descrip-
tion of its on-state mode of operation. However, when the IGBT structure operates in
the current saturation mode, it is necessary to account for the separate hole and
electron current paths within the structure. This can be accomplished by using the P-
N-P transistor/MOSFET model for the IGBT structure [28]. The equivalent circuit

Fig. 9.62 On-state voltage drop for the transparent emitter IGBT structure
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for an n-channel IGBT structure based upon the P-N-P transistor/MOSFET model
consists of an n-channel MOSFET providing the base drive current to a P-N-P
transistor as shown in Fig. 9.64a. The P-N-P transistor and MOSFET portions within
the IGBT structure are identified by the dashed boxes in Fig. 9.64b.

The emitter current for the IGBT structure includes both the hole current flow via
the P-N-P transistor and the electron current via the MOSFET portion:

IE ¼ Ip þ In ð9:126Þ
In the IGBT structure, the electron current serves as the base drive current for the P-
N-P transistor. Consequently, these currents are interrelated by the common-base
current gain of the P-N-P transistor:

Ip ¼ αPNP
1� αPNP

� �
In ð9:127Þ

Combining the above relationships:

IE ¼ In
1� αPNPð Þ ð9:128Þ

Under steady-state operating conditions, the gate current for the IGBT structure is
zero due to the high impedance of the MOS gate structure. Consequently, the
collector current is also given by the above expression.
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Fig. 9.63 On-state voltage drop for the transparent emitter IGBT structures
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The current gain of the P-N-P transistor is determined by the product of the
emitter injection efficiency and the base transport factor because the multiplication
coefficient is unity at low bias voltages:

αPNP ¼ γE αT,PNP ð9:129Þ
As discussed in the previous section, the injection efficiency for the IGBT structures
is less than unity due to high-level injection conditions in the N-base region. The
base transport factor is given by:

αT,PNP ¼ 1
cosh l=Lað Þ ð9:130Þ

where La is the ambipolar diffusion length and l is the width of the un-depleted
portion of the N-base region, which can be obtained using:

l ¼ WN �WDN ¼ WN �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSVC

qND

s
ð9:131Þ

In the current saturation mode, the depletion region extends from the junction (J2)
between the deep P+ region and the N-base region toward junction J1. In this
simplified model, the expansion of the depletion region is assumed to be governed
by the doping concentration (ND) in the N-base region as shown by Eq. (9.131).

Fig. 9.64 Equivalent circuit for the IGBT structure in the current saturation mode
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The presence of the holes and electrons in the space-charge region that supports the
collector voltage is neglected.

Current saturation in the IGBT structure is induced by making the gate bias
voltage close to the threshold voltage so that the channel of the MOSFET portion
reaches the pinch-off condition when the collector bias is increased. When pinch-off
occurs in the channel of the MOSFET portion, its current becomes saturated at a
value given by Eq. (6.49). In the IGBT structure, this is the electron current flowing
through the MOSFET portion:

In ¼ μniCOXZ

2LCH
VG � VTHð Þ2 ð9:132Þ

where Z is the width of the IGBT structure orthogonal to the cross section shown in
Fig. 9.64. Substituting this expression in Eq. (9.128):

IE,SAT ¼ IC,SAT ¼ μniCOXZ

2LCH 1� αPNPð Þ VG � VTHð Þ2 ð9:133Þ

From this expression, it can be concluded that the saturated current for the IGBT
structure is enhanced (typically by a factor of 2) when compared with a MOSFET
structure with the same channel design due to the gain of the P-N-P transistor within
the IGBT structure.

The transconductance for the IGBT structure in the current saturation mode can
be derived from Eq. (9.133):

gm,SAT ¼ dIC,SAT
dVG

¼ μniCOXZ

LCH 1� αPNPð Þ VG � VTHð Þ ð9:134Þ

The transconductance for the IGBT structure is also enhanced (typically by a factor
of 2) when compared with a MOSFET structure with the same channel design due to
the gain of the P-N-P transistor within the IGBT structure.

The i-v characteristics for the IGBT structure at low collector bias voltage must
include the voltage drop across the forward-biased junction J1. This can be modeled
as a P-i-N rectifier with a uniform current density JC due to high-level injection
within the N-base region:

VF,PiN ¼ 2kT
q

ln
JCWN

4qDaniF WN=2Lað Þ
� �

ð9:135Þ

For the P-N-P transistor/MOSFET model, the channel current is given by:

In ¼ WCell

2
Z JC 1� αPNPð Þ ð9:136Þ

The voltage drop across the MOSFET portion obtained by using this channel current
is:
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VF,MOSFET ¼ VG � VTHð Þ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�WCellLCHJC 1� αPNPð Þ

μniCOX VG � VTHð Þ2
s" #

ð9:137Þ

The voltage drop across the IGBT structure can be obtained by adding the voltage
drop across the P-i-N portion to the voltage drop across the MOSFET portion. The
results are shown in Fig. 9.65 for the same structure that was used to obtain Fig. 9.40.
The saturation of the collector current is evident when the gate bias becomes close to
the threshold voltage and the saturated current has a larger magnitude at each gate
bias voltage than that obtained with the P-i-N/MOSFET model.

Simulation Example
The results of two-dimensional numerical simulations for the typical symmetric
IGBT structure under current saturation are discussed here. The structure is the
same as the one described in the previous section on the symmetric IGBT structure.
The threshold voltage for this structure is about 4.5 V. At a gate bias of 5 V, the
device exhibits current saturation at a collector current density of 20 A/cm2. The
saturated current density increases with gate bias voltage as shown in Fig. 9.66.
Unlike the power MOSFET structure, the IGBT also exhibits a knee in the charac-
teristics leading to low current levels at collector bias voltages below 0.8 V. It can be
concluded that the characteristics obtained by using the analytical model (see
Fig. 9.65) provide a good description of the behavior of the IGBT structure.

Fig. 9.65 Current saturation characteristics for the IGBT structure at low collector bias voltages
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9.6.1 Carrier Distribution: Symmetric Structure

A more accurate model for the output characteristics of the symmetric IGBT
structure can be derived by analysis of the free carrier distribution when the device
is operating with both a high collector current density and a high collector bias
voltage as is relevant for the current saturation mode. The case where the recombi-
nation in the N-base region can be neglected is considered here, namely, when the
lifetime in the N-base region is large. Due to the high collector bias voltage in the
current saturation mode, a space-charge region forms at the deep P+/N-base junction
(J2). Unlike the depletion region formed in the forward blocking mode, the space-
charge region contains electrons and holes produced by the large collector current
flow. This is illustrated in Fig. 9.67 by the concentrations pSC and nSC. The electric
field within the space-charge region is sufficient to increase the velocity of these
carriers to the saturated drift velocity over most of the space-charge region. Conse-
quently, these carrier densities can be related to the hole and electron current
densities within the space-charge region:

nSC ¼ Jn,PNP
qvsat, n

ð9:138Þ

pSC ¼ JC
qvsat, p

ð9:139Þ

The electron current via the channel of the MOSFET portion in the IGBT
structure is the base drive current for the P-N-P transistor. Under current saturation
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conditions for the IGBT structure, the MOSFET channel current is saturated at a
value dictated by the gate bias voltage relative to the threshold voltage as given by
Eq. (9.132). The current can be expressed as an electron current density:

JB,PNP ¼ Jn,PNP ¼ ID,SAT
WCELL=2ð ÞZ ¼ μniCOX

WCELLLCH
VG � VTHð Þ2 ð9:140Þ

The electron charge in the space-charge region is therefore given by:

nSC ¼ μniCOX

qvsat, nWCELLLCH
VG � VTHð Þ2 ð9:141Þ

The free carrier distribution in the N-base region is governed by high-level
injection conditions with no recombination:

d2p

dy2
¼ 0 ð9:142Þ

The general solution for this case is a linear carrier distribution given by:

Fig. 9.67 Carrier and electric field profiles for the symmetric IGBT structure in the current
saturation mode
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p yð Þ ¼ Ayþ B ð9:143Þ
The constants A and B are determined the following boundary conditions:

p 0ð Þ ¼ p0 ð9:144Þ
p WN �WSCð Þ ¼ pSC ð9:145Þ

leading to the solution:

p yð Þ ¼ p0 �
p0 � pSC
WN �WSC

� �
y ð9:146Þ

This linear carrier distribution in the N-base region is illustrated at the bottom of
Fig. 9.67 on a logarithmic scale.

The hole concentration ( p0) in the N-base region at the P+ collector/N-base
junction (J1) can be obtained by relating it to the hole current flow at the junction
inside the P+ collector region. The hole and electron current densities in the N-base
region are given by the continuity equations:

Jp yð Þ ¼ qμp p yð ÞE yð Þ � kT

q

dp

dy

� �
ð9:147Þ

Jn yð Þ ¼ qμn n yð ÞE yð Þ þ kT

q

dn

dy

� �
ð9:148Þ

In the above expressions, the electron and hole concentrations, as well as their
derivatives, can be assumed to be equal due to high-level injection conditions in
the N-base region. In addition, continuity of collector current flow requires:

Jn yð Þ þ Jp yð Þ ¼ JC ð9:149Þ
Combining these expressions and solving for the electric field yields:

E yð Þ ¼ JC
qp yð Þ μn þ μp

� �� kT

q

μn � μp
μn þ μp

 !
1

p yð Þ
dp

dy
ð9:150Þ

The electric field in the N-base region at junction J1 (at y ¼ 0) obtained by using
the free carrier distribution given by Eq. (9.146) is:

E 0ð Þ ¼ JC
q μn þ μp
� �

p0
þ kT

qp0

p0 � pSC
WN �WSC

� �
ð9:151Þ

The hole current density within the N-base region at the P+ collector/N-base region
junction (J1) can then be obtained by using Eq. (9.147) with the hole carrier
distribution given by Eq. (9.146) and the above electric field:
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Jp 0ð Þ ¼ μpJC
μn þ μp
� �þ 2μnμp

μn þ μp

 !
kT

WN �WSCð Þ p0 ð9:152Þ

This is also referred to as the hole current density Jp(yN).
The electron current density Jn(yP) in the P

+ collector region at the P+ collector/N-
base junction (J1) is given by Eq. (9.61). Using this equation, the hole current density
in the P+ collector region at the P+ collector/N-base junction (J1) is given by:

Jp yPð Þ ¼ JC � qDnE

LPnE

p20
NAE

ð9:153Þ

The hole current densities [Jp(yP) and Jp(yN)] on the two sides of the junction can be
equated because the current is continuous at the junction. This yields a quadratic
equation for the hole concentration (p0) at the P

+ collector/N-base junction:

ap20 þ bp0 þ c ¼ 0 ð9:154Þ
with coefficients:

a ¼ qDnE

LnENAE
ð9:155Þ

b ¼ � 2μnμp
μn þ μp

 !
kT

WN �WSCð Þ ð9:156Þ

c ¼ � μn
μn þ μp

 !
JC ð9:157Þ

The value of the hole concentration ( p0) at the P
+ collector/N-base junction can be

computed using these coefficients:

p0 ¼ � b

2a
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4ac

b2

� �s" #
ð9:158Þ

Since the collector current density depends upon the current gain of the P-N-P
transistor, an iterative procedure is required to solve for the hole concentration p0.

An elegant closed-form solution for the hole concentration p0 can be derived
under the assumption that the collector current density does not vary significantly
with collector bias voltage due to current saturation. The hole concentration p0 can
then be obtained by analysis with a low collector bias voltage. The injection
efficiency of the P+ collector/N-base junction at low collector bias voltage can be
obtained by combining Eqs. (9.61) and (9.62):
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γE,S ¼ 1� qDnE

JC0LnE

p20
NAE

� �
ð9:159Þ

where JC0 is the saturated collector current at low collector bias voltages. Since the
base transport factor for the P-N-P transistor has been assumed to be unity because of
no recombination in the N-base region and the multiplication factor is unity due to
the low collector bias voltage:

JC0 ¼ JB,PNP
1� γE,S

ð9:160Þ

where JB,PNP is given by Eq. (9.140). Combining Eqs. (9.159) and (9.160) provides a
solution for the hole concentration p0:

p0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JB,PNPLnENAE

qDnE

s
ð9:161Þ

The collector current density corresponding to the above hole carrier concentra-
tion can be derived by combining Eqs. (9.152) and (9.153):

JC0 ¼ 2
kT

WN
μpp0 þ

μn þ μp
μn

� �
qDnE

LnENAE
p20 ð9:162Þ

In this model, the hole concentration in the space-charge region is assumed to remain
independent of the collector bias voltage at a value:

pSC ¼ JC0
qvsat, p

ð9:163Þ

As an example, the hole carrier profiles calculated using the above analytical
solution for the hole concentration ( p0) at the P+ collector/N-base junction are
provided in Fig. 9.68 for the symmetric IGBT structure with an N-base width of
200 μm at gate bias of 6 V. The device was assumed to have a threshold voltage of
5 V. For a gate oxide thickness of 500 Å and a channel length of 1.5 μm, the base
drive current density (JB,PNP) for the P-N-P transistor (channel current for the
MOSFET portion) is found to be 136 A/cm2. The electron concentration (nsc) in
the space-charge region due to this base drive current is 8.5 � 1013 cm�3. Using the
above values for the base drive current density and current gain of the P-N-P
transistor, the collector current density at low collector bias voltages is found to be
215 A/cm2 at a gate bias of 6 V. The injection efficiency is found to be 0.366 under
these conditions.

Using this collector current density, the hole concentration ( psc) in the space-
charge region is found to be 1.34 � 1014 cm�3 as observed in Fig. 9.68. The hole
concentration at the P+ collector/N-base region ( p0) is found to be 1.4 � 1017 cm�3

as can be observed in Fig. 9.68. The hole concentration decreases linearly from p0 at
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the P+ collector/N-base junction to pSC at the edge of the space-charge layer. The
width of the space-charge layer can be computed at each collector bias voltage by
using:

WSC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2εSVC

q ND þ pSC � nSCð Þ

s
ð9:164Þ

It can be observed from Fig. 9.68 that the space-charge region expands with
increasing collector bias voltage. Since the hole concentration exceeds the electron
concentration in this analytical model, the width of the space-charge layer is smaller
than the width of the depletion region at each collector bias voltage.

Simulation Example
The results of two-dimensional numerical simulations for the typical structure are
discussed here to gain further insight into the physics of operation for the symmetric
IGBT structure in the current saturation mode. This structure had an N-base region
with a doping concentration of 5 � 1013 cm�3, a width of 200 μm, and a lifetime
(τp0) of 10 μs. The threshold voltage for this structure was found to be about 4.5 V.
The hole concentration was obtained at a gate bias of 5.5 V for various values of the
collector bias voltage. The saturated collector current density at this gate bias at low
collector bias voltages was found to be 360 A/cm2, while the hole current density
was found to be 150 A/cm2. This corresponds to an injection efficiency of 0.42
which is in good agreement with the analytical model.

Fig. 9.68 Distribution of holes within the symmetric IGBT structure during the current saturation
mode at various collector bias voltages
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A one-dimensional view of the hole distribution under the deep P+ region
obtained from simulations performed with the various collector bias voltages is
provided in Fig. 9.69. The hole concentration in the N-base region varies linearly
with distance as predicted by the analytical model and goes to a constant value ( pSC)
at the edge of the space-charge region. The hole concentration at the P+ collector/N-
base junction ( p0) remains independent of the collector bias voltage as assumed in
the analytical model. The predicted values for p0 and pSC by the analytical model are
in agreement with the results of the simulations.

The space-charge region contains both holes and electrons during operation in the
current saturation mode. This can be observed in Fig. 9.70 where these concentra-
tions are shown at a collector bias of 400 V and at a gate bias of 5.5 V. The electron
and hole concentrations predicted by the analytical solutions (Eqs. 9.138 and 9.139)
are in good agreement with those observed with the simulations. The electron
concentration (nSC) in the space-charge region is smaller than the hole concentration
( pSC) because the electron current density (JB,PNP) is smaller than the hole current
density [JC(0)]. The electron and hole concentrations are equal within the rest of the
N-base region because it is operating under high-level injection conditions.

The electric field profiles in the symmetric IGBT structure during operation in the
current saturation mode are shown in Fig. 9.71 at various collector bias voltages for
the case of a gate bias voltage of 5.5 V. It can be observed that the electric field has
approximately a triangular shape which is consistent with the profile assumed in the
analytical model (see Fig. 9.67). Using the hole and electron concentrations in the
space-charge layer (as given by Eqs. 9.138 and 9.139) with a doping concentration
of 5 � 1013 cm�3 in the N-base region, the space-charge layer widths (WSC)
computed using the analytical solution (Eq. 9.164) are 36, 51, 72, 89, and 102 μm
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at collector bias voltages of 100, 200, 400, 600, and 800 V, respectively. From
Fig. 9.71, it can be concluded that the width of the space-charge layer obtained with
the analytical solution is a good representation of the operation of the symmetric
IGBT structure in the current saturation mode. In contrast, the depletion layer widths
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(WD) computed using the background doping concentration of 5 � 1013 cm�3 in the
N-base region are much larger: 51, 72, 102, 125, and 144 μm at collector bias
voltages of 100, 200, 400, 600, and 800 V, respectively. It is therefore important to
take into account the hole and electron concentrations within the high field region
when doing the analysis of the symmetric IGBT structure in the current saturation
mode.

9.6.2 Output Characteristics: Symmetric Structure

The output characteristics for the symmetric blocking IGBT structure can be derived
by analysis of the increase in the collector current with increasing collector voltage.
The collector current density [JC(0)] at low collector bias voltages can be obtained
for any gate bias voltage by first computing the base drive current density [JB,
PNP(VG)] for the P-N-P transistor by using Eq. (9.140). Using this current density,
the corresponding value for the hole concentration [p0(VG)] at the P+ collector/N-
base junction can be obtained for this gate bias voltage by using Eq. (9.161). The
collector current density (JC0) at low collector bias voltages can then be obtained for
each gate bias voltage by using Eq. (9.162).

The collector current density increases with increasing collector bias voltage in
accordance with:

JC VG;VCð Þ ¼ JB,PNP VGð Þ
1� αPNP

¼ JB,PNP VGð Þ
1� γE,SαTM

� � ð9:165Þ

where the injection efficiency can be obtained by using Eq. (9.153):

γE,S ¼ Jp yPð Þ
JC 0ð Þ ¼ 1� qDnE

JC 0ð ÞLPnE
p20
NAE

ð9:166Þ

The injection efficiency decreases with increasing gate bias voltage due to the larger
concentration of holes injected into the N-base region.

In Eq. (9.165), the multiplication factor is given by:

M ¼ 1
1� VC=BVSCð Þn ð9:167Þ

where BVSC is the parallel-plane breakdown voltage after accounting for the addi-
tional charge due to the free carriers in the space-charge region:

BVSC ¼ 5:34� 1013 ND þ pSC � nSCð Þ�3=4 ð9:168Þ
Due to the presence of both electrons and holes in the space-charge region during the
impact ionization process, it is appropriate to use a value of 5 for the coefficient “n”
in Eq. (9.167).
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Although the carrier concentration ( p0) at the P+ collector/N-base junction was
analyzed under the assumption that the base transport factor is unity, this approxi-
mation cannot be used for the output characteristics because the collector current
increases gradually due to an increase in the base transport factor with increasing
collector bias voltage. To obtain an accurate analysis for the base transport factor as a
function of the collector bias voltage, it is necessary to perform analysis of the carrier
concentration with inclusion of recombination in the N-base region. The continuity
equation for minority carriers (holes in the N-base region) under high-level steady-
state conditions then becomes:

d2p

dy2
� p

L2a
¼ 0 ð9:169Þ

where La is the ambipolar diffusion length in the N-base region given by:

La ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
DaτHL

p ð9:170Þ
The general solution for the carrier distribution is given by:

p yð Þ ¼ Acosh
y

La

� �
þ Bsinh

y

La

� �
ð9:171Þ

where A and B are parameters determined by the boundary conditions. If the distance
“y” is defined as starting from the P+ collector/N-base interface as indicated in
Fig. 9.67 and because the above expression is valid to the edge of the space-charge
region [i.e., at y ¼ (WN � WSC)], these boundary conditions are:

p 0ð Þ ¼ p0 ð9:172Þ
and

p WN �WSCð Þ ¼ pSC ð9:173Þ
Using these boundary conditions in Eq. (9.171) yields:

A ¼ p0 ð9:174Þ
and

B ¼ pSC � p0cosh WN �WSCð Þ=La½ �
sinh WN �WSCð Þ=La½ � ð9:175Þ

Substituting into Eq. (9.171) yields:
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p yð Þ ¼ p0cosh
y

La

� �
þ pSC � p0cosh WN �WSCð Þ=La½ �

sinh WN �WSCð Þ=La½ � sinh
y

La

� �
ð9:176Þ

The continuity equations for the hole and electron current densities in the
conductivity-modulated portion of the N-base region are:

Jp yð Þ ¼ qμpp yð ÞE yð Þ � qDp
dp

dy
ð9:177Þ

and

Jn yð Þ ¼ qμnn yð ÞE yð Þ � qDn
dn

dy
ð9:178Þ

Due to high-level injection conditions in the conductivity-modulated portion of the
N-base region, the hole and electron concentrations are equal to satisfy charge
neutrality. Since the electron current density is equal to the total collector current
density minus the hole current density, Eq. (9.178) becomes:

JC � Jp yð Þ ¼ qμnp yð ÞE yð Þ � qDn
dp

dy
ð9:179Þ

Solving for the electric field using this equation and substituting this field into
Eq. (9.177):

Jp yð Þ ¼ μp
μp þ μn

 !
JC � 2qDp

μn
μp þ μn

 !
dp

dy
ð9:180Þ

The base transport factor for the N-base region at low collector bias voltages can
be obtained by using Eq. (9.180) for the hole current density together with
Eq. (9.176) for the hole carrier distribution in the conductivity-modulated region:

αT ¼ Jp WN �WSCð Þ
Jp 0þð Þ ð9:181Þ

The current density at the edge of the space-charge region [y ¼ (WN � WSC)]
obtained by using the above equation is:

Jp WN �WSCð Þ ¼

μp
μp þ μn

 !
� μnKS

μp þ μn

 !

sinh
WN �WSC

La

� �
tanh

WN �WSC

La

� �

�cosh
WN �WSC

La

� �
2
6664

3
7775

8>>>>>>>>><
>>>>>>>>>:

9>>>>>>>>>=
>>>>>>>>>;
JC ð9:182Þ

848 9 Insulated Gate Bipolar Transistors



where:

KS ¼ μp þ μn
μn

� �
γE �

μp
μn

� �
ð9:183Þ

In this expression, the width of the space-charge region can be obtained by using
Eq. (9.164). The hole current density at the left-hand side of junction (J1) was also
previously derived in Sect. 9.5.2 (see Eqs. 9.60, 9.61 and 9.62):

Jp 0þð Þ ¼ γEJC ð9:184Þ
with the injection efficiency given by:

γE,S ¼ 1� qDnEp
2
0

JC0LnENAE
ð9:185Þ

The base transport factor in the conductivity-modulated lightly doped N-base region
is enhanced by the combination of drift and diffusion due to the high-level injection
conditions. With the current gain obtained by using the above base transport factor,
the collector current density can be obtained for any applied gate bias voltage from
Eq. (9.165).

The output characteristics of the symmetric IGBT structure calculated using the
above analytical model with the device parameters given in Sect. 9.5.3 are provided
in Fig. 9.72. The emitter injection efficiency ranges from 0.6 to 0.4 as the collector
current density increases with increasing gate bias. The base transport factor at low
collector bias voltages is approximately 0.85. This confirms that the hole concen-
tration ( p0) at junction (J1) can be computed under the assumption of a base transport
factor equal to unity. The base transport factor increases from 0.85 to unity with
increasing collector bias voltage producing a gradual increase in the collector
current. When the collector bias voltage approaches the breakdown voltage
(BVSC) including the impact of the mobile free carriers in the space-charge region,
the collector current increases rapidly. The onset of this increase in collector current
occurs at lower collector bias voltages when the gate bias voltage is increased
because of a reduction of the breakdown voltage (BVSC) due to the larger concen-
tration of holes ( pSC) at larger gate bias voltages. The values for these parameters are
provided in Fig. 9.72 at each gate bias voltage for reference.

Simulation Example
The output characteristics of the typical symmetric IGBT structure discussed in the
previous section were obtained using two-dimensional numerical simulations at
various gate bias voltages. This device structure has a threshold voltage of about
4.5 V. The output characteristics are shown in Fig. 9.73. At a gate bias voltage of
5.5 V, the output characteristic is flat with high output impedance up to a collector
bias voltage of 800 V. The output resistance then decreases due to the onset of
significant avalanche multiplication. At larger gate bias voltages, the output imped-
ance begins to degrade due to the onset of impact ionization at lower collector bias
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Fig. 9.72 Output characteristics for the symmetric IGBT structure
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voltages. It can be concluded that the output characteristics obtained by using the
analytical model (see Fig. 9.72) provide a good description of the behavior of the
symmetric IGBT structure.

9.6.3 Output Resistance: Symmetric Structure

The output resistance for the IGBT structure is important in determining its ability to
withstand short-circuit conditions and limiting the load current. It is desirable to have
a large output resistance for optimum circuit performance. From the output charac-
teristic shown in Fig. 9.72, it is apparent that the symmetric IGBT structure exhibits a
high output resistance at low collector bias voltages. However, the output resistance
degrades as the collector voltage is increased. This behavior can be quantified by
using the relationship between the collector current density and the collector voltage
derived in the previous section:

JC VG;VCð Þ ¼ JB,PNP VGð Þ
1� αPNP

¼ JB,PNP VGð Þ
1� γE,SαTM

� � ð9:186Þ

The injection efficiency decreases with increasing gate bias voltage due to the larger
concentration of holes injected into the N-base region but is independent of the
collector bias voltage. At lower collector bias voltages where the multiplication
coefficient is close to unity, the output resistance is governed by the increase in the
base transport factor.

At large collector bias voltages, the base transport factor (αT) becomes close to
unity and thus independent of the collector bias voltage. However, the multiplication
factor is dependent on the collector bias voltage as given by:

M ¼ 1
1� VC=BVSCð Þn ð9:187Þ

where BVSC is the parallel-plane breakdown voltage after accounting for the addi-
tional charge due to the free carriers in the space-charge region. Due to the presence
of both electrons and holes in the space-charge region during the impact ionization
process, it is appropriate to use a value of 5 for the coefficient “n” in Eq. (9.187).
Substituting Eq. (9.187) in Eq. (9.186) yields:

JC VG;VCð Þ ¼ JB,PNP VGð Þ BVSCð Þn � VCð Þn½ �
1� γE,S
� �

BVSCð Þn � VCð Þn	 
 ð9:188Þ

Taking the first derivative of the collector current density with respect to the collector
bias voltage and then inverting the expression provide an analytical expression for
the specific output resistance for the symmetric IGBT structure:
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RO,sp ¼
1� γE,S
� �

BVSCð Þn � VCð Þn	 
2
nγE,SJB,PNP BVSCð Þn VCð Þn�1 ð9:189Þ

The specific output resistances computed by using the above analysis are pro-
vided in Fig. 9.74 for the typical symmetric IGBT structure. This structure had the
same device parameters as used to produce the output characteristics shown in
Fig. 9.72. The output resistance initially increases with increasing collector bias
voltage due to a reduced rate of change in the base transport factor. However, at
larger collector bias voltages, the output resistance degrades because of the rapid
increase in the multiplication coefficient.

9.6.4 Carrier Distribution: Asymmetric Structure

As in the case of the symmetric IGBT structure, a model for the output characteristics
of the asymmetric IGBT structure can be derived by analysis of the free carrier
distribution when the device is operating with both a high collector current density
and a high collector bias voltage as is relevant for the current saturation mode. In the
case of the asymmetric IGBT structure, the injection efficiency is reduced by the
high doping concentration in the N-buffer layer. In addition, the transport of holes
through the N-buffer layer is inhibited by recombination due to the smaller lifetime
in this highly doped portion of the N-base region producing a reduction of the base
transport factor. The base transport factor of the lightly doped portion of the N-base

Fig. 9.74 Specific output resistance for the symmetric IGBT structure
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region is determined by high-level injection conditions. As the collector bias voltage
is increased, the space-charge layer width increases producing an increase in the base
transport factor for the lightly doped portion of the N-base region until it becomes
equal to unity when the space-charge layer punches through to the N-buffer layer.
Consequently, the current gain of the P-N-P transistor becomes much less than unity
and a function of the collector bias voltage for the asymmetric IGBT structure until
the space-charge layer punches through to the N-buffer layer.

As discussed previously in Sect. 9.6.1 for the symmetric IGBT structure, a space-
charge region forms at the deep P+/N-base junction (J2) for the asymmetric IGBT
structure with holes and electrons transported within this region at their saturated
drift velocity. Consequently, these carrier densities can be related to the hole and
electron current densities within the space-charge region:

nSC ¼ Jn
qvsat, n

ð9:190Þ

pSC ¼ Jp
qvsat, p

ð9:191Þ

The electron current via the channel of the MOSFET portion in the IGBT structure is
the base drive current for the P-N-P transistor. Under current saturation conditions
for the IGBT structure, the MOSFET channel current is saturated at a value dictated
by the gate bias voltage relative to the threshold voltage as given by Eq. (9.132). The
current can be expressed as an electron current density:

Jn ¼ JB,PNP ¼ ID,SAT
WCELL=2ð ÞZ ¼ μniCOX

WCELLLCH
VG � VTHð Þ2 ð9:192Þ

The electron charge in the space-charge region is therefore given by:

nSC ¼ μniCOX

qvsat, nWCELLLCH
VG � VTHð Þ2 ð9:193Þ

A one-dimensional analysis of the free carrier distribution can be performed for
the portion of the IGBT structure under the deep P+ region by solving the continuity
equation for minority carriers (holes in the N-base region) under high-level steady-
state conditions:

d2p

dy2
� p

L2a
¼ 0 ð9:194Þ

where La is the ambipolar diffusion length in the N-base region given by:

La ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
DaτHL

p ð9:195Þ
The general solution for the carrier distribution is given by:
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p yð Þ ¼ Acosh
y

La

� �
þ Bsinh

y

La

� �
ð9:196Þ

where A and B are parameters determined by the boundary conditions.
If the distance “y” is defined as starting from the N-buffer/N-base interface as

indicated in Fig. 9.75 and because the above expression is valid to the edge of the
space-charge region [i.e., at y ¼ (WN � WSC)], these boundary conditions are:

p WNBþð Þ ¼ pWNBþ ð9:197Þ
and

p WN �WSCð Þ ¼ pSC ð9:198Þ
Using these boundary conditions in Eq. (9.196) yields:

A ¼ pWNBþ ð9:199Þ
and

Fig. 9.75 Electric field and hole distributions for the asymmetric IGBT structure before space-
charge layer punch-through

854 9 Insulated Gate Bipolar Transistors



B ¼ pSC � pWNBþcosh WN �WSCð Þ=La½ �
sinh WN �WSCð Þ=La½ � ð9:200Þ

Substituting into Eq. (9.196) yields:

p yð Þ ¼ pWNBþcosh
y

La

� �

þ pSC � pWNBþcosh WN �WSCð Þ=La½ �
sinh WN �WSCð Þ=La½ � sinh

y

La

� � ð9:201Þ

The continuity equations for the hole and electron current densities in the
conductivity-modulated portion of the N-base region are:

Jp yð Þ ¼ qμpp yð ÞE yð Þ � qDp
dp

dy
ð9:202Þ

and

Jn yð Þ ¼ qμnn yð ÞE yð Þ � qDn
dn

dy
ð9:203Þ

Due to high-level injection conditions in the conductivity-modulated portion of the
N-base region, the hole and electron concentrations are equal to satisfy charge
neutrality. Since the electron current density is equal to the total collector current
density minus the hole current density, Eq. (9.203) becomes:

JC � Jp yð Þ ¼ qμnp yð ÞE yð Þ � qDn
dp

dy
ð9:204Þ

Solving for the electric field using this equation and substituting this field into
Eq. (9.202):

Jp yð Þ ¼ μp
μp þ μn

 !
JC � 2qDp

μn
μp þ μn

 !
dp

dy
ð9:205Þ

The hole concentration [p(WNBþ) ¼ pWNBþ] at the left-hand side of the interface
between the lightly doped portion of the N-base region and the N-buffer layer can be
obtained by recognizing that the hole current density at the interface must be
continuous:

Jp WNBþð Þ ¼ Jp WNB�ð Þ ð9:206Þ
The hole current density at the left-hand side of the interface between the lightly
doped portion of the N-base region and the N-buffer layer can be obtained using
Eq. (9.202) with y ¼ 0 and the carrier concentration given by Eq. (9.201). The hole
current density at the right-hand side of the interface between the lightly doped
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portion of the N-base region and the N-buffer layer was previously derived in Sect.
9.5.4 (see Eq. 9.93):

Jp WNB�ð Þ ¼ γEJCe
�WNB=Lp,NB ð9:207Þ

because the N-buffer layer is assumed to be operating under low-level injection. In
this equation, the injection efficiency is given by:

γE ¼ Dp,NBp0,NBLn,Pþ
Dp,NBp0,NBLn,Pþ þ Dn,Pþn0,PþLp,NB
� � ð9:208Þ

Combining these equations yields a solution for the hole concentration on the left-
hand side of the interface between the lightly doped portion of the N-base region and
the N-buffer layer:

pWNBþ ¼ KASJCLa
2qDp

tanh WN �WSCð Þ=La½ � ð9:209Þ

where

KAS ¼ μp þ μn
μn

� �
γEe

�WNB=Lp,NB � μp
μn

� �
ð9:210Þ

As the collector bias voltage increases in the current saturation mode, the collector
current remains approximately constant, while the space-charge layer width
becomes larger. According to the above equation, this should produce a reduction
of the hole concentration ( pWNBþ) in the lightly doped portion of the N-base region
at the N-buffer layer interface with increasing collector bias voltage. These results
are applicable until the space-charge layer punches through to the N-buffer layer.
Since the collector current density is approximately constant in the saturation mode,
the hole concentration ( pWNBþ) in the lightly doped portion of the N-base region at
the N-buffer layer interface can be computed without an iterative process by using
the collector current density (JC0) at low collector bias voltages by assuming that the
space-charge layer width is zero.

Within the N-buffer layer, the hole concentration decays exponentially away from
the P+ collector/N-buffer layer junction:

p yð Þ ¼ p0e
�y=Lp,NB ð9:211Þ

with the concentration at the junction provided by low-level junction theory:

p0 ¼
p0,NBJC0

qDpp0,NB=Lp,NB
� �

þ qDnn0,Pþ=LnEð Þ
h i ð9:212Þ

The collector current density JC0 at low collector bias voltages can be obtained from
the base drive current which is a function of the gate bias voltage:
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JC0 ¼ JB,PNP
1� αPNP,0½ � ð9:213Þ

The current gain of the P-N-P transistor at low collector bias voltages is given by:

αPNP,0 ¼ γE αT,0 ¼ γE αT,N�Buffer αT,N�Base,0 ð9:214Þ
In this expression, the injection efficiency can be obtained by using Eq. (9.208). The
base transport factor for the P-N-P transistor cannot be obtained by using the
low-level injection theory for a bipolar transistor (i.e., Eq. 7.75). For the asymmetric
IGBT structure, the base transport factor is associated with current transport through
the N-buffer layer at low injection levels and the current transport through the lightly
doped portion of the N-base region at high-level injection conditions as indicated by
the two terms in the above equation. The base transport factor associated with the
N-buffer layer can be obtained from the decay of the hole current within the N-buffer
layer as given by low-level injection theory:

αT,N�Buffer ¼ Jp WNB�ð Þ
Jp xNð Þ ¼ γEJCe

�WNB=Lp,NB

γEJC
¼ e�WNB=Lp,NB ð9:215Þ

The base transport factor for the N-base region at low collector bias voltages can
be obtained by using Eq. (9.205) for the hole current density together with
Eq. (9.201) for the hole carrier distribution in the conductivity-modulated region:

αT,N�Base, 0 ¼ Jp WNð Þ
Jp WNBþð Þ ð9:216Þ

Using Eqs. (9.201) and (9.205):

Jp WNBþð Þ ¼ μp
μp þ μn

 !
þ μn

μp þ μn

 !
KAS

" #
JC ð9:217Þ

and

Jp WNð Þ ¼

μp
μp þ μn

 !
� μnKAS

μp þ μn

 !

sinh
WN

La

� �
tanh

WN

La

� �
� cosh

WN

La

� �� �
8>>>><
>>>>:

9>>>>=
>>>>;
JC ð9:218Þ

The base transport factor in the conductivity-modulated lightly doped portion of the
N-base region is enhanced by the combination of drift and diffusion due to the high-
level injection conditions.

Using the current gain obtained by using the above base transport factors, the
collector current density (JC0) at low collector bias voltages can be obtained for any
applied gate bias voltage from Eq. (9.213). This collector current density can then be
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used to obtain the carrier concentrations within the entire N-base region with the
distribution in the N-buffer layer given by Eq. (9.211) and in the conductivity-
modulated portion of the N-base region by Eq. (9.201). The space-charge layer
width in Eq. (9.201) is given by:

WSC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2εSVC

q ND þ pSC � nSCð Þ

s
ð9:219Þ

with the carrier concentrations provided by Eqs. (9.190) and (9.191). The hole
carrier distribution is illustrated in Fig. 9.75 for the case of a typical collector bias
voltage prior to punch-through of the space-charge layer to the N-buffer layer.

At large collector bias voltages, the space-charge layer extends through the entire
width of the lightly doped portion of the N-base region. A high electric field is
prevalent throughout the lightly doped portion of the N-base region resulting in the
electron and hole concentrations given by Eqs. (9.190) and (9.191), respectively.
The distribution of holes within the N-buffer layer is governed by low-level injection
physics if the doping concentration in the N-buffer layer is at least 1 � 1017 cm�3.
As previously discussed in Sect. 9.5.4, the hole concentration varies exponentially
with distance within the N-buffer layer with concentrations p0 and pWNB- at its edges.
There is a discontinuity in the hole concentration at the interface between the lightly
doped portion of the N-base region and the N-buffer layer. The electric field and hole
distributions for this case are illustrated in Fig. 9.76.

The hole distribution within the asymmetric IGBT structure obtained using the
above analytical model is illustrated in Fig. 9.77 at various collector bias voltages for
the device structure previously described in Sect. 9.5.4. A high-level lifetime (τHL)
of 2 μs was used in the lightly doped portion of the N-base region. In this example,
the gate bias voltage is 6 V. Using the parameters of the asymmetric structure
provided in Sect. 9.5.4, this produces an electron (base drive) current density of
136 A/cm2. The emitter injection efficiency obtained by using an N-buffer layer
doping concentration of 1 � 1017 cm�3 is 0.72. The base transport factor for the
N-buffer layer using a diffusion length based on scaling the lifetime with doping
concentration is 0.155. The base transport factor for the N-base region at low
collector bias voltages is 0.78 leading to a common-base current gain of 0.12 at
low collector bias voltages. Using this current gain, the collector current density at
low collector bias voltages is found to be 150 A/cm2. The hole concentration ( p0) at
the P+ collector/N-buffer layer junction (J1) obtained at this collector current density
by using Eq. (9.90) is 6.0 � 1016 cm�3. This concentration does not vary with
collector bias voltage. The hole and electron concentrations within the space-charge
region are 9.3 � 1013 and 8.5 � 1013 cm�3, respectively. These values are assumed
to be independent of the collector bias voltage in the analytical model. The space-
charge layer widths obtained by using the analytical model are 47, 67, and 94 μm at a
collector bias of 100, 200, and 400 V, respectively. The space-charge layer punches
through to the N-buffer layer at a collector bias of 450 V at this collector current
density.
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Fig. 9.77 Hole distribution within the asymmetric IGBT structure during the current saturation
mode at various collector bias voltages

Fig. 9.76 Electric field and hole distributions for the asymmetric IGBT structure after space-charge
layer punch-through
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Simulation Example
The results of two-dimensional numerical simulations for the typical structure are
discussed here to gain further insight into the physics of operation for the asymmetric
IGBT structure in the current saturation mode. This structure had an N-base region
consisting of a lightly doped (5� 1013 cm�3) portion with a width of 100 μm and an
N-buffer layer with a width of 10 μm. A lifetime (τp0) of 1 μs was used in the lightly
doped portion of the N-base region. The device structural parameters are provided in
Sect. 9.5.4. The threshold voltage for this structure was found to be about 4.5 V. The
saturated collector current density at this gate bias at low collector bias voltages was
found to be 170 A/cm2. The hole concentration was obtained at a gate bias of 5.5 V
for various values of the collector bias voltage.

A one-dimensional view of the hole distribution under the deep P+ region
obtained from simulations performed with the various collector bias voltages is
provided in Fig. 9.78. The hole concentration ( p0) at the P+ collector/N-buffer
layer junction (J1) remains independent of collector bias voltage as assumed in the
analytical model. The hole concentration within the N-buffer layer decreases approx-
imately exponentially with distance as described by the analytical model. The
injected hole concentration at junction (J1) is equal to the doping concentration in
the N-buffer layer. Consequently, the assumption of low-level injection conditions
used for the analytical model is not valid throughout the N-buffer layer. In spite of
this, the analytical model provides a good description of the hole carrier distribution
in the asymmetric IGBT structure. The hole concentration ( pWNBþ) in the lightly
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Fig. 9.78 Distribution of holes in the current saturation mode for the asymmetric IGBT structure
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doped portion of the N-base region at its interface with the N-buffer region deceases
with increasing collector bias voltage as predicted by the analytical model. Within
the lightly doped portion of the N-base region, the hole concentration decreases with
distance and goes to a constant value ( pSC) at the edge of the space-charge region.
The predicted values for pWNBþ and pSC by the analytical model are in good
quantitative agreement with the results of the simulations.

The space-charge region contains both holes and electrons during operation in the
current saturation mode. This can be observed in Fig. 9.79 where these concentra-
tions are shown at a collector bias of 400 V for a gate bias of 5.5 V. The electron and
hole concentrations predicted by the analytical solutions (Eqs. 9.190 and 9.191) are
in good agreement with those observed with the simulations. The electron concen-
tration (nSC) in the space-charge region is smaller than the hole concentration ( pSC)
because the electron current density (JB,PNP) is smaller than the hole current density
(JC0). The electron and hole concentrations are equal within the rest of the lightly
doped portion of the N-base region because it is operating under high-level injection
conditions. However, in the N-buffer layer, the electron concentration is enhanced
above the doping concentration of 1 � 1017 cm�3 because the hole concentration
near the P+ collector/N-base junction is comparable to the doping concentration. In
spite of this, the assumption of low-level injection conditions in the N-buffer layer
used to derive the analytical model provides a sufficiently accurate description of the
operating physics for the asymmetrical IGBT structure.

The electric field profiles in the asymmetric IGBT structure during operation in
the current saturation mode are shown in Fig. 9.80 at various collector bias voltages
for the case of a gate bias voltage of 5.5 V. It can be observed that the electric field
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has approximately a triangular shape until the space-charge layer punches through to
the N-buffer layer. This behavior is consistent with the profile assumed in the
analytical model. The space-charge layer widths (WSC) observed with the simula-
tions are 45, 65, and 90 μm at collector bias voltages of 100, 200, and 400 V,
respectively. The analytical model predicts these values accurately when the pres-
ence of both electrons and holes is accounted for in the space-charge region.

9.6.5 Output Characteristics: Asymmetric Structure

The output characteristics for the asymmetric IGBT structure can be derived by
analysis of the increase in the collector current with increasing collector voltage. The
collector current density (JC0) at low collector bias voltages can be obtained for any
gate bias voltage by first computing the base drive (electron) current density [JB,
PNP(VG)] for the P-N-P transistor by using Eq. (9.192). Using this current density, the
corresponding value for the collector current density (JC0) at low collector bias
voltages can be obtained for this gate bias voltage by using Eq. (9.213) and the
procedure described in the previous section.
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The collector current density increases with increasing collector bias voltage in
accordance with:

JC VG;VCð Þ ¼ JB,PNP VGð Þ
1� αPNP

¼ JB,PNP VGð Þ
1� γE,SαT VCð ÞM VCð Þ	 
 ð9:220Þ

where the injection efficiency can be obtained by using Eq. (9.208). The injection
efficiency for the asymmetric IGBT structure is independent of the collector and gate
bias voltages. In Eq. (9.220), the base transport factor (αT) consists of the combina-
tion of the base transport factor for the N-buffer layer and the base transport factor
for the lightly doped portion of the N-base region. The base transport factor (αT,N-
Buffer) for the N-buffer layer, as given by Eq. (9.215), is also independent of the
collector and gate bias voltages. The base transport factor for the lightly doped
portion of the N-base region is given by:

αT,N-Base ¼ Jp WN �WSCð Þ
Jp WNBþð Þ ð9:221Þ

where the denominator is provided in Eq. (9.217). The numerator in Eq. (9.221) can
be derived by using the same procedure used to derive Eq. (9.218) in the previous
section:

Jp WN �WSCð Þ ¼

μp
μp þ μn

 !
� μnKAS

μp þ μn

 !

sinh
WN �WSC

La

� �
tanh

WN �WSC

La

� �

�cosh
WN �WSC

La

� �
2
6664

3
7775

8>>>>>>>>><
>>>>>>>>>:

9>>>>>>>>>=
>>>>>>>>>;
JC ð9:222Þ

The base transport factor (αT,N-Base) in the conductivity-modulated lightly doped
portion of the N-base region is enhanced by the combination of drift and diffusion
due to the high-level injection conditions. It increases with increasing collector bias
voltage due to the widening of the space-charge layer and becomes equal to unity
when the space-charge layer punches through to the N-buffer region. This produces
a small increase in the collector current density with increasing collector bias voltage
until punch-through of the space-charge layer occurs.

After punch-through of the space-charge layer, the base transport factor becomes
independent of the collector voltage, while the multiplication factor begins to
increase. The multiplication factor in Eq. (9.220) is given by:

M ¼ 1
1� VNPT=BVSCð Þn ð9:223Þ
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where BVSC is the parallel-plane breakdown voltage after accounting for the addi-
tional charge due to the free carriers in the space-charge region:

BVSC ¼ 5:34� 1013 ND þ pSC � nSCð Þ�3=4 ð9:224Þ
In Eq. (9.223), the non-punch-through voltage (VNPT) corresponding to the applied
collector bias voltage must be used to account for the trapezoidal electric field
distribution as previously discussed in Sect. 9.4.4:

VNPT ¼ εS
2qND

VC

WN
þ q ND þ pSC � nSCð ÞWN

2εS

� �2
ð9:225Þ

Due to the presence of both electrons and holes in the space-charge region during the
impact ionization process, it is appropriate to use a value of 5 for the coefficient “n”
in Eq. (9.223).

The output characteristics of the asymmetric IGBT structure with the device
parameters provided in the preceding sections are shown in Fig. 9.81. It can be
observed that the saturated collector current increases slightly up to the punch-
through bias voltage (VPT) for each gate bias. The collector current remains relatively
constant beyond this collector bias because the space-charge layer has extended
throughout the lightly doped portion of the N-base region. The values for the
parameters pSC, BVPT, and BVSC are included in Fig. 9.81 at each gate bias voltage
for reference. The punch-through voltage increases with increasing gate bias voltage

Fig. 9.81 Output characteristics for the asymmetric IGBT structure
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due to operation at a larger collector current density with more carriers within the
space-charge layer. The multiplication coefficient remains close to unity for all the
gate bias voltage cases because the breakdown voltage (BVSC) including the impact
of the mobile free carriers in the space-charge region is much larger than the
collector bias voltage. In this asymmetric IGBT structure, the hole and electron
concentrations in the space-charge layer are nearly equal for all values of the gate
bias voltage. Consequently, the breakdown voltage (BVSC) remains much larger
than the collector bias voltages in Fig. 9.81. It can be concluded that the output
characteristics of the asymmetric IGBT are much better than that for the symmetric
IGBT structure.

Simulation Example
The output characteristics of the asymmetric IGBT structure discussed in the previ-
ous section were obtained using two-dimensional numerical simulations at various
gate bias voltages. This device structure has a threshold voltage of about 4.5 V. The
output characteristics are shown in Fig. 9.82. At all gate bias voltages, the collector
current density increases until a collector bias of about 500 V. The collector current
density then becomes independent of the collector bias voltage because the space-
charge layer punches through to the N-buffer layer. At collector bias voltages above
800 V, the output resistance decreases due to the onset of some avalanche multipli-
cation. It can be concluded that the output characteristics obtained by using the
analytical model (see Fig. 9.81) provide a good description of the behavior of the
asymmetric IGBT structure.
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9.6.6 Output Resistance: Asymmetric Structure

From the output characteristic shown in Fig. 9.81, it is apparent that the asymmetric
IGBT structure exhibits a high output resistance over a broad range of collector bias
voltages. This behavior can be quantified by using the relationship between the
collector current density and the collector voltage derived in the previous section:

JC VG;VCð Þ ¼ JB,PNP VGð Þ
1� αPNP

¼ JB,PNP VGð Þ
1� γE,SαTM

� � ð9:226Þ

where the base transport factor consists of the combination of the base transport
factor for the N-buffer layer and the base transport factor for the lightly doped
portion of the N-base region. The base transport factor for the N-buffer layer is
independent of the collector bias voltage. At lower collector bias voltages, the base
transport factor for the lightly doped portion of the N-base region increases with
increasing collector bias voltage. In this range of collector bias voltages, the multi-
plication coefficient remains close to unity.

After the space-charge layer punches through to the N-buffer layer, the base
transport factor for the P-N-P transistor becomes independent of the collector bias
voltage. However, the multiplication factor increases at large collector bias voltage
as given by:

M ¼ 1
1� VNPT=BVSCð Þn ð9:227Þ

where BVSC is the parallel-plane breakdown voltage after accounting for the addi-
tional charge due to the free carriers in the space-charge region and VNPT is the non-
punch-through voltage given by Eq. (9.225). Due to the presence of both electrons
and holes in the space-charge region during the impact ionization process, it is
appropriate to use a value of 5 for the coefficient “n” in Eq. (9.226). Substituting
Eq. (9.226) in Eq. (9.220) yields:

JC VG;VCð Þ ¼ JB,PNP VGð Þ BVSCð Þn � VNPTð Þn½ �
1� γEαT,N�Bufferð Þ BVSCð Þn � VNPTð Þ2

h i ð9:228Þ

Taking the first derivative of the collector current density with respect to the collector
bias voltage and then inverting the expression provide the specific output resistance
for the asymmetric IGBT structure:

RO,sp ¼ 1� γEαT,N�Bufferð Þ BVSCð Þn � VNPTð Þn½ �2
nγEαT,N�BufferJB,PNP BVSCð Þn VNPTð Þn�1 ð9:229Þ

The specific output resistances computed by using the above analysis for the
typical asymmetric IGBT structure are provided in Fig. 9.83 for various gate bias
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voltages. This structure had the same device parameters as used to produce the
output characteristics shown in Fig. 9.81. Initially, the output resistance increases
with increasing collector bias voltage because the base transport factor for the lightly
doped portion of the N-base region increases more gradually with increasing col-
lector bias voltage. The output resistance reaches a peak value when the space-
charge layer punches through to the N-buffer layer. Beyond this point, the output
resistance decreases due to an increase in collector current produced by the increas-
ing multiplication factor. The punch-through voltage changes with gate bias due to a
higher hole and electron concentration in the space-charge region with increasing
collector current density.

9.6.7 Carrier Distribution: Transparent Emitter Structure

The transparent emitter IGBT structure can be analyzed using the same approach
used for the symmetric IGBT structure with no recombination in the N-base region.
The only difference between the structures is the injection efficiency at the P+

collector/N-base junction. The electron current is provided as the base drive current
for the P-N-P transistor via the channel of the MOSFET portion in the IGBT
structure. Under current saturation conditions for the IGBT structure, the MOSFET
channel current is saturated at a value dictated by the gate bias voltage relative to the
threshold voltage as given by Eq. (9.140). The current can be expressed as an
electron current density:

Fig. 9.83 Specific output resistance for the asymmetric IGBT structure
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JB,PNP ¼ Jn,PNP ¼ ID,SAT
WCELL=2ð ÞZ ¼ μniCOXZ

WCELLLCH
VG � VTHð Þ2 ð9:230Þ

The electron charge in the space-charge region is therefore given by:

nSC ¼ Jn,PNP
qvsat, n

¼ μniCOX

qvsat, nWCELLLCH
VG � VTHð Þ2 ð9:231Þ

In the transparent emitter structure, the width of the P+ collector region is made
very small allowing analysis of current transport within this region without recom-
bination. Consequently, the current component due to the injection of electrons into
the P+ collector region is given by (see Sect. 9.5.6):

Jn ¼ qDnE

WPþ

p20
NAE

ð9:232Þ

where NAE is the effective doping concentration of the P
+ collector region andWP+ is

the thickness of the P+ collector region. The injection efficiency of the P+ collector/
N-base junction at low collector bias voltage is then given by:

γE,S ¼ 1� Jn
JC0

¼ 1� qDnE

JC0WPþ

p20
NAE

� �
ð9:233Þ

where JC0 is the saturated collector current at low collector bias voltages. Since the
base transport factor for the P-N-P transistor has been assumed to be unity because of
no recombination in the N-base region and the multiplication factor is unity due to
the low collector bias voltage:

JC0 ¼ JB,PNP
1� γE,S

ð9:234Þ

Combining Eqs. (9.233) and (9.160) provides an elegant solution for the hole
concentration p0:

p0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JB,PNPWPþNAE

qDnE

s
ð9:235Þ

The collector current density corresponding to the above hole carrier concentra-
tion can be obtained by using (see corresponding Eq. (9.162) for the symmetric
IGBT structure):

JC0 ¼ 2
kT

WN
μpp0 þ

μn þ μp
μn

� �
qDnE

WPþNAE
p20 ð9:236Þ

In this model, the hole concentration in the space-charge region is assumed to remain
independent of the collector bias voltage at a value:
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pSC ¼ JC0
qvsat, p

ð9:237Þ

Using the approach previously used for the symmetric IGBT structure with no
recombination in the N-base region:

p yð Þ ¼ p0 �
p0 � pSC
WN �WSC

� �
y ð9:238Þ

As an example, the hole carrier profiles calculated using the above analytical
solution for the hole concentration ( p0) at the P+ collector/N-base junction are
provided in Fig. 9.84 for the transparent emitter IGBT structure with an N-base
width of 200 μm at gate bias of 6 V. The device was assumed to have a threshold
voltage of 5 V. For a gate oxide thickness of 500 Å and a channel length of 1.5 μm,
the base drive current density (JB,PNP) for the P-N-P transistor (channel current for
the MOSFET portion) is found to be 136 A/cm2. For a surface doping concentration
of 1 � 1017 cm�3 for the P+ collector region, an effective doping concentration of
4.5� 1016 cm�3 was obtained using Eq. (9.122) leading to an injection efficiency of
0.28. The hole concentration at the P+ collector/N-base region ( p0) is then found to
be 1.2 � 1016 cm�3 as can be observed in Fig. 9.84.

Using the above values for the base drive current density and current gain of the
P-N-P transistor, the collector current density at low collector bias voltages is found
to be 189 A/cm2 at a gate bias of 6 V. Using this collector current density, the hole

Fig. 9.84 Distribution of holes within the transparent emitter IGBT structure during the current
saturation mode at various collector bias voltages
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concentration ( pSC) in the space-charge region is found to be 1.2 � 1014 cm�3 as
observed in Fig. 9.84. The hole concentration decreases linearly from p0 at the P+

collector/N-base junction to pSC at the edge of the space-charge layer. The width of
the space-charge layer can be computed at each collector bias voltage by using:

WSC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2εSVC

q ND þ pSC � nSCð Þ

s
ð9:239Þ

It can be observed from Fig. 9.84 that the space-charge region expands with
increasing collector bias voltage.

Simulation Example
The results of two-dimensional numerical simulations for the typical structure are
discussed here to gain further insight into the physics of operation for the transparent
emitter IGBT structure in the current saturation mode. This structure had an N-base
region with a doping concentration of 5 � 1013 cm�3, a width of 200 μm, and a
lifetime (τp0) of 10 μs. The threshold voltage for this structure was found to be about
4.5 V. The hole concentration was obtained at a gate bias of 5.5 V for various values
of the collector bias voltage. The saturated collector current density at this gate bias
at low collector bias voltages was found to be 170 A/cm2.

A one-dimensional view of the hole distribution under the deep P+ region
obtained from simulations performed with the various collector bias voltages is
provided in Fig. 9.85. The hole concentration in the N-base region varies linearly
with distance as predicted by the analytical model and goes to a constant value ( pSC)
at the edge of the space-charge region. The hole concentration at the P+ collector/N-
base junction ( p0) remains independent of the collector bias voltage as assumed in
the analytical model. The predicted values for p0 and pSC by the analytical model are
in very good quantitative agreement with the results of the simulations. The electric
field profiles for the transparent emitter IGBT structure are similar to those previ-
ously shown for the symmetric IGBT structure.

9.6.8 Output Characteristics: Transparent Emitter Structure

The output characteristics for the transparent emitter IGBT structure can be derived
by analysis of the increase in the collector current with increasing collector voltage.
The collector current density (JC0) at low collector bias voltages can be obtained for
any gate bias voltage by first computing the base drive current density [JB,PNP(VG)]
for the P-N-P transistor by using Eq. (9.230). Using this current density, the
corresponding value for the hole concentration [p0(VG)] at the P+ collector/N-base
junction can be obtained for this gate bias voltage by using Eq. (9.235). The collector
current density (JC0) at low collector bias voltages can then be obtained for each gate
bias voltage by using Eq. (9.236).
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The collector current density increases with increasing collector bias voltage in
accordance with:

JC VG;VCð Þ ¼ JB,PNP VGð Þ
1� αPNP

¼ JB,PNP VGð Þ
1� γE,SαTM

� � ð9:240Þ

where the injection efficiency can be obtained by using Eq. (9.233):

γE,S ¼
Jp xPð Þ
JC0

¼ 1� qDnE

JC0WPþ

p20
NAE

ð9:241Þ

where NAE is the effective doping concentration of the P+ collector region which is
low for the transparent emitter case. The injection efficiency decreases with increas-
ing gate bias voltage due to the larger concentration of holes injected into the N-base
region.

In Eq. (9.240), the multiplication factor is given by:

M ¼ 1
1� VC=BVSCð Þn ð9:242Þ

where BVSC is the parallel-plane breakdown voltage after accounting for the addi-
tional charge due to the free carriers in the space-charge region:
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Fig. 9.85 Distribution of holes in the current saturation mode for the transparent emitter IGBT
structure
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BVSC ¼ 5:34� 1013 ND þ pSC � nSCð Þ�3=4 ð9:243Þ
Due to the presence of both electrons and holes in the space-charge region during the
impact ionization process, it is appropriate to use a value of 5 for the coefficient “n”
in Eq. (9.242).

Although the carrier concentration ( p0) at the P+ collector/N-base junction was
analyzed under the assumption that the base transport factor is unity, this approxi-
mation cannot be used for the output characteristics because the collector current
increases gradually due to an increase in the base transport factor with increasing
collector bias voltage. To obtain an accurate analysis for the base transport factor as a
function of the collector bias voltage, it is necessary to perform analysis of the carrier
concentration with inclusion of recombination in the N-base region. This analysis is
identical to that previously described in Sect. 9.6.2 for the symmetric IGBT
structure.

The output characteristics of the transparent emitter IGBT structure computed
using the analytical model with the device parameters given in Sect. 9.5.6 are
provided in Fig. 9.86. The emitter injection efficiency ranges from 0.27 to 0.29 as
the collector current density increases with increasing gate bias. The base transport
factor at low collector bias voltages is approximately 0.98. This confirms that the
hole concentration ( p0) at junction (J1) can be computed under the assumption of a

Fig. 9.86 Output characteristics for the transparent emitter IGBT structure
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base transport factor equal to unity. The base transport factor increases from 0.98 to
unity with increasing collector bias voltage producing a small increase in the
collector current. When the collector bias voltage approaches the breakdown voltage
(BVSC) including the impact of the mobile free carriers in the space-charge region,
the collector current increases rapidly. The onset of this increase in collector current
occurs at lower collector bias voltages when the gate bias voltage is increased
because of a reduction of the breakdown voltage (BVSC) due to the larger concen-
tration of holes ( pSC) at larger gate bias voltages. The values for these parameters are
provided in Fig. 9.86 at each gate bias voltage for reference.

Simulation Example
The output characteristics of the transparent emitter IGBT structure discussed in the
previous section were obtained using two-dimensional numerical simulations at
various gate bias voltages. This device structure has a threshold voltage of about
4.5 V. The output characteristics are shown in Fig. 9.87. At each gate bias voltage,
the saturated collector current density is reduced when compared with that for the
symmetric IGBT structure due to the smaller emitter injection efficiency. At a gate
bias voltage of 5.5 V, the output characteristics are flat with high output impedance
up to a collector bias voltage of 1000 V. At larger gate bias voltages, the output
impedance begins to degrade due to the larger concentration of holes and electrons in
the space-charge layer. It can be concluded that the output characteristics obtained
by using the analytical model (see Fig. 9.86) provide a good description of the
behavior of the transparent emitter IGBT structure at gate bias voltages close to the
threshold voltage.
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9.6.9 Output Resistance: Transparent Emitter Structure

From the output characteristic shown in Fig. 9.86, it is apparent that the transparent
emitter IGBT structure exhibits a high output resistance at low collector and gate
bias voltages. However, the output resistance degrades as the collector voltage is
increased. This behavior is similar to the previously described for the symmetric
blocking IGBT structure. The output resistance for the transparent emitter structure
with P+ collector doping concentration of 1 � 1017 cm�3 described in the previous
section is provided in Fig. 9.88. This structure exhibits larger values for the output
resistance when compared with the symmetric IGBT structure. The specific output
resistances obtained from the output characteristics derived using numerical simu-
lations range from 150 to 10 Ω-cm2 as the gate bias is increased from 0.5 to 2.5 V
above the threshold voltage. The values obtained with the analytical model are
therefore of the proper order of magnitude.

9.7 Switching Characteristics

A popular application for IGBT devices is for variable frequency motor control in
heating, ventilating, and air-conditioning applications. The US Department of
Energy estimates that two-thirds of the electricity in the country is used for powering
motors. The evolution of IGBT-based variable speed drives has been determined to

Fig. 9.88 Specific output resistance for the transparent emitter IGBT structure
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produce an efficiency enhancement of 40% leading to the saving of an astounding
2 quads (2 � 1015 btu) of electrical energy per year [29].

The totem-pole circuit used for variable speed motor control was previously
shown in Fig. 9.23. The typical (linearized) waveforms for the current and voltage
for the IGBT and power rectifier in this circuit configuration are illustrated in
Fig. 9.89. During the time interval from t1 to t2, the IGBT current ramps up at a
constant rate when it is turned on. After the current reaches a peak value (IPT)
determined by the sum of the motor current (IM) and the peak reverse recovery
current (IPR) of the rectifier, the IGBT current reduces to the motor current. The
power loss during turn-on is governed by the time interval from t1 to t3, which is
determined by the reverse recovery behavior of the power rectifier.
During the time interval from t3 to t4, the IGBT is maintained in its on-state. As
discussed in Sect. 9.5, a larger amount of stored charge exists within the N-base
region of the IGBT structure during the on-state. During the next time interval from
t4 to t6, the IGBT is turned off. It is necessary to remove the stored charge within the
N-base region before the IGBT structure can support a high voltage. Consequently,
the turn-off time duration and the turn-off power loss are determined by the physics
of carrier removal within the IGBT structure.

The IGBT structure is also utilized in circuits, such as ignition control, and for
triggering discharge lamps, where the current in the IGBT must increase rapidly
when it is turned on. During this process, a high voltage can be developed across the

Fig. 9.89 Linearized waveforms for the IGBT and flyback rectifier in a typical motor control
application
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IGBT structure because of the time taken to produce the conductivity modulation of
the N-base region. This process is discussed first in this section followed by analysis
of the turn-off physics for the IGBT structure.

9.7.1 Turn-On Physics: Forward Recovery

When the IGBT structure is turned on with a high rate of increase in the collector
current, the voltage drop across the device can be substantially larger than the
on-state voltage drop under steady-state operation because of the time taken to
modulate the conductivity of the N-base region. The voltage drop across the IGBT
structure becomes larger than the on-state voltage drop while the collector current is
increasing and then settles down to the steady-state on-state voltage drop. This
phenomenon is referred to as the forward recovery of the IGBT structure.

During operation under steady-state conditions previously analyzed in Sect. 9.5,
it was found that the voltage drop across the drift region in the IGBT structure
becomes independent of the collector current density because the free carrier con-
centration in the drift region increases in proportion to the collector current density
(see Eqs. 9.83 and 9.84 in conjunction with Eq. 9.70). However, the drift region in
the IGBT structure does not get modulated in proportion to the current density in the
transient case due to the finite rate for the diffusion of minority carriers. A portion of
the drift region remains without conductivity modulation when the current increases
at a rapid rate. Since this portion of the drift region has a high resistance due to its
low doping concentration, the voltage drop across the IGBT is much greater than
under steady-state operation.

The increase in the forward voltage drop when the IGBT structure is turned on
with a high ramp rate for the collector current can be analyzed by solving for the
injected carrier distribution as a function of both time and position in the drift region.
The excess majority carrier density is of interest here in order to determine the
conductivity modulation of the drift region. Since the conductivity modulation
advances from the P+ collector/N-base junction (J1), it is convenient to define the
distance ( y) increasing from zero at this junction (as defined in Fig. 9.43). The excess
majority carrier concentration (δn) injected into the drift region is governed by the
continuity equation:

∂δn
∂t

¼ 1
q

∂Jn
∂y

� ∂n
τn

ð9:244Þ

If the current flow is dominated by diffusion, the electron current density is given by:

Jn ¼ qDn
∂δn
∂y

ð9:245Þ

leading to the diffusion equation [30] for electrons:
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∂δn
∂t

¼ Dn
∂2δn

∂y2
� ∂n

τn
ð9:246Þ

Since the forward voltage overshoot occurs only under high ramp rates for the
current within a time duration which is small compared with the recombination
lifetime, the recombination process can be neglected leading to:

∂δn y; tð Þ
∂t

¼ Dn
∂2δn y; tð Þ

∂y2
ð9:247Þ

This equation governs the distribution of the excess electrons in the drift region as a
function of both space and time. The solution for the excess electron concentration is
of the form:

δn y; tð Þ ¼ A tð Þe� y=
ffiffiffiffiffiffiffi
4Dnt

pð Þ ð9:248Þ
where the term A(t) is determined by the current density, which is increasing as a
function of time. The current density at the edge of the P+ collector/N-Base junction
(at y ¼ 0) under high-level injection conditions is given by (see derivation for
Eq. 5.34):

J ¼ Jn 0ð Þ ¼ 2qDn
dδn

dy

� �
y¼0

ð9:249Þ

Using the carrier distribution in Eq. (9.248):

J ¼ 2qDn
A tð Þffiffiffiffiffiffiffiffiffiffi
4Dnt

p ð9:250Þ

During the forward recovery transient, the current density increases at a constant
rate “a” until the collector current density reaches its on-state value. Thus:

J ¼ a:t ð9:251Þ
From these equations, the coefficient A(t) is obtained:

A tð Þ ¼ at3=2

q
ffiffiffiffiffiffi
Dn

p ð9:252Þ

This equation determines the excess electron concentration at the edge of the P-N
junction, which is increasing as a function of time due to the increase in the current
density. The excess electron concentration then decays away from the P-N junction
with a diffusion length given by:
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L tð Þ ¼
ffiffiffiffiffiffiffiffiffiffi
4Dnt

p
ð9:253Þ

The evolution of the excess electron concentration within the drift region is then
given by:

δn y; tð Þ ¼ at3=2

q
ffiffiffiffiffiffi
Dn

p e� y=
ffiffiffiffiffiffiffi
4Dnt

pð Þ ð9:254Þ

The total electron concentration within the drift region can then be obtained by
adding the electron concentration due to the donor dopant atoms to the excess
electron concentration:

n y; tð Þ ¼ δn y; tð Þ þ ND ¼ at3=2

q
ffiffiffiffiffiffi
Dn

p e� y=
ffiffiffiffiffiffiffi
4Dnt

pð Þ þ ND ð9:255Þ

The total electron concentration is plotted in Fig. 9.90 for three instances of time
in the case of a ramp rate of 2 � 109 A/(cm2-s) for the typical symmetric IGBT
structure with a drift region thickness of 200 μm and doping concentration of 5� 10
13 cm�3. As time progresses from 10 to 20 to 40 ns, the electron concentration at the
P-N junction (y ¼ 0) increases due to the increase in the current density from 20 to
40 to 80 A/cm2. Concurrently, the electrons are distributed further into the drift
region by the diffusion process.

Fig. 9.90 Analytically calculated electron concentration in the symmetric IGBT structure during
forward recovery
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The voltage drop across the drift region can be calculated by taking the product of
the current density at any time and the resistance of the drift region. Based upon the
above electron concentration distribution, it can be concluded that the drift region
resistance reduces with time because a larger portion of the drift region becomes
conductivity modulated as the current ramps up. In order to analyze the reduction of
the resistance of the drift region, consider a segment at distance y from the P-N
junction with a small thickness dy. The resistivity at this location is given by:

dR ¼ ρ yð Þdy ¼ dy

qμn y; tð Þn y; tð Þ ð9:256Þ

where the electron mobility is a function of position and time because the electron
concentration depends on these parameters. (It is necessary to account for carrier-
carrier scattering for the determination of the mobility due to the relatively large
concentration of both minority and majority carriers.) The resistance of the drift
region during the forward recovery transient is then given by:

RN�Base tð Þ ¼
ðWN

0
dR ¼

ðWN

0

dy

qμn y; tð Þn y; tð Þ ð9:257Þ

A simple analytical solution for this resistance cannot be derived due to the depen-
dence of the mobility on the electron carrier concentration.

An alternative approach for the analysis of the drift region resistance is based
upon defining a “modulation concentration” (NM) as indicated in Fig. 9.91 and
assuming that the resistance of the drift region with electron concentration above
this value is negligible when compared with the rest of the drift region, where no
modulation is assumed to occur. The conductivity-modulated portion of the drift
region then has a distance yM as shown in the figure. This distance can be obtained
by using Eq. (9.255):

yM tð Þ ¼
ffiffiffiffiffiffiffiffiffiffi
4Dnt

p
� ln A tð Þ

NM � ND

� �
ð9:258Þ

Fig. 9.91 Electron
concentration in the
symmetric IGBT structure
during the forward recovery
process
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The expansion of this conductivity-modulated region with time during the ramp-
up of the current is shown in Fig. 9.92 for three cases of the ramp rates when a value
of 1 � 1014 cm�3 was used for the “modulation concentration” (NM). In each case,
the conductivity-modulated region is formed after a time delay during which the
current increases to the level required to achieve high-level injection in the drift
region. This time delay is therefore shorter for the faster ramp rates. The
conductivity-modulated region then grows as shown in the figure. A faster rate of
growth occurs with increasing ramp rates. In the case of the ramp rate of 5 � 109

A/(cm2-s), a slight change in the rate of growth of the conductivity-modulated region
occurs at 20 ns when the collector current density becomes constant at the on-state
value (100 A/cm2).

In this IGBT structure, the drift region had a width of 200 μm with a doping
concentration of 5 � 1013 cm�3 resulting in an unmodulated specific resistance of
1.84 Ω-cm2. The resistance of the N-base region decreases as the conductivity-
modulated portion expands with time as shown in Fig. 9.93 for the three cases of the
ramp rate. The voltage drop across the drift region [vD(t)] can be obtained by
multiplying the specific resistance of the unmodulated region and the current density
pertaining to each time instant:

vD tð Þ ¼ RN�Base tð Þ JF tð Þ ð9:259Þ
The total voltage drop across the symmetric IGBT structure during the forward

recovery transient consists of the junction voltage drop plus the voltage drop across
the unmodulated portion of the drift region. The evolution of the forward voltage

Fig. 9.92 Growth of the conductivity-modulated region during the forward recovery process in the
symmetric IGBT structure
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drop across the symmetric IGBT structure with time during the transient as described
by the analytical model is shown in Fig. 9.94. The portion of the transient below 1 V
is not shown because the model is based upon high-level injection in the drift region.

Fig. 9.93 Decrease of the N-base region resistance during the forward recovery process in the
symmetric IGBT structure

Fig. 9.94 Voltage drop across the symmetric IGBT structure during the forward recovery process
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The maximum forward voltage drop (or overshoot voltage) can be observed to
become larger with increasing rate of rise of the current density. For this symmetric
IGBT structure, the maximum forward voltage drop increases from 30 V to 50 V to
95 V as the ramp rate increases from 1 � 109 A/(cm2-s) to 2 � 109 A/(cm2-s) to
5 � 109 A/(cm2-s). The time at which the maximum forward voltage drop is
observed for each of these cases decreases from 35 ns to 30 ns to 20 ns. According
to the model, the voltage overshoot is not a function of the minority carrier lifetime.

Simulation Example
The results of numerical simulations for the typical 1200 V structure described in the
previous sections are provided here to validate the above model for the forward
recovery transient in the symmetric IGBT structure. The structure had a drift region
thickness of 200 μmwith a doping concentration of 5� 1013 cm�3. The lifetime (τp0
and τn0) in the drift region was 10 μs. The cathode current was ramped from zero to a
steady-state value of 100 A/cm2 using ramp rates of 1 � 109, 2 � 109, and 5 � 109

A/(cm2-s).

The voltage drop across the rectifier during the transient is shown in Fig. 9.95 for
the three cases. The maximum forward voltage drops observed for the ramp rates of
1 � 109, 2 � 109, and 1 � 1010 A/(cm2.s) are 30, 46, and 82 V, respectively. The
peak in the voltage overshoot occurs at 30, 25, and 15 ns for the three cases. The
predictions of the analytical model are in good agreement with these values provid-
ing validation of the model
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The electron carrier concentration in the drift region can be extracted from the
transient simulations at various points in time. As an example, the electron concen-
tration profiles are shown in Fig. 9.96 for the case of a ramp rate of 2 � 109 A/(cm2.
s). The electron concentration exhibits an exponential distribution when proceeding
away from the P-N junction with the carrier concentration increasing with time. As
time progresses during the turn-on transient, the electron density modulates a greater
portion of the drift region. The electron distribution predicted by the analytical
model (see Fig. 9.90) is consistent with that observed with the numerical
simulations.

9.7.2 Turn-Off Physics: No-Load Conditions

Consider an IGBT structure operating in its on-state with no load connected in series
with a DC voltage source. When the gate bias voltage for the IGBT structure is
abruptly reduced to zero, the collector current initially exhibits an abrupt reduction
followed by a current tail. The initial abrupt reduction of the collector current is
associated with the termination of the channel current of the MOSFET portion of the
IGBT structure [31]. This is followed by a bipolar current associated with the
removal of the stored charge (holes) within the N-base region. Typical waveforms
for the collector voltage and current under no-load conditions are illustrated in
Fig. 9.97. The collector voltage remains at the on-state voltage drop throughout
the no-load turn-off duration.
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The collector current waveform observed during the no-load turn-off conditions
can be analyzed by examination of the components of the current flowing within the
IGBT structure. The electron current component (ICH) flowing through the channel
of the MOSFET portion in the IGBT structure serves to provide the base drive
current (IB,PNP) for the internal P-N-P transistor. Since the collector current of the
IGBT structure is the emitter current for the P-N-P transistor, the base current of the
P-N-P transistor can be related to the collector current for the IGBT structure by:

IC ¼ IB,PNP
1� αPNP,0½ � ð9:260Þ

The current gain (αPNP,0) of the P-N-P transistor at low collector bias voltages is
given by:

αPNP,0 ¼ γEαT,0 ð9:261Þ
In this expression, the injection efficiency under high-level injection conditions in
the N-base region can be obtained by using Eq. (9.159). The base transport factor for
the P-N-P transistor cannot be obtained by using the low-level injection theory for a

Fig. 9.97 Typical
waveforms for no-load turn-
off for an IGBT structure
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bipolar transistor (i.e., Eq. 7.75). For the symmetric IGBT structure and the asym-
metric IGBT structure with relatively low N-buffer layer doping levels, the base
transport factor is associated with current transport through the N-base region at high
injection levels. The base transport factor for the N-base region at low collector bias
voltages can be obtained by using Eq. (9.181).

For the asymmetric IGBT structure discussed in the previous sections, the emitter
injection efficiency and base transport factor at low collector bias voltages are 0.61
and 0.81 at an on-state current density of 100 A/cm2. This leads to a current gain of
0.5 for the P-N-P transistor. Using Eq. (9.260), the channel current in the IGBT is
found to be about 50 A/cm2 for this case. During turn-off with no-load conditions,
the collector current will then abruptly reduce by about half followed by the current
tail. The time constant for the current tail is determined by the lifetime in the
N-buffer layer because it is controlled by the rate of recombination of the stored
charge.

Simulation Example
The results of numerical simulations for the typical 1200 V asymmetric structure
described in the previous sections are provided here to validate the above analytical
model for the turn-off transient for the IGBT structure. The structure had an N-base
region thickness of 100 μm with a doping concentration of 5 � 1013 cm�3 for the
lightly doped portion, while the N-buffer layer had a thickness of 10 μm with a
doping concentration of 1 � 1017 cm�3. The lifetime (τp0 and τn0) in the drift region
was 1 μs. The device was turned off from a steady-state collector current of
100 A/cm2 under no-load conditions by ramping the gate voltage to zero in 10 ns.
The waveforms for the gate voltage and the collector current are shown in Fig. 9.98.
The collector current begins to reduce after the gate bias falls below the threshold
voltage. There is sharp drop in collector current as the gate bias falls to zero followed
by a long current tail. The analytical model provided in this section provides an
accurate description of this turn-off process.

9.7.3 Turn-Off Physics: Resistive Load

The IGBT device is sometimes used to control power delivered to resistive loads,
such as burners on a stove or the heating element in a space-heater. The basic power
circuit consists of the IGBT and the resistive load connected in series with the power
source. Based upon the application of Kirchhoff’s voltage law for the circuit and
Ohms law for the resistor, it can be concluded that the IGBT current and voltage
waveforms will be mirror images of each other as shown in Fig. 9.99.

During the turn-off process, the gate bias is abruptly reduced to zero as shown in
Fig. 9.99. This stops the electron component of the current that is being delivered via
the channel of the MOSFET portion in the IGBT structure. However, the collector
current cannot change abruptly with a resistive load because the IGBT structure
cannot abruptly support a high voltage due to the presence of the large density of
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stored charge in the N-base region. Consequently, the entire initial on-state collector
current is carried by holes immediately after the gate bias is reduced to zero. The
voltage is then supported within the IGBT structure by the formation of a space-
charge region at the P-base/N-base junction (J2). Due to the substantial collector
current flowing through the device during the initial stages of the turn-off process, a
large concentration of holes are present in the space-charge layer. This must be
accounted for in modeling the width of the space-charge layer. The space-charge
layer expands with time allowing the device to support larger collector voltages. This
produces a corresponding reduction of the collector current. In the case of the
resistive load, the collector current decreases approximately linearly with time
until the space-charge region punches through to the N-buffer layer for an asym-
metric IGBT structure. Once punch-through occurs, the remaining stored charge in
the N-buffer layer is removed by recombination at the relatively small minority
carrier lifetime in the buffer layer due to its high doping concentration.

The analysis of the turn-off waveforms for the asymmetric IGBT structure can be
performed by using the charge control principle. In this analysis, it will be assumed
that recombination in the N-base region can be neglected in the on-state. This results
in a linear free carrier (hole) distribution within the lightly doped portion of the
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Fig. 9.98 Turn-off waveforms under no-load conditions for the asymmetric IGBT structure
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N-base region during on-state operation as illustrated in Fig. 9.100 (the more
complex hole distribution obtained for the asymmetric IGBT structure in Sect.
9.5.4 with finite recombination in the lightly doped portion of N-base region is
nearly linear in shape):

p yð Þ ¼ pWNBþ 1� y

WN

� �
ð9:262Þ

In writing this expression, the hole concentration is assumed to be approximately
zero at the edge of the space-charge region during the on-state, and the space-charge
layer width is assumed to zero due to the small on-state voltage drop of the IGBT
structure. The concentration pWNBþ in the on-state at the interface between the
lightly doped portion of the N-base region and the N-buffer layer was previously
derived in Sect. 9.5.4 (see Eq. 9.97).

It will be assumed that the above hole distribution does not change during the
turn-off process in the conductivity-modulated portion of the N-base region. Con-
sequently, the concentration of holes at the edge of the space-charge region ( pe in
Fig. 9.100) increases during the turn-off process as the space-charge width increases:

pe tð Þ ¼ pWNBþ
WSC tð Þ
WN

� �
ð9:263Þ

Fig. 9.99 Typical
waveforms for resistive load
turn-off for an asymmetric
IGBT structure
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According to the charge control principle, the charge removed by the expansion of
the space-charge layer must equal the charge removed due to collector current flow:

JC tð Þ ¼ qpe tð Þ dWSC tð Þ
dt

¼ qpWNBþ
WSC tð Þ
WN

� �
dWSC tð Þ

dt
ð9:264Þ

by using Eq. (9.263).
The width of the space-charge layer is dependent upon the collector voltage and

the space-charge density:

WSC tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2εSVC tð Þ
q ND þ pSC tð Þ½ �

s
ð9:265Þ

Although the hole concentration in the space-charge layer was neglected when
compared with the concentration pWNBþ when writing Eq. (9.262), it cannot be
neglected when determining the space-charge layer width because it is comparable
to the doping concentration in the lightly doped portion of the N-base region. The
hole concentration in the space-charge layer can be related to the collector current
density under the assumption that the carriers are moving at the saturated drift
velocity in the space-charge layer:

Fig. 9.100 Hole and electric field distributions for resistive load turn-off conditions in an asym-
metric IGBT structure
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pSC tð Þ ¼ JC tð Þ
qvsat, p

ð9:266Þ

Since the hole concentration in the space-charge region decreases with time due to a
reduction of the collector current density, the slope of the electric field profile in the
space-charge region also becomes smaller with time as illustrated in Fig. 9.100.

Based upon the application of Kirchhoff’s voltage law for the circuit and Ohm’s
law for the load resistor, the collector voltage for the IGBT is given by:

VC tð Þ ¼ VCS � JC tð ÞRL ð9:267Þ
where RL is the specific load resistance given by:

RL ¼ VCS

JC,ON
ð9:268Þ

if the collector supply voltage is much larger than the on-state voltage drop of the
IGBT structure.

Using these relationships in Eq. (9.265):

WSC tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSvsat, p VCS � JC tð ÞRL½ �

qNDvsat, p þ JC tð Þ

s
ð9:269Þ

Solving for the collector current density:

JC tð Þ ¼ 2εSvsat, pVCS � qNDvsat, pW
2
SC

W2
SC þ 2εSvsat, pRL

ð9:270Þ

Substituting this expression into Eq. (9.264) yields a differential equation for the
space-charge layer width:

qpWNBþ
WSC tð Þ
WN

� �
dWSC tð Þ

dt
¼ 2εSvsat, pVCS � qNDvsat, pW

2
SC

W2
SC þ 2εSvsat, pRL

ð9:271Þ

The solution for this equation has the form:

WSC tð Þ ¼ K1 þ K2e
�t=τR ð9:272Þ

Applying the boundary condition that the space-charge layer width is zero at the start
of the turn-off process yields:

WSC tð Þ ¼ K1 1� e�t=τR
� �

ð9:273Þ

The coefficients K1 and τR can be obtained by substituting the above expression into
the differential equation:
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K1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSVCS

qND

s
¼ WD VCSð Þ ð9:274Þ

and

τR ¼
pWNBþεS VCS þ qvsat, pRLND

� �
2qvsat, pWNN2

D

ð9:275Þ

As indicated in Eq. (9.274), the coefficient K1 is found to be equal to the depletion
layer width corresponding to the collector bias supply voltage for a non-punch-
through diode structure. Based upon the solution in Eq. (9.273), the rate of increase
in the space-charge layer width becomes smaller with time. This phenomenon is
associated with the larger hole concentration ( pe) at the edge of the space-charge
layer as time progresses as well as the reduction of the collector current density
with time.

The variation of the collector current density as a function of time can be derived
by substituting Eq. (9.273) into Eq. (9.270):

JC tð Þ ¼
qvsat, pNDVCS 1� 1� e�t=τR

� �2h i
VCS 1� e�t=τRð Þ2 þ qvsat, pNDRL

ð9:276Þ

This expression is valid until the time at which the space-charge layer punches
through to the N-buffer layer. According to the analytical model, the collector
current density waveform has a dependence on the collector bias supply voltage
even if the initial value (JC,ON) is kept the same by adjusting the load resistance.

The punch-through time (tPT) can be obtained by using Eq. (9.273) with the
space-charge layer width equal to the width (WN) of the lightly doped portion of the
N-base region:

tPT ¼ τR ln
WD VCSð Þ

WD VCSð Þ �WN

� �
ð9:277Þ

According to the analytical model, the punch-through time is dependent upon the
collector bias supply voltage.

The collector current density at the onset of the punch-through condition can be
obtained by making the space-charge layer width equal to the width of the lightly
doped portion of the N-base region in Eq. (9.270):

JC,PT ¼ 2εSvsat, pVCS � qNDvsat, pW
2
N

W2
N þ 2εSvsat, pRL

ð9:278Þ
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According to the analytical model, the punch-through collector current density is
dependent on the collector bias supply voltage even if the initial value (JC,ON) is kept
the same by adjusting the load resistance.

After the space-charge layer punches through to the N-buffer layer, the remaining
stored charge in the N-buffer layer is removed by the recombination process because
the electric field cannot penetrate into the N-buffer layer. The recombination of holes
in the N-buffer layer occurs under low-level injection conditions resulting in an
exponential decay in the collector current:

JC tð Þ ¼ JC,PTe
�t=τp0,NB ð9:279Þ

where τp0,NB is the minority carrier lifetime in the N-buffer layer. This lifetime is
much smaller than in the lightly doped portion of the N-base region due to its higher
doping concentration (ND,NB):

τp0,NB ¼ τp0,N
1þ ND,NB=NSð Þ ð9:280Þ

where τp0,N is the minority carrier lifetime in the N-base region and NS is a lifetime
scaling factor (typically 5 � 1015 cm�3).

The turn-off time is defined as the time taken for the collector current density to
reduce to one-tenth of its initial on-state value. Under resistive load switching
conditions, the turn-off time can be obtained by using Eq. (9.279):

τoff,R ¼ τp0,NB ln
JC,PT

0:1JC,ON

� �
ð9:281Þ

According to the analytical model, the turn-off time is dependent upon the collector
bias supply voltage because τR and JC,PT are a function of the collector bias supply
voltage.

As an example, the collector current turn-off waveforms computed using the
analytical model for the typical asymmetric IGBT structure with an N-buffer layer
doping concentration of 1 � 1017 cm�3 are provided in Fig. 9.101. The width of the
lightly doped portion of the N-base region for this structure is 100 μm, and the
minority carrier lifetime in this portion of the N-base region is 1 μs. The turn-off was
performed from an on-state current density of 100 A/cm2 with the specific load
resistance adjusted in accordance with Eq. (9.268) for each collector bias supply
voltage. It can be seen from the figure that the collector current decreases approx-
imately linearly with time until the advent of punch-through of the space-charge
layer to the N-buffer layer. The current then decreases rapidly in an exponential
manner. The punch-through time and the punch-through collector current density are
dependent upon the collector bias supply voltage.

Simulation Example
The results of numerical simulations for the typical 1200 V asymmetric structure
described in the previous sections are provided here to validate the above model for
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the turn-off transient for the asymmetric IGBT structure under resistive load condi-
tions. The structure had an N-base region thickness of 100 μm with a doping
concentration of 5 � 1013 cm�3 for the lightly doped portion, while the N-buffer
layer had a thickness of 10 μm with a doping concentration of 1 � 1017 cm�3. The
lifetime (τp0 and τn0) in the N-base region was 1 μs. The device was turned off from a
steady-state collector current of 100 A/cm2 with various collector bias supply
voltages (and corresponding resistive loads) by ramping the gate voltage to zero in
10 ns.

The waveforms for the collector current are shown in Fig. 9.102 for three values
for the collector bias supply voltage. The collector current decreases approximately
linearly with time until the punch-through time. In this segment, there is a weak
dependence on the collector bias supply voltage. The collector current then
decreases exponentially at a much more rapid rate. The collector current waveforms
predicted by the analytical model (see Fig. 9.101) are in remarkably good agreement
with the shape and dependence on the collector bias supply voltage in spite of the
various approximations that were used for developing the model.

The changes in the distribution of holes within the asymmetric IGBT structure are
shown in Fig. 9.103 at various time instances during turn-off with a collector bias
supply voltage of 800 V. During the initial 220 ns of the turn-off process, the hole
concentration decreases within the space-charge region but remains the same as the

Fig. 9.101 Collector current turn-off waveforms for resistive load turn-off at various collector
supply voltages for an asymmetric IGBT structure
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initial on-state concentration in the conductivity-modulated portion. This validates
the assumption used in the analytical model (see Fig. 9.100) for the removal of
charge from the N-base region. It can also be observed that the hole concentration
( pSC) in the space-charge region decreases with time as predicted by the analytical
model. The space-charge layer punches through to the N-buffer layer at 400 ns. This
is in good agreement with the predictions of the analytical model as well (see
Fig. 9.101). After the space-charge layer punches through to the N-buffer layer,
the holes remaining in the N-buffer layer decrease rapidly due to recombination.

The changes in the distribution of the electric field within the asymmetric IGBT
structure are shown in Fig. 9.104 at various time instances during turn-off with a
collector bias supply voltage of 800 V. It can be observed that the slope of the
electric field profile decreases with time because of the smaller hole concentration in
the space-charge layer. The analytical model (see Fig. 9.100) takes this into account
when analyzing the rate of spreading of the space-charge layer. The electric field
punches through to the N-buffer layer at about 400 ns. These simulation results
validate the assumptions used in deriving the analytical model.

9.7.4 Turn-Off Physics: Inductive Load

The IGBT device is most often used to control power delivered to inductive loads,
such as the winding of motors used in a wide variety of consumer and industrial
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applications. Variable speed motor control using IGBT devices has become increas-
ingly commonplace due to improvements in efficiency by as much as 40% over
constant speed motor control with dampers for regulating loads [27]. The basic
power circuit consists of the IGBT and the inductive load connected in series with
the power source (similar to that shown in Fig. 9.122 with a power MOSFET), with a
clamping diode across the load to transfer the current when the IGBT is turned off.
For an inductive load, the voltage across the IGBT structure must first increase to the
collector bias supply voltage (plus a small diode on-state voltage drop) before the
collector current can begin to reduce and get transferred to the diode.

Due to the widespread application of IGBT structures for this type of application,
many papers have been published on the analysis and optimization of the three basic
types of IGBT structures for inductive load applications. Some examples are papers
on the symmetric (or non-punch-through) structures [32], the asymmetric (or punch-
through) structure [33], and the transparent emitter structure [25–27]. The papers
provide an empirical description of the basic turn-off waveforms for each of the
structures and the resulting power losses. Due to the significant differences between
the performance of the three structures and the utilization of all of them for inductive
load applications, the analysis of all three structures is included in this section.

Symmetric IGBT Structure
The IGBT collector current and voltage turn-off waveforms for an inductive load are
illustrated in Fig. 9.105 for all of the IGBT structures. When the gate voltage is
abruptly switched off, the collector current continues to flow at the on-state value
due to the inductive load. This current must be sustained by a bipolar current since
the channel current has ceased. Initially, the collector voltage increases in a linear
manner until it reaches the collector supply voltage (plus a diode drop). A large
amount of power dissipation occurs during the voltage risetime because of the high
collector current. When the collector voltages reach the collector bias supply volt-
age, the current begins to transfer from the IGBT structure to the diode. The current
then decreases exponentially with time limited by the recombination of the large
amount of stored charge in the N-base region near the P+ collector/N-base junction.
The long tail in the collector current produces large power dissipation because of the
high collector voltage during this phase of the turn-off process.

During the first phase of the turn-off process, the entire on-state collector current
is carried by holes immediately after the gate bias is reduced to zero. The voltage is
then supported within the IGBT structure by the formation of a space-charge region
at the P-base/N-base junction (J2). Due to the substantial collector current flowing
through the device during the initial stages of the turn-off process, a large concen-
tration of holes is present in the space-charge layer. This must be accounted for in
modeling the width of the space-charge layer. The space-charge layer expands with
time allowing the device to support larger collector voltages. For the symmetric
IGBT structure, the space-charge layer cannot extend through the entire N-base
region when the collector bias voltage reaches the collector supply voltage. Conse-
quently, a large concentration of holes is still present in the conductivity-modulated
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portion of the N-base region. These holes must be removed by recombination under
high-level injection conditions producing a long current tail as shown in the figure.

The analysis of the turn-off waveforms for the symmetric IGBT structure can be
performed by using the charge control principle. In this analysis, it will be assumed
that recombination in the N-base region can be neglected in the on-state. This results
in a linear free carrier (hole) distribution within the lightly doped portion of the
N-base region during on-state operation as illustrated in Fig. 9.106 (the more
complex hole distribution obtained for the symmetric IGBT structure in Sect. 9.5.2
with finite recombination in the lightly doped portion of N-base region is nearly
linear in shape):

p yð Þ ¼ p0 1� y

WN

� �
ð9:282Þ

In writing this expression, the hole concentration is assumed to be approximately
zero at the edge of the space-charge region during the on-state and the space-charge
layer width is assumed to zero due to the small on-state voltage drop of the IGBT
structure. The concentration p0 in the on-state at the P

+ collector/N-base junction was
previously derived in Sect. 9.5.2 (see Eq. 9.70).

Fig. 9.105 Typical
waveforms for inductive
load turn-off for an IGBT
structure
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It will be assumed that the above hole distribution does not change during the first
phase of the turn-off process in the conductivity-modulated portion of the N-base
region. Consequently, the concentration of holes at the edge of the space-charge
region ( pe) increases during the turn-off process as the space-charge width increases:

pe tð Þ ¼ p0
WSC tð Þ
WN

� �
ð9:283Þ

According to the charge control principle, the charge removed by the expansion of
the space-charge layer must equal the charge removed due to collector current flow:

JC,ON ¼ qpe tð Þ dWSC tð Þ
dt

¼ qp0
WSC tð Þ
WN

� �
dWSC tð Þ

dt
ð9:284Þ

by using Eq. (9.283).
Unlike the resistive load turn-off case, the collector current density is constant at

its on-state value during the voltage risetime for the inductive load case. Integrating
this equation and applying the boundary condition of zero width for the space-charge
layer at time zero provide the solution for the evolution of the space-charge region
width with time:

Fig. 9.106 Hole concentration and electric field distributions for inductive load turn-off conditions
in a symmetric IGBT structure
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WSC tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2WNJC,ONt

qp0

s
ð9:285Þ

The space-charge layer expands toward the right-hand side as indicated by the
horizontal green time arrow in Fig. 9.106, while the hole concentration in the
conductivity-modulated portion remains unchanged.

The collector voltage supported by the symmetric IGBT structure is related to the
space-charge layer width by:

VC tð Þ ¼ q ND þ pSCð ÞW2
SC tð Þ

2εS
ð9:286Þ

Although the hole concentration in the space-charge layer was neglected when
compared with the concentration p0 when writing Eq. (9.282), it cannot be neglected
when determining the space-charge layer width because it is comparable to the
doping concentration in the lightly doped portion of the N-base region. The hole
concentration in the space-charge layer can be related to the collector current density
under the assumption that the carriers are moving at the saturated drift velocity in the
space-charge layer:

pSC ¼ JC,ON
qvsat, p

ð9:287Þ

Unlike the resistive load case, the hole concentration in the space-charge region
remains constant during the voltage risetime because the collector current density is
constant. Consequently, the slope of the electric field profile in the space-charge
region also becomes independent of time as illustrated in Fig. 9.106.

Applying the solution for the evolution of the space-charge layer from Eq. (9.285)
in Eq. (9.286):

VC tð Þ ¼ WN ND þ pSCð ÞJC,ON
εSp0

t ð9:288Þ

The analytical model for turn-off of the symmetric IGBT structure under inductive
load conditions predicts a linear increase in the collector voltage with time.

The end of the first phase of the turn-off process, where the collector voltage
increases while the collector current remains constant, occurs when the collector
voltages reaches the collector supply voltage (VCS). This time interval (tV,OFF) can be
obtained by making the collector voltage equal to the collector supply voltage in
Eq. (9.288):

tV,OFF ¼ εSp0VCS

WN ND þ pSCð ÞJC,ON ð9:289Þ
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According to the analytical model, the voltage risetime is proportional to the
collector bias supply voltage. However, it is only weakly dependent on the
on-state current density (through pSC) because the hole concentration p0 is propor-
tional to the on-state current density.

The width of the space-charge layer at the end of the voltage transient can be
obtained by using the collector supply voltage:

WSC tV,OFFð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2εSVCS

q ND þ pSCð Þ

s
ð9:290Þ

The width of the space-charge layer at the end of the first phase depends upon the
collector supply voltage and the initial on-state current density (via pSC). To avoid
reach-through breakdown, this width must be less than the width (WN) of the N-base
region.

During the second phase of the turn-off process, the decay of the collector current
after the voltage risetime is governed by the recombination of the excess holes and
electrons that are trapped within the N-base region in the vicinity of the P+ collector/
N-base junction because the space-charge layer cannot extend through the entire
N-base region. This is indicated by the vertical purple time arrow in Fig. 9.106. In
the absence of diffusion, the continuity equation for holes in the N-base region is
given by:

dδpN
dt

¼ � δpN
τHL

ð9:291Þ

where δpN is the excess hole concentration in the N-base region. The solution for this
equation is:

δpN tð Þ � pN tð Þ ¼ p0e
�t=τHL ð9:292Þ

because high-level injection conditions prevail in the N-base region. The concentra-
tion of holes in the stored charge region at the beginning of the second phase has
been assumed to be equal to the hole concentration ( p0) at the P

+ collector/N-base
junction due to the injection of carriers in the on-state.

The collector current flow that supports the recombination of carriers within the
stored charge region can be analyzed by examination of the carrier distribution on
both sides of the P+ collector/N-base junction (J1). The free carrier concentration in
the N-base region in the vicinity of junction J1 can be assumed to be independent of
distance but a function of time as given by Eq. (9.292). The high concentration of
electrons in the N-base region produces the injection of electrons into the P+

collector region as indicated in Fig. 9.107. These injected electrons diffuse away
from the junction producing an exponential decay in concentration as shown in the
figure.

The free carrier concentrations on the two sides of the junction are determined by
the Boltzmann relationship in quasi-equilibrium:
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pC
pN tð Þ ¼

nN tð Þ
nC 0; tð Þ ¼ eqVC=kT ð9:293Þ

where pN(t) and nN(t) are the hole and electron concentrations in the N-base region at
junction J1 given by Eq. (9.292), pC is the hole concentration in the P+ collector
region, and nC(0,t) is the electron concentration at junction J1 in the P+ collector
region. The hole concentration in the P+ collector region can be assumed to be equal
to its acceptor doping concentration (NAE). Using this in Eq. (9.293) yields:

nC 0; tð Þ ¼ nN tð Þ � pN tð Þ
NAE

¼ p2N tð Þ
NAE

ð9:294Þ

The electrons diffuse into the P+ collector region with an exponential distribution
due to low-level injection conditions:

nC y; tð Þ ¼ nC 0; tð Þe�y=LnE ð9:295Þ
where LnE is the diffusion length for electrons in the P+ collector region.

The collector current is produced by the diffusion of the injected electrons in the P
+ collector side of the junction:

JC tð Þ ¼ �qDnE
∂nC y; tð Þ

∂y y¼0



 ¼ qDnEnC 0; tð Þ
LnE

ð9:296Þ

by using Eq. (9.295). Making use of Eqs. (9.292) and (9.294) yields:

JC tð Þ ¼ qDnEp
2
N tð Þ

LnENAE
¼ qDnEp

2
0

LnENAE
e�2t=τHL ð9:297Þ

Fig. 9.107 Free carrier distribution at the P+ collector/N-base junction during turn-off for the
symmetric IGBT structure
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This equation indicates that the collector current varies as the square of the carrier
density in the stored charge region during the collector current tail. Since the
collector current density at the beginning of the second phase is equal to the
on-state current density, the equation can also be written as:

JC tð Þ ¼ JC,ONe
�2t=τHL ð9:298Þ

Consequently, the collector current tail decreases exponentially with time with a time
constant of one-half of the high-level lifetime even though the free carrier density in
the stored charge region is decreasing exponentially with time with a time constant
equal to the high-level lifetime. This shortens the collector current tail and reduces
the switching losses in the IGBT.

During the second phase of the turn-off process, the hole concentration ( pSC) in
the space-charge layer decreases because the collector current density is becoming
smaller. This reduces the net charge in the space-charge layer resulting in a change in
the slope of the electric field profile as illustrated in Fig. 9.106 by the purple dashed
line. It produces a small expansion of the space-charge layer during the second phase
of the turn-off transient.

The collector current turn-off time (tI,OFF) is defined as the time taken for the
current to decay to one-tenth of the on-state value as illustrated in Fig. 9.105. Based
upon Eq. (9.298), the collector current turn-off time is given by:

τI,OFF ¼ τHL
2

ln 10ð Þ ¼ 1:15τHL ð9:299Þ

According to the analytical model, the turn-off time is independent of the collector
bias supply voltage and the on-state current density. It can be reduced by reducing
the lifetime in the N-base region by lifetime control techniques discussed in Chap. 2.

Consider the case of a symmetric IGBT structure with N-base region with a width
of 200 μm, a doping concentration of 5 � 1013 cm�3, and a high-level lifetime of
10 μs. During the first phase of the turn-off process with an inductive load from an
initial on-state collector current density of 100 A/cm2, the hole concentration in the
space-charge layer is 6.25 � 1013 cm�3, which is comparable to the doping
concentration. The presence of the hole charge must therefore be included when
computing the width of the space-charge layer during the voltage transient. For this
structure, the hole concentration ( p0) at the P+ collector/N-base junction in the
on-state is found to be 1.1 � 1017 cm�3. The collector voltage transient obtained
by using these values is provided in Fig. 9.108. The collector voltage risetime (tV,
OFF) is found to be 0.85 μs based on Eq. (9.289). After the voltage transient is
completed, the collector current decays exponentially as shown in Fig. 9.108. The
collector current turn-off time (tI,OFF) is found to be 11.5 μs based on Eq. (9.299).

Simulation Example
The results of numerical simulations for the typical 1200 V symmetric structure
described in the previous sections are provided here to validate the above model for
the turn-off transient for the symmetric IGBT structure under inductive load
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conditions. The structure had an N-base region thickness of 200 μm with a doping
concentration of 5 � 1013 cm�3. The high-level lifetime (τHL) in the N-base region
was 10 μs. The device was turned off from an on-state collector current of 100 A/cm2

with a collector bias supply voltage of 800 V by ramping the gate voltage to zero in
10 ns. During the first phase of the turn-off process, the collector current was held
constant allowing the collector voltage to increase as a function of time. After the
collector voltage reached 800 V, the collector voltage was held constant, and the
collector current allowed to decay with time.

The waveforms for the collector current and voltage obtained from the numerical
simulations are shown in Fig. 9.109. During the first phase of the turn-off process,
the collector voltage increases linearly with time as predicted by the analytical model
(see Eq. 9.288]). The collector voltage risetime obtained from the simulations is
0.74 μs. The value computed using Eq. (9.289) for the collector voltage risetime is in
good agreement with this observation. During the second phase of the turn-off
process, the collector current decreases exponentially with time as predicted by the
analytical model. The collector current fall time obtained from the simulations is
11.25 μs. The value computed using Eq. (9.299) for the collector current fall time is
in excellent agreement with this observation. This provides validation for the
assumption in the model that the current turn-off process requires analysis of the
injection of carriers into the P+ collector region.

The changes in the distribution of holes within the symmetric IGBT structure are
shown in Fig. 9.110 at various time instances during inductive load turn-off with a

Fig. 9.108 Collector current and voltage transients during turn-off for the symmetric IGBT
structure with an inductive load
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collector bias supply voltage of 800 V. During the first phase extending to 740 ns of
the turn-off process, the hole concentration within the conductivity-modulated
portion of the N-base region remains the same as determined by the initial on-state
carrier distribution. This validates the assumption used in the analytical model (see
Fig. 9.106) for the removal of charge from the N-base region. During this time
period, the space-charge region expands with a constant hole concentration ( pSC) of
about 6.5 � 1013 cm�3 as determined by the on-state collector current density. This
provides validation for the analytical formulations developed for the space-charge
concentration and space-charge layer width (see Eqs. 9.287 and 9.290). During the
second phase, it can also be observed that the hole concentration ( pSC) in the space-
charge region decreases with time as predicted by the analytical model due the
reduction in the collector current density. At the same time, the hole concentration in
the conductivity-modulated portion also reduces with time due to recombination and
injection of electrons into the collector region. There is a relatively prolonged time
interval for the removal of the stored charge in the conductivity-modulated portion of
the N-base region as limited by the recombination lifetime. An expansion of the
space-charge region can also be observed during the second phase due to the
reduction of hole concentration ( psc) in the space-charge region (Fig. 9.111).
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Fig. 9.109 Collector current and voltage turn-off waveforms under inductive load conditions for
the symmetric IGBT structure

9.7 Switching Characteristics 903



The changes in the distribution of the electric field within the symmetric IGBT
structure are shown in Fig. 9.111 at various time instances during turn-off with a
collector bias supply voltage of 800 V. It can be observed that the slope of the
electric field profile remains constant during the first phase as assumed in the
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analytical model. The width of the space-charge layer at the end of the first phase is
95 μm. The analytical model (see Eq. 9.290) provides an accurate determination of
this value. During the second phase, the slope of the electric field decreases as
predicted by the analytical model. This produces an increase in the width of the
space-charge layer during the second phase of the turn-off process. Consequently,
the simulation results validate the assumptions used in deriving the analytical model.

Asymmetric IGBT Structure
The asymmetric IGBT structure is usually designed to support a blocking voltage
that is substantially larger than the collector supply voltage in its applications.
Consequently, although the depletion region punches through to the N-buffer layer
at the breakdown voltage in the forward blocking mode, the space-charge layer does
not typically punch through to the N-buffer layer during inductive load switching
because of the smaller collector supply voltage and because of the additional positive
charge due to the hole concentration ( pSC) within the space-charge layer. Conse-
quently, the collector current and voltage waveforms for the asymmetric IGBT
structure under inductive load switching conditions are similar in appearance to
those shown previously in Fig. 9.105 for the case of the symmetric IGBT structure.
However, the time duration for the collector voltage risetime and the collector
current fall time is substantially smaller. The voltage transient is faster because of
the smaller stored charge within the N-base region in the on-state for the asymmetric
IGBT structure. In addition, the decay of the collector current in the asymmetric
IGBT structure is much faster than for the symmetric IGBT structure because of the
smaller lifetime in the N-buffer layer due to its higher doping level.

The analysis of the turn-off waveforms for the asymmetric IGBT structure can be
performed by using the charge control principle. In this analysis, it will be assumed
that recombination in the N-base region can be neglected in the on-state. This results
in a linear free carrier (hole) distribution within the lightly doped portion of the
N-base region during on-state operation as illustrated in Fig. 9.112. (The more
complex hole distribution obtained for the asymmetric IGBT structure in Sect.
9.5.4 with finite recombination in the lightly doped portion of N-base region is
nearly linear in shape.):

p yð Þ ¼ pWNBþ 1� y

WN

� �
ð9:300Þ

In writing this expression, the hole concentration is assumed to be approximately
zero at the edge of the space-charge region during the on-state, and the space-charge
layer width is assumed to be zero due to the small on-state voltage drop of the IGBT
structure. The concentration pWNBþ in the on-state at the interface between the
lightly doped portion of the N-base region and the N-buffer layer was previously
derived in Sect. 9.5.4.

It will be assumed that the above hole distribution does not change during the first
phase of the turn-off process in the conductivity-modulated portion of the N-base
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region. Consequently, the concentration of holes at the edge of the space-charge
region ( pe) increases during the turn-off process as the space-charge width increases:

pe tð Þ ¼ pWNBþ
WSC tð Þ
WN

� �
ð9:301Þ

The solution for the evolution of the space-charge layer with time is then obtained
using the same approach as for the symmetric structure:

WSC tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2WNJC,ONt
qpWNBþ

s
ð9:302Þ

The space-charge layer expands toward the right-hand side as indicated by the
horizontal green time arrow in Fig. 9.112 with the hole concentration in the
conductivity-modulated portion remaining unchanged.

The collector voltage supported by the asymmetric IGBT structure is related to
the space-charge layer width by:

Fig. 9.112 Hole concentration and electric field distributions for inductive load turn-off conditions
in an asymmetric IGBT structure
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VC tð Þ ¼ q ND þ pSCð ÞW2
SC tð Þ

2εS
ð9:303Þ

Although the hole concentration in the space-charge layer was neglected when
compared with the concentration pWNBþ when writing Eq. (9.300), it cannot be
neglected when determining the space-charge layer width because it is comparable
to the doping concentration in the lightly doped portion of the N-base region. The
hole concentration in the space-charge layer can be related to the collector current
density under the assumption that the carriers are moving at the saturated drift
velocity in the space-charge layer:

pSC ¼ JC,ON
qvsat, p

ð9:304Þ

The hole concentration in the space-charge region remains constant during the
voltage risetime because the collector current density is constant. Consequently,
the slope of the electric field profile in the space-charge region also becomes
independent of time as illustrated in Fig. 9.112.

Applying the solution for the evolution of the space-charge layer from Eq. (9.302)
in Eq. (9.303):

VC tð Þ ¼ WN ND þ pSCð ÞJC,ON
εSpWNBþ

t ð9:305Þ

The analytical model for turn-off of the asymmetric IGBT structure under inductive
load conditions predicts a linear increase in the collector voltage with time. The rate
of increase in the collector voltage for the asymmetric IGBT structure is much faster
than for the symmetric IGBT structure because the concentration pWNBþ is an order
of magnitude smaller than the concentration p0 for the symmetric structure.

The end of the first phase of the turn-off process, where the collector voltage
increases, while the collector current remains constant, occurs when the collector
voltages reach the collector supply voltage (VCS). This time interval (tV,OFF) can be
obtained by making the collector voltage equal to the collector supply voltage in
Eq. (9.305):

tV,OFF ¼ εSpWNBþVCS

WN ND þ pSCð ÞJC,ON ð9:306Þ

According to the analytical model, the voltage risetime is proportional to the
collector bias supply voltage. However, it is only weakly dependent on the
on-state current density (through pSC) because the hole concentration pWNBþ is
proportional to the on-state current density. The voltage risetime for the asymmetric
IGBT structure is much smaller than for the symmetric IGBT structure because the
concentration pWNBþ is an order of magnitude smaller than the concentration p0 for
the symmetric structure.
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The width of the space-charge layer at the end of the voltage transient can be
obtained by using the collector supply voltage:

WSC tV,OFFð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2εSVCS

q ND þ pSCð Þ

s
ð9:307Þ

The width of the space-charge layer at the end of the first phase depends upon the
collector supply voltage and the initial on-state current density (via pSC). This
expression is valid only if the above space-charge layer width is smaller than the
width (WN) of the lightly doped portion of the N-base region.

During the second phase of the turn-off process, the decay of the collector current
after the voltage risetime is governed by the recombination of the excess holes that
are trapped within the N-base and N-buffer region. In a typical case, the space-
charge layer extends through most of the width (WN) of the lightly doped portion of
the N-base region. Consequently, the decay of the collector current is governed by
recombination of holes in the N-buffer layer as indicated by the purple vertical time
arrow in Fig. 9.112.

In the absence of diffusion, the continuity equation for holes in the N-buffer layer
is given by:

dδpNB
dt

¼ � δpNB
τp0,NB

ð9:308Þ

where δpNB is the excess hole concentration in the N-buffer layer. The solution for
this equation is:

δpNB yN ; tð Þ � pNB yN ; tð Þ ¼ p yNð Þe�t=τp0,NB ð9:309Þ
because low-level injection conditions prevail in the N-buffer layer. The concentra-
tion of holes in the stored charge region at the beginning of the second phase has
been assumed to be equal to the hole concentration p(yN) at the P

+ collector/N-base
junction due to the injection of carriers in the on-state.

The collector current flow that supports the recombination of carriers within the
stored charge region can be analyzed by examination of the carrier distribution on
both sides of the P+ collector/N-base junction (J1). The free carrier concentration in
the N-buffer layer in the vicinity of junction J1 is a function of time as given by
Eq. (9.309). The presence of excess holes in the N-buffer layer produces the
injection of electrons into the P+ collector region as indicated in Fig. 9.113.
These injected electrons diffuse away from the junction producing an exponential
decay in concentration as shown in the figure. The free carrier concentrations on
the two sides of the junction are related by the Boltzmann relationship in quasi-
equilibrium:
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pC
pNB yN; tð Þ ¼

nNB
nC 0; tð Þ ¼ eqVC=kT ð9:310Þ

where pNB(yN,t) is the hole concentration in the N-buffer layer at junction J1 given by
Eq. (9.309), nNB is the electron concentration in the N-buffer layer, pC is the hole
concentration in the P+ collector region, and nC(0,t) is the electron concentration at
junction J1 in the P+ collector region. The hole concentration in the P+ collector
region can be assumed to be equal to its acceptor doping concentration (NAE), and
the electron concentration in the N-buffer layer can be assumed to be equal to the
donor doping concentration (ND,NB) due to low-level injection conditions. Using this
in Eq. (9.310) yields:

nC 0; tð Þ ¼ ND,NB

NAE
pNB tð Þ ð9:311Þ

The electrons diffuse into the P+ collector region with an exponential distribution
due to low-level injection conditions:

nC y; tð Þ ¼ nC 0; tð Þe�y=LnE ð9:312Þ
where LnE is the diffusion length for electrons in the P+ collector region.

The collector current is produced by the diffusion of the injected electrons in the P+

collector side of the junction:

JC tð Þ ¼ �qDnE
∂nC y; tð Þ

∂y y¼0



 ¼ qDnEnC 0; tð Þ
LnE

ð9:313Þ

by using Eq. (9.312). Making use of Eqs. (9.309) and (9.311) yields:

Fig. 9.113 Free carrier distribution at the P+ collector/N-buffer layer junction during turn-off for
the asymmetric IGBT structure
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JC tð Þ ¼ qDnEND,NBpNB tð Þ
LnENAE

¼ qDnEND,NBp0
LnENAE

e�t=τp0,NB ð9:314Þ

This equation indicates that the collector current varies in proportion to the stored
charge in the N-buffer layer during the collector current tail. Since the collector
current density at the beginning of the second phase is equal to the on-state current
density, the equation can also be written as:

JC tð Þ ¼ JC,ONe
�t=τp0,NB ð9:315Þ

Consequently, the collector current decreases exponentially with time with a time
constant equal to the low-level lifetime in the N-buffer layer.

During the second phase of the turn-off process, the hole concentration ( pSC) in
the space-charge layer decreases because the collector current density is becoming
smaller. This reduces the net charge in the space-charge layer resulting in a change in
the slope of the electric field profile as illustrated in Fig. 9.112 by the purple dashed
line. This results in an expansion of the space-charge layer during the second phase
of the turn-off transient resulting in its punch-through to the N-buffer layer.

The collector current turn-off time (tI,OFF) is defined as the time taken for the
current to decay to one-tenth of the on-state value as illustrated in Fig. 9.105. Based
upon Eq. (9.315), the collector current turn-off time is given by:

τI,OFF ¼ τp0,NB ln 10ð Þ ¼ 2:3τp0,NB ð9:316Þ
According to the analytical model, the turn-off time is independent of the collector
bias supply voltage and the on-state current density. It can be reduced by decreasing
the lifetime in the N-buffer layer by selective lifetime control techniques, such a deep
proton ion implantation.

Consider the case of an asymmetric IGBT structure having anN-base region with a
lightly doped portion of a width of 100 μm, a doping concentration of 5� 1013 cm�3,
and a lifetime of 1 μs and an N-buffer layer with a width of 10 μm, a doping
concentration of 1 � 1017 cm�3, and a lifetime of 0.1 μs. During the first phase of
the turn-off process with an inductive load from an initial on-state collector
current density of 100 A/cm2, the hole concentration in the space-charge layer is
6.25� 1013 cm�3, which is comparable to the doping concentration. The presence of
the hole charge must therefore be included when computing the width of the space-
charge layer during the voltage transient. For this structure, the hole concentration
( pWNBþ) at the interface between the lightly doped portion of the N-base region and
the N-buffer layer in the on-state is found to be 2� 1016 cm�3. The collector voltage
transient obtained by using these values is provided in Fig. 9.114. The collector
voltage risetime (tV,OFF) is found to be 0.15 μs by using Eq. (9.306). After the voltage
transient is completed, the collector current decays exponentially as shown in
Fig. 9.114. The collector current turn-off time (tI,OFF) is found to be 0.23 μs by
using Eq. (9.316).
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Simulation Example
The results of numerical simulations for the typical 1200 V asymmetric structure
described in the previous sections are provided here to validate the above model for the
turn-off transient for the asymmetric IGBT structure under inductive load conditions.
The structure had an N-base region with a lightly doped portion with a thickness of
100 μm and doping concentration of 5 � 1013 cm�3 and an N-buffer layer with a
thickness of 10 μm and doping concentration of 1 � 1017 cm�3. The lifetime (τp0 and
τn0) in the N-base region was 1 μs. The device was turned off from a steady-state
collector current of 100 A/cm2 with a collector bias supply voltage of 800 V by
ramping the gate voltage to zero in 10 ns. During the first phase of the turn-off process,
the collector current was held constant allowing the collector voltage to increase as a
function of time. After the collector voltage reached 800 V, the collector voltage was
held constant, and the collector current allowed to decay with time.

The waveforms for the collector current and voltage obtained from the numerical
simulations are shown in Fig. 9.115. During the first phase of the turn-off process,
the collector voltage increases linearly with time as predicted by the analytical model
(see Eq. 9.305). The collector voltage risetime obtained from the simulations is
0.19 μs. The value computed using Eq. (9.306) for the collector voltage risetime is in
good agreement with this observation. During the second phase of the turn-off
process, the collector current decreases exponentially with time as predicted by the
analytical model. The collector current fall time obtained from the simulations is
0.18 μs. The value computed using Eq. (9.316) for the collector current fall time by
using the scaled lifetime in the N-buffer layer is in good agreement with this

Fig. 9.114 Collector current and voltage transients during turn-off for the asymmetric IGBT
structure with an inductive load
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observation. This provides validation for the assumption in the model that the current
turn-off process is determined by the recombination of minority carriers in the
N-buffer layer under low-level injection conditions.

The changes in the distribution of holes within the asymmetric IGBT structure are
shown in Fig. 9.116 at various time instances during inductive load turn-off with a
collector bias supply voltage of 800 V. During the first phase extending to 195 ns of
the turn-off process, the hole concentration within the conductivity-modulated
portion of the N-base region and in the N-buffer layer remains the same at the initial
on-state carrier distribution. This validates the assumption used in the analytical
model (see Fig. 9.112) for the removal of charge from the N-base region. During this
time period, the space-charge region expands with a constant hole concentration
( pSC) of 6–9 � 1013 cm�3 as determined by the on-state collector current density
providing validation for the analytical formulations developed for the space-charge
concentration and space-charge layer width (see Eqs. 9.304 and 9.307).

During the second phase, it can also be observed that the hole concentration in the
N-buffer layer decreases with time. At the same time, the hole concentration ( pSC) in
the space-charge region decreases with time due to a reduction of the collector
current density as predicted by the analytical model. The stored charge in the
N-buffer layer is removed rapidly due to the low minority carrier lifetime in this
region.
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Fig. 9.115 Collector current and voltage turn-off waveforms under inductive load conditions for
the asymmetric IGBT structure
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The changes in the distribution of the electric field within the asymmetric IGBT
structure are shown in Fig. 9.117 at various time instances during turn-off with a
collector bias supply voltage of 800 V. It can be observed that the slope of the
electric field profile remains constant during the first phase as assumed in the
analytical model. The width of the space-charge layer at the end of the first phase
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is 95 μm. The analytical model (see Eq. 9.307) provides an accurate determination of
this value. During the second phase, the slope of the electric field decreases as
predicted by the analytical model. This produces extension of the space-charge layer
through the entire lightly doped portion of the N-base region during the second phase
of the turn-off process as assumed in the analytical model. Consequently, the
simulation results validate the assumptions used in deriving the analytical model.

Transparent Emitter IGBT Structure
The transparent emitter IGBT structure is usually designed with a low P+ collector
doping concentration and thickness to suppress the injection efficiency while
maintaining a high lifetime in the N-base region [25]. This results in a smaller
injected hole concentration within the N-base region which accelerates the turn-off
process when compared with the symmetric IGBT structure. Although the collector
current and voltage waveforms for the transparent emitter IGBT structure under
inductive load switching conditions are similar in appearance to those shown
previously in Fig. 9.105, for the case of the symmetric IGBT structure, the time
duration for the collector voltage risetime and the collector current fall time is
substantially smaller. In addition, the injection of carriers into the P+ collector region
makes the decay of the collector current in the transparent emitter IGBT structure
much faster than for the symmetric IGBT structure.

The analysis of the turn-off waveforms for the transparent emitter IGBT structure
can be performed by using the charge control principle. In this analysis, it will be
assumed that recombination in the N-base region can be neglected because the
lifetime in the N-base region is usually large for this structure. This produces a
linear free carrier (hole) distribution within the lightly doped portion of the N-base
region during on-state operation as previously illustrated for the symmetric IGBT
structure in Fig. 9.106. However, in the transparent emitter IGBT structure, the
concentration for holes injected into the N-base region becomes much smaller than
for the symmetrical IGBT structure. Consequently, the assumption of a negligible
hole concentration at y ¼ WN produces faster expansion of the space-charge layer
than warranted for this structure. It is instead necessary to use the linear hole
distribution shown in Fig. 9.118 with a finite hole concentration ( pWN) at y ¼ WN:

p yð Þ ¼ p0 �
p0 � pWN

WN

� �
y ð9:317Þ

The concentration p0 in the on-state at the P+ collector/N-base junction was previ-
ously derived in Sect. 9.5.6.

It will be assumed that the above hole distribution does not change during the first
phase of the turn-off process in the conductivity-modulated portion of the N-base
region. Consequently, the concentration of holes at the edge of the space-charge
region ( pe) increases during the turn-off process as the space-charge width increases:
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pe tð Þ ¼ pWN þ p0 � pWNð Þ WSC tð Þ
WN

� �
ð9:318Þ

The solution for the evolution of the space-charge layer with time is then obtained
using the same approach as for the symmetric structure:

WSC tð Þ ¼ WN

p0 � pWNð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 p0 � pWNð ÞJC,ONt

qWN
þ p2WN

s
� pWN

" #
ð9:319Þ

The collector voltage supported by the transparent emitter IGBT structure is related
to the space-charge layer width by:

VC tð Þ ¼ q ND þ pSCð ÞW2
SC tð Þ

2εS
ð9:320Þ

Although the hole concentration in the space-charge layer was neglected when
compared with the concentration p0 when writing Eq. (9.317), it cannot be neglected
when determining the space-charge layer width because it is comparable to the
doping concentration in the lightly doped portion of the N-base region. The hole
concentration in the space-charge layer can be related to the collector current density

Fig. 9.118 Hole concentration and electric field distributions for inductive load turn-off conditions
in the transparent emitter IGBT structure
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under the assumption that the carriers are moving at the saturated drift velocity in the
space-charge layer:

pSC ¼ JC,ON
qvsat, p

ð9:321Þ

The hole concentration in the space-charge region remains constant during the
voltage risetime because the collector current density is constant. Consequently,
the slope of the electric field profile in the space-charge region also becomes
independent of time as illustrated in Fig. 9.118.

The analytical model for turn-off of the transparent emitter IGBT structure under
inductive load conditions predicts a nonlinear increase in the collector voltage with
time. The rate of increase in the collector voltage for the transparent emitter IGBT
structure is much faster than for the symmetric IGBT structure because the concen-
tration p0 is an order of magnitude smaller than the concentration p0 for the
symmetric structure.

The end of the first phase of the turn-off process, where the collector voltage
increases, while the collector current remains constant, occurs when the collector
voltages reach the collector supply voltage (VCS). This time interval (tV,OFF) can be
obtained by making the collector voltage equal to the collector supply voltage in
Eq. (9.320) and using Eq. (9.319):

tV,OFF ¼ εSVCS p0 þ pSCð Þ
JC,ONWN ND þ pSCð Þ þ

pWN

JC,ON

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qεSVCS

ND þ pSCð Þ

s
ð9:322Þ

According to the analytical model, the voltage risetime is strongly dependent on the
collector bias supply voltage. However, it is only weakly dependent on the on-state
current density because the hole concentrations p0 and pWN are proportional to the
on-state current density. The voltage risetime for the transparent emitter IGBT
structure is much smaller than for the symmetric IGBT structure because the
concentrations p0 and pWN are an order of magnitude smaller than the concentration
p0 for the symmetric structure.

The width of the space-charge layer at the end of the voltage transient can be
obtained by using the collector supply voltage:

WSC tV,OFFð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2εSVCS

q ND þ pSCð Þ

s
ð9:323Þ

The width of the space-charge layer at the end of the first phase depends upon the
collector supply voltage and the initial on-state current density (via pSC).

During the second phase of the turn-off process, the decay of the collector current
after the voltage risetime is governed by the removal of the excess holes within the
N-base region. In a typical case, the space-charge layer extends through only a
fraction of the width of the N-base region leaving a large number of holes and
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electrons in the vicinity of the P+ collector/N-base junction. In the transparent emitter
IGBT structure, the lifetime in the N-base region is large making the recombination
process very slow in this region. Consequently, the collector current reduction is
governed by recombination within the transparent emitter, i.e., the P+ collector
region for the IGBT structure. As discussed previously in Sect. 9.5.6, the electron
concentration within the P+ collector region becomes linear from the junction to zero
at the contact as illustrated in Fig. 9.119 under the assumptions of an infinite surface
recombination velocity at the ohmic contact and no recombination inside the P+

collector region.
The electron concentration [n(yN,t)] in the N-base region at the junction is related

to the electron concentration [nC(0,t)] at the junction in the P+ collector region (see
derivation for Eq. 9.59) by:

n yN; tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NAE nC yP; tð Þ

p
ð9:324Þ

The reduced electron concentration in the N-base region at the junction produces a
diffusion of the electrons toward the junction as indicated by the reversed slope for
the free carrier distribution in Fig. 9.119. Analysis of the removal of the electrons
from the N-base region by the process of their diffusion toward the junction followed
by recombination within the P+ collector region can be performed by taking the
approach used to obtain the carrier distribution in the presence of surface recombi-
nation [34]:

n y; tð Þ ¼ p0e
�αt cos ς b tð Þ � y½ � ð9:325Þ

Fig. 9.119 Free carrier distribution at the P+ collector/N-base junction during the second phase of
turn-off for the transparent emitter IGBT structure
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In the case of the turn-off process for the transparent emitter IGBT structure, the
distance “b” through which the electrons diffuse increases with time. The rate of
increase in this parameter will be assumed to be as the square root of time.

The effective lifetime [32] for the removal of electrons is then given by:

τTE ¼ b tð Þ
Sr

ð9:326Þ

where Sr is the surface recombination velocity at the edge of the N-base region, i.e.,
at the junction. Based upon the above equations, the surface recombination velocity
at the edge of the N-base region is found to be inversely proportional to the effective
doping concentration in the P+ collector region. Since the collector current density at
the beginning of the second phase is equal to the on-state current density, the
collector current density during the second phase is given by:

JC tð Þ ¼ JC,ONe
�t=τTE ð9:327Þ

with the decay constant given by:

τTE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KTE2t

ffiffiffiffiffiffiffiffiffi
NAE

pq
ð9:328Þ

This expression indicates that the rate of change of the collector current is faster at
the beginning of the second phase. This is because the electrons being removed from
the N-base region are located closer to the junction. At time progresses, electrons
must diffuse further resulting in a longer effective time constant. Substituting
Eq. (9.328) into Eq. (9.327), the collector current density during the second phase
is given by:

JC tð Þ ¼ JC,ONe
� ffiffi

t
p

= KTE
ffiffiffiffiffiffi
NAE

pð Þ ð9:329Þ
During the second phase of the turn-off process, the hole concentration ( pSC) in

the space-charge layer decreases because the collector current density is becoming
smaller. This reduces the net charge in the space-charge layer resulting in a change in
the slope of the electric field profile as illustrated in Fig. 9.118 by the dashed purple
line. This results in a small expansion of the space-charge layer during the second
phase of the turn-off transient.

The collector current turn-off time (tI,OFF) is defined as the time taken for the
current to decay to one-tenth of the on-state value as illustrated in Fig. 9.105. Based
upon Eq. (9.329), the collector current turn-off time is given by:

τI,OFF ¼ KTE2
ffiffiffiffiffiffiffiffiffi
NAE

p
ln 2 10ð Þ ¼ 5:3KTE2

ffiffiffiffiffiffiffiffiffi
NAE

p ð9:330Þ
Consider the case of a transparent emitter IGBT structure with N-base region with

a width of 200 μm, a doping concentration of 5� 1013 cm�3, and a lifetime of 10 μs.
During the first phase of the turn-off process with an inductive load from an initial
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on-state collector current density of 100 A/cm2, the hole concentration in the space-
charge layer is 6.25 � 1013 cm�3, which is comparable to the doping concentration.
The presence of the hole charge must therefore be included when computing the
width of the space-charge layer during the voltage transient. For this structure, the
hole concentration ( p0) in the N-base region at the P+ collector junction in the
on-state is found to be 7 � 1015 cm�3 for the case of an effective P+ collector
concentration of 5 � 1016 cm�3. The slightly nonlinear collector voltage transient
obtained by using these values is provided in Fig. 9.120. The collector voltage
risetime (tV,OFF) is found to be 58 ns. After the voltage transient is completed, the
collector current decays “super” exponentially as shown in Fig. 9.120. The collector
current turn-off time (tI,OFF) is found to be 265 ns based upon a constant (KTE2) of
2.2 � 10�16 sec-cm3/2.

Simulation Example
The results of numerical simulations for the typical 1200 V structure described in the
previous sections are provided here to validate the above model for the turn-off
transient for the transparent emitter IGBT structure under inductive load conditions.
The structure had an N-base region with a thickness of 200 μm and doping
concentration of 5 � 1013 cm�3 and a P+ collector region with a thickness of 1 μm
and surface doping concentration of 1 � 1017 cm�3. The lifetime (τp0 and τn0) in the
N-base region was 10 μs. The device was turned off from a steady-state collector
current of 100 A/cm2 with a collector bias supply voltage of 800 V by ramping the
gate voltage to zero in 10 ns. During the first phase of the turn-off process, the
collector current was held constant allowing the collector voltage to increase as a

Fig. 9.120 Collector current and voltage transients during turn-off for the transparent emitter IGBT
structure with an inductive load
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function of time. After the collector voltage reached 800 V, the collector voltage was
held constant, and the collector current allowed to decay with time.

The waveforms for the collector current and voltage for the transparent emitter
IGBT structure obtained from the numerical simulations are shown in Fig. 9.121.
During the first phase of the turn-off process, the collector voltage increases
nonlinearly with time as predicted by the analytical model. The collector voltage
risetime obtained from the simulations is 60 ns. The value computed using
Eq. (9.322) for the collector voltage risetime is in excellent agreement with this
observation. During the second phase of the turn-off process, the collector current
decreases “super” exponentially with time as described by the analytical model. The
collector current fall time obtained from the simulations is 270 ns. The value
computed using Eq. (9.330) for the collector current fall time by using the proposed
model is in good agreement with this observation.

The changes in the distribution of holes within the transparent emitter IGBT
structure are shown in Fig. 9.122 at various time instances during inductive load
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Fig. 9.121 Collector current and voltage turn-off waveforms under inductive load conditions for
the transparent emitter IGBT structure
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turn-off with a collector bias supply voltage of 800 V. During the first phase
extending to 60 ns of the turn-off process, the hole concentration within the
conductivity-modulated portion of the N-base region remains the same as deter-
mined by the initial on-state carrier distribution. This validates the assumption used
in the analytical model (see Fig. 9.118) for the removal of charge from the N-base
region. During this time period, the space-charge region expands with a constant
hole concentration ( pSC) of 6–9� 1013 cm�3 as determined by the on-state collector
current density. This provides validation for the analytical formulations developed
for the space-charge concentration and space-charge layer width (see Eqs. 9.321 and
9.323). During the second phase, the hole concentration ( pSC) in the space-charge
region decreases due to the reduction in the collector current density. This produces
an expansion of the width of the space-charge region. During this phase, it can be
observed that the hole concentration has a negative gradient in the conductivity-
modulated portion of the N-base region adjacent to the collector region, indicating
the diffusion of holes into the transparent emitter region. This forms the basis for the
model developed for the turn-off for the transparent emitter IGBT structure.

The changes in the distribution of the electric field within the transparent emitter
IGBT structure are shown in Fig. 9.123 at various time instances during turn-off with
a collector bias supply voltage of 800 V. It can be observed that the slope of the
electric field profile remains constant during the first phase as assumed in the
analytical model. The width of the space-charge layer at the end of the first phase
is 97 μm. The analytical model (see Eq. 9.323) provides an accurate determination of
this value. During the second phase, the slope of the electric field decreases as
predicted by the analytical model. This produces an increase in the width of the
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space-charge layer during the second phase of the turn-off process as assumed in the
analytical model. Consequently, the simulation results validate the assumptions used
in deriving the analytical model.

9.7.5 Energy Loss per Cycle

The device current and voltage waveforms for the IGBT structure were previously
shown in Fig. 9.89 for the typical motor control application. The power loss during
the turn-on of the IGBT structure is mainly determined by the reverse recovery
behavior of the flyback diode in the totem-pole circuit. In contrast, the power loss
during turn-off is governed by the IGBT structure as discussed in the previous
sections. It is therefore customary to characterize the IGBT structure in terms of
the energy loss per cycle during the turn-off process. The turn-off power dissipation
for the IGBT structure at any operating frequency can then be derived by multiplying
the energy loss per cycle and the operating frequency.

The energy loss during turn-off can be obtained by analysis of the power loss
during the two phases of the turn-off process as illustrated in Fig. 9.124. During the
first phase of the turn-off process, the voltage increases linearly with time for all
three structures (even for the transparent emitter structure, the voltage waveform is
nearly linear in nature), while the collector current density remains constant for an
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inductive load. The energy loss during the first phase of the turn-off process can
therefore be calculated using:

EV,OFF ¼ 1
2
JC,ONVCStV,OFF ð9:331Þ

During the second phase of the turn-off process, the collector current decreases
exponentially with time, while the collector voltage remains at the collector supply
voltage. The energy loss during this transient can therefore be obtained by integra-
tion of the current-voltage product:

EV,OFF ¼
ð1
0
VCSJC tð Þdt ð9:332Þ

Symmetric IGBT Structure
For the symmetric IGBT structure, the collector current density decreases exponen-
tially with time:

Fig. 9.124 Energy loss
during inductive load turn-
off for the IGBT structure
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JC tð Þ ¼ JC,ONe
�t=τOFF ð9:333Þ

with the time constant τOFF equal to half the high-level lifetime in the N-base
region. Substituting this expression into Eq. (9.332) and performing the integration
yield:

EI,OFF ¼ JC,ONVCSτOFF ¼ JC,ONVCS
τHL
2

� �
ð9:334Þ

Asymmetric IGBT Structure
For the asymmetric IGBT structure, the collector current density decreases expo-
nentially with time:

JC tð Þ ¼ JC,ONe
�t=τOFF ð9:335Þ

with the time constant τOFF equal to the low-level lifetime in the N-buffer layer.
Substituting this expression into Eq. (9.332) and performing the integration yield:

EI,OFF ¼ JC,ONVCSτOFF ¼ JC,ONVCSτp0,NB ð9:336Þ

Transparent Emitter IGBT Structure
For the transparent emitter IGBT structure, the collector current density decreases
“super” exponentially with time:

JC tð Þ ¼ JC,ONe
� ffiffi

t
p

= KTE
ffiffiffiffiffiffi
NAE

pð Þ ð9:337Þ

Substituting this expression into Eq. (9.332) and performing the integration yield:

EI,OFF ¼ JC,ONVCS 2KTE2
ffiffiffiffiffiffiffiffiffi
NAE

p� � ð9:338Þ
The total energy loss per cycle is obtained by adding the energy loss incurred

during the two phases. The energy loss incurred by the three IGBT structures (for the
typical design cases described in the previous sections) is compared in Fig. 9.125.
The values for the voltage risetime and current fall time are also provided in the
table. Due to much shorter switching times for the asymmetric and transparent
emitter IGBT structures, their energy loss per cycle is nearly 100 times smaller
than for the symmetric IGBT structure. These structures are therefore preferred for
motor control applications. The asymmetric IGBT structure was historically favored
for devices with blocking voltage ratings below 2000 V because it can be
manufactured using epitaxial silicon wafers, while the transparent emitter structure
was favored for higher-voltage devices because it can be manufactured using bulk
silicon wafers. More recently, the ability to handle silicon wafers with thicknesses of
only 50 μm has allowed using bulk wafers for IGBTs with lower breakdown
voltages to reduce manufacturing cost.
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9.8 Power-Loss Optimization

In a typical application, such as variable speed motor control, power losses occur
within the IGBT structure during turn-on, on-state operation, during turn-off, and in
the off-state. The off-state losses are usually negligible due to the low leakage
currents at moderate temperatures of operation. The turn-on losses are strongly
dependent on the reverse recovery behavior of the flyback diode. The IGBT struc-
tures are therefore optimized to minimize the power loss during the on-state and
during the turn-off event. Unfortunately, techniques used to reduce the turn-off loss
produce an increase in the on-state power loss. It is therefore customary to perform a
trade-off between these power-loss components. For circuits operating at a low
switching frequency, it is preferable to minimize the on-state power loss. In contrast,
for circuits operating at a high switching frequency, it is preferable to minimize the
turn-off power loss. The optimization of the IGBT structures requires the develop-
ment of a trade-off curve between the on-state voltage drop and the turn-off energy
loss per cycle. The turn-off power loss at any operating frequency can then be
obtained by multiplying the energy loss per cycle and the operating frequency.

9.8.1 Symmetric Structure

For the symmetric IGBT structure, the trade-off curve between on-state voltage drop
and turn-off energy loss per cycle is generated by varying the lifetime in the N-base
region. This trade-off curve can be created by using the analytical models developed
in earlier sections of this chapter for the on-state voltage drop and the energy loss per
cycle. As an example, the trade-off curve obtained for the symmetric IGBT structure
with 1200 V blocking voltage capability is shown in Fig. 9.126. This structure has an
N-base region width of 200 μm. It can be observed that the on-state voltage drop
increases very rapidly when the lifetime is reduced to make the energy loss less than

Fig. 9.125 Comparison of turn-off energy loss per cycle for IGBT structures
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50 mJ/cm2. The values computed using the analytical models are in good agreement
with those reported in the literature [25]. An improvement in the trade-off curve can
be obtained by operating the IGBT structure at a lower on-state current density.
However, this is accomplished at the expense of a larger die size (and cost) for
achieving any desired current rating for the device.

Simulation Example
The results of numerical simulations for the typical 1200 V structure described in the
previous sections are provided here for three cases of the lifetime in the N-base
region to validate the above model for the energy loss during turn-off for the
symmetric IGBT structure under inductive load conditions. The structure had an
N-base region with a lightly doped portion with a thickness of 200 μm and doping
concentration of 5 � 1013 cm�3. The device was turned off from a steady-state
collector current of 100 A/cm2 with a collector bias supply voltage of 800 V by
ramping the gate voltage to zero in 10 ns. During the first phase of the turn-off
process, the collector current was held constant allowing the collector voltage to
increase as a function of time. After the collector voltage reached 800 V, the
collector voltage was held constant, and the collector current allowed to decay
with time. The waveforms for the collector current obtained from the numerical
simulations are shown in Fig. 9.127. It can be seen that the turn-off process becomes
faster when the lifetime in the N-base region is reduced resulting in a lower-energy
loss per cycle.

Fig. 9.126 Trade-off curve for the symmetric IGBT structure obtained by varying the lifetime in
the N-base region
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9.8.2 Asymmetric Structure

For the asymmetric IGBT structure, the trade-off curve between the on-state voltage
drop and the energy loss per cycle during turn-off is usually obtained by varying the
doping concentration in the N-buffer layer. This trade-off curve can be generated by
using the analytical models developed in earlier sections of this chapter for the
on-state voltage drop and the energy loss per cycle. As an example, the trade-off
curve obtained for the asymmetric IGBT structure with 1200 V blocking voltage
capability is shown in Fig. 9.128. This structure has widths of 100 μm for the lightly
doped portion of the N-base region and 10 μm for the N-buffer layer. It can be
observed that the on-state voltage drop increases very rapidly when the buffer layer
doping concentration is increased to make the energy loss less than 5 mJ/cm2. The
values computed using the analytical models are in good agreement with those
reported in the literature [25]. An improvement in the trade-off curve can be obtained
by operating the IGBT structure at a lower on-state current density. However, this is
accomplished at the expense of a larger die size for achieving any desired current
rating for the device.

Simulation Example
The results of numerical simulations for the typical 1200 V structure described in the
previous section are provided here for several cases of the doping concentration in
the N-buffer layer to validate the above model for the energy loss during turn-off for
the asymmetric IGBT structure under inductive load conditions. The structure had an
N-base region with a lightly doped portion with a thickness of 100 μm and doping
concentration of 5� 1013 cm�3 and an N-buffer layer with a thickness of 10 μm. The
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device was turned off from a steady-state collector current of 100 A/cm2 with a
collector bias supply voltage of 800 V by ramping the gate voltage to zero in 10 ns.
During the first phase of the turn-off process, the collector current was held constant
allowing the collector voltage to increase as a function of time. After the collector
voltage reached 800 V, the collector voltage was held constant, and the collector
current allowed to decay with time. The waveforms for the collector current obtained
from the numerical simulations are shown in Fig. 9.129. It can be seen that the turn-
off process becomes faster when the doping concentration in the N-buffer layer is
increased resulting in a lower-energy loss per cycle.

9.8.3 Transparent Emitter Structure

For the transparent emitter IGBT structure, the trade-off curve between the on-state
voltage drop and the energy loss per cycle during turn-off is generated by varying the
surface doping concentration of the P+ collector region. This trade-off curve can be
generated by using the analytical models developed in earlier sections of this chapter
for the on-state voltage drop and the energy loss per cycle. As an example, the trade-
off curve obtained for the transparent emitter IGBT structure with 1200 V blocking
voltage capability is shown in Fig. 9.130. This structure has a width of 200 μm for the
N-base region and thickness of 1 μm for the P+ collector region. It can be observed that
the on-state voltage drop increases rapidly when the doping concentration of the P+

collector region is reduced to make the energy loss less than 15 mJ/cm2. The values

Fig. 9.128 Trade-off curve for the asymmetric IGBT structure obtained by varying the doping
concentration in the N-buffer layer
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computed using the analytical models are in good agreement with those reported in the
literature [24, 25]. An improvement in the trade-off curve can be obtained by operating
the IGBT structure at a lower on-state current density. However, this is accomplished
at the expense of a larger die size for achieving any desired current rating for the
device.
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Fig. 9.130 Trade-off curve for the transparent emitter IGBT structure obtained by varying the
doping concentration in the P+ collector region
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Simulation Example
The results of numerical simulations for the typical 1200 V structure described in the
previous sections are provided here for several cases of the surface doping concen-
tration of the P+ collector region to validate the above model for the energy loss
during turn-off for the transparent emitter IGBT structure under inductive load
conditions. The structure had an N-base region with a thickness of 200 μm and
doping concentration of 5 � 1013 cm�3. The lifetime (τp0 and τn0) in the N-base
region was 10 μs. The P+ collector region had a thickness of 1 μm. The device was
turned off from a steady-state collector current of 100 A/cm2 with a collector bias
supply voltage of 800 V by ramping the gate voltage to zero in 10 ns. During the first
phase of the turn-off process, the collector current was held constant allowing the
collector voltage to increase as a function of time. After the collector voltage reached
800 V, the collector voltage was held constant, and the collector current was then
allowed to decay with time. The waveforms for the collector current obtained from
the numerical simulations are shown in Fig. 9.131. It can be seen that the turn-off
process becomes faster when the doping concentration in the P+ collector region is
reduced resulting in a lower-energy loss per cycle.

9.8.4 Comparison of Trade-Off Curves

A comparison of the trade-off curves for the three basic IGBT structures can be
performed by using Fig. 9.132. All the structures are designed to support 1200 V in
the off-state. It is apparent that the symmetric blocking structure has the worst trade-
off curve, while the asymmetric structure has the best trade-off curve. The most
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favored IGBT structure used for power electronic applications depends on whether
the device must support voltage in both the first and third quadrants. The first IGBT
structure reported in the literature was a symmetric blocking design for use in AC
and DC circuits [6]. In recognition of the potential improvements in performance for
DC circuits, the asymmetric IGBT structure was developed soon thereafter
[8]. When the blocking voltage is less than 2000 V, the asymmetric IGBT structure
is usually favored because it can be fabricated by epitaxial growth of the N-buffer
layer followed by the growth of the lightly doped portion of the N-base region to a
thickness of less than 100 μm. When the blocking voltage exceeds 2000 V, the
transparent emitter IGBT structure is favored because it can be fabricated from bulk
silicon wafers with a lightly doped P+ collector region formed on the back of the
wafer by ion implantation. More recently, the ability to handle silicon wafers with
thicknesses of only 50 μm has allowed using bulk wafers for IGBTs with lower
breakdown voltages to reduce manufacturing cost. For applications in appliance
controls and matrix converters, the symmetric IGBT is necessary to produce the
desired reverse blocking capability.

9.9 Complementary (p-Channel) Structure

Power switches are often used in AC power circuits for the operation of appliances in
homes and numerical controls in factories. Although the triac has been extensively
used for such applications in the past as discussed in Chap. 7, it is desirable to have

Fig. 9.132 Comparison of the trade-off curves for the three IGBT structures
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an MOS-gated power device whose rate of turn-on can be controlled by the input
gate signal in order to reduce electromagnetic interference (EMI). An AC power
switch configuration can be created using two n-channel symmetric IGBT structures
as illustrated in Fig. 9.133a. In this switch topology, the emitter of one of the devices
must be connected to the collector of the other device. If the terminal T1 is regarded
as the reference terminal, high voltage is applied to the other terminal T2. When the
voltage at terminal T2 is positive, current flow can be produced through the com-
posite switch by turning-on IGBT-1 with the application of a positive gate bias
relative to the reference terminal T1. When the voltage at terminal T2 is negative,
current flow can be produced through the composite switch by turning-on IGBT-2
with the application of a positive gate bias relative to terminal T2. However, this
requires shifting the gate bias signal for IGBT-2 to a high potential because the
voltage at terminal T2 is large. This complicates the design of the gate circuit and
increases its cost.

An alternate AC switch configuration is shown in Fig. 9.133b where one
n-channel and one p-channel symmetric IGBT structure are utilized. In this switch
topology, the emitter terminals for both devices are connected together creating the
reference terminal. When the voltage at the collector terminal is positive, current
flow can be produced through the composite switch by turning-on n-channel IGBT-1
with the application of a positive gate bias relative to the emitter terminal. When the
voltage at the collector terminal is negative, current flow can be produced through
the composite switch by turning-on p-channel IGBT-2 with the application of a
negative gate bias relative to the emitter terminal. No level-shifting of the gate signal
is required making the gate drive circuit less complex and expensive.

As discussed in Chap. 6, the area for the silicon p-channel MOSFET structure is
approximately three times larger than that required for the n-channel MOSFET
structure to achieve the same on-state resistance because the mobility for holes is
smaller than for electrons. This severe penalty in size is not observed for the IGBT
structure because of conductivity modulation of the drift region. The resistances of

Fig. 9.133 Options for creating an AC switch using two symmetric IGBT structures
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the thick drift region in the n-channel and p-channel IGBT structures are equal
during on-state operation. However, the channel resistance for the p-channel IGBT is
larger than that for the n-channel IGBT structure.

The p-channel symmetric IGBT structure is illustrated in Fig. 9.134 together with
its equivalent circuit. It is constructed by replacing all the layers in the n-channel
IGBT structure with their complementary counterparts. Consequently, the equiva-
lent circuit for the p-channel IGBT consists of a p-channel MOSFET driving a wide-
base N-P-N transistor. For the same blocking voltage capability, the open-base N-P-
N transistor has approximately the same width for the P-base region as width of the
N-base region in the P-N-P transistor of the n-channel IGBT structure. For the same
lifetime in the wide-base regions for both devices, the gain of the N-P-N transistor in
the p-channel IGBT structure can be larger than the gain for the P-N-P transistor in
the n-channel IGBT structure because of the larger mobility for electrons. For high
lifetime values in the drift region, it has been observed that the on-state voltage drop
for the p-channel IGBT structure is very close to that for the n-channel IGBT
structure making it an excellent complementary device [35]. As the lifetime is
reduced, a greater portion of the collector current flows through the channel of the
MOSFET portion in the IGBT structure. The on-state voltage drop for the p-channel
IGBT structure becomes larger than that for the n-channel IGBT structure at smaller
lifetime values due to the larger channel resistance.

Fig. 9.134 The p-channel IGBT structure and its equivalent circuit
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9.9.1 On-State Characteristics

The on-state characteristics for the p-channel IGBT structure can be modeled using
the approach previously taken for the n-channel IGBT structure in Sect. 9.5. The
on-state voltage drop for the p-channel IGBT structure can be obtained by using:

VON ¼ VNþP þ VPB þ VMOSFET ð9:339Þ
where VN+P is the voltage drop across the N+ collector/P-base junction (J1), VPB is
the voltage drop across the P-base region after accounted for conductivity modula-
tion due to high-level injection conditions, and VMOSFET is the voltage drop across
the MOSFET portion. The voltage drop across the N+ collector/P-base junction (J1)
can be obtained from the increase in the minority carrier concentration at the junction
boundary:

VNþP ¼ kT

q
ln

n0
n0P

� �
¼ kT

q
ln

n0NA

n2i

� �
ð9:340Þ

where the minority carrier density in equilibrium (n0P) has been related to the doping
concentration (NA) in the P-base region. The increase in the electron concentration at
the junction (n0) can be obtained from the analysis provided in the Sect. 9.5.2.

The voltage drop across the P-base region (VPB) can be obtained by integration of
the electric field within the P-base region (see Sect. 9.5.3). The first part of the
voltage drop is:

VPB1 ¼ 2LaJCsinh WP=Lað Þ
qn0 μn þ μp
� � tanh�1 e� WON=Lað Þ

h i
� tanh�1 e� WP=Lað Þ

h in o
ð9:341Þ

where WP is the width of the P-base region. The depletion width (WON) across the
deep P+/N-base junction (J2) in the on-state depends on the on-state voltage drop.
The second part of the voltage drop is:

VPB2 ¼ kT

q

μn � μp
μn þ μp

 !
ln

tanh WON=Lað Þcosh WON=Lað Þ
tanh WP=Lað Þcosh WP=Lað Þ

� �
ð9:342Þ

The voltage drop across the MOSFET portion includes contributions from the
JFET region, the accumulation layer, and the channel. As discussed in Sect. 9.5.2,
the free carrier concentration becomes small in the vicinity of the deep P+/N-base
junction (J2). Consequently, it is appropriate to compute the resistance of the JFET
region based upon its doping concentration. Since p-channel IGBT structures have
low doping concentrations in the P-base region to obtain high blocking voltage
ratings, the JFET region can become completely depleted by the built-in potential of
the deep P+/N-base junction (J2). This problem can be overcome by enhancing the
doping concentration in the JFET region by the ion implantation and diffusion of
boron. For the purposes of formulating an analytical model, the JFET region will be
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assumed to have an effective doping concentration of 5 � 1015 cm�3 based upon a
Gaussian profile with a surface concentration of 1 � 1016 cm�3. The resistivity
(ρJFET) for the JFET region is then about 3 Ω-cm.

Based upon the analysis for the power MOSFET structure (see Eq. 6.72):

V JFET ¼ JCRJFET,SP ¼ JCρJFET xJN þW0ð ÞWCELL

WG � 2xJN � 2W0ð Þ ð9:343Þ

where xJN is the junction depth of the deep N+ region. The voltage drop across the
accumulation layer in the IGBT structure can also be derived based upon the analysis
for the power MOSFET structure (see Eq. 6.66):

VACC ¼ JCRA,SP ¼ JCKA WG � 2xJNð ÞWCELL

4μpACOX VG � VTHð Þ ð9:344Þ

The accumulation layer coefficient (KA) for the IGBT structure can be assumed to
have the same value (0.6) as for power MOSFET structures. The voltage drop across
the channel of the MOSFET portion can also be obtained by using the analysis for
the power MOSFET structure (see Eq. 6.63):

VCH ¼ JCRCH,SP ¼ JCLCHWCELL

2μpiCOX VG � VTHð Þ ð9:345Þ

As an example, the components of the on-state voltage drop determined by using
the above analytical model are provided in Fig. 9.135 for the case of the symmetric
p-channel IGBT structure with blocking voltage capability of 1200 V. The device
has a P-base width of 200 μm with a depth of 5 μm for the deep N+ region. All the
structural parameters used are the same as those used for the n-channel symmetric
IGBT structure in Sects. 9.5.2 and 9.5.3. The MOSFET portion has an effective
JFET region doping concentration of 5 � 1015 cm�3, a gate oxide thickness of
500 Å, and a channel length of 1.5 μm. The mobility for holes in the inversion and
accumulation layer was assumed to be 200 and 400 cm2/V-s, respectively. The IGBT
structure has a cell pitch (WCELL) of 30 μm with a gate electrode width (WG) of
16 μm. The gate bias and threshold voltages used are 15 and 5 V, respectively. From
the figure, it can be concluded that the voltage drop across the N+ collector/P-base
junction and the MOSFET portion are dominant when the high-level lifetime is large
(>20 μs). When the high-level lifetime is reduced, the voltage drop across the N-base
region increases and becomes dominant for lifetime value below 5 μs. A very rapid
increase in the on-state voltage drop is observed when the high-level lifetime is
reduced below 2 μs.

Simulation Example
The results of two-dimensional numerical simulations for the typical symmetric
p-channel IGBT structure are discussed here to corroborate the analytical model
for the on-state voltage drop. The doping profiles for this structure are similar to
those for the n-channel device with all the n-type layers replaced by p-type layers
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and vice versa. The on-state voltage drop was obtained at a current density of
100 A/cm2 at a gate bias of 15 V for various values for the high-level lifetime. It
was found that the on-state voltage drop increases rapidly when the high-level
lifetime is reduced below 2 μs. The on-state voltage drop obtained from the numer-
ical simulations are compared with those obtained using the analytical model in
Fig. 9.136. The analytical model provides an accurate prediction of the on-state
voltage drop.

The electron distribution within the P-base region of the p-channel IGBT struc-
ture is shown in Fig. 9.137. It can be observed that the electron concentration is
much larger than the background doping concentration in the P-base region
confirming its conductivity modulation. This strong conductivity modulation is
responsible for the excellent on-state characteristics of the p-channel IGBT structure.
The carrier profiles are very similar to those in Fig. 9.46 for the symmetrical
n-channel IGBT structure. This justifies using the same model for determination
on the on-state characteristics for both structures.

9.9.2 Switching Characteristics

The p-channel IGBT structure can be turned off by removal of the gate bias. As in
the case of the n-channel structure, this eliminates the channel in the MOSFET
portion cutting off the base drive current for the wide-base N-P-N transistor.

Fig. 9.135 On-state voltage drop for the symmetric p-channel IGBT structure
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The turn-off of the symmetric p-channel IGBT occurs by the removal of the stored
electrons in the P-base region by recombination at high injection levels. Since this
process is identical to that discussed previously for the symmetric n-channel IGBT
structure in Sect. 9.7.4, the turn-off energy loss per cycle for the symmetric
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p-channel IGBT structure is identical to the n-channel structure for the same lifetime
in the wide-base region. The equations developed in Sect. 9.7.4 can therefore be used
for the symmetric p-channel IGBT structure as well.

9.9.3 Power-Loss Optimization

As in the case of the symmetric n-channel IGBT structure, the power loss incurred in
the symmetric p-channel IGBT structure can be optimized from an applications
perspective by performing a trade-off between the on-state voltage drop and the turn-
off energy loss per cycle. The trade-off curve obtained by using the analytical
models for the on-state voltage drop and the turn-off energy loss per cycle for the
symmetric p-channel IGBT structure is provided in Fig. 9.138. From this figure, it
can be concluded that the on-state voltage drop increases rapidly if the energy loss
per cycle is reduced below 70 mJ/cm2.

For comparison, the trade-off curve for the symmetric n-channel IGBT structure
is also shown in Fig. 9.138. It can be observed that the trade-off curve for the
symmetric p-channel IGBT is worse than that for the n-channel structure [33]. For
this reason, most of the IGBT products have been developed using the n-channel
structure. The p-channel IGBT structure is utilized in applications only when there is
a need for complementary devices in the power circuit.

Fig. 9.138 Trade-off curve for the symmetric p-channel IGBT structure
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9.10 Latch-Up Suppression

The IGBT structure normally operates as a wide-base bipolar transistor being driven
by a MOSFET structure to provide its base drive current. However, the construction
of the IGBT structure produces four alternating layers of n-type and p-type regions,
which constitute a parasitic thyristor. The parasitic P+-N-P-N+ thyristor formed
within an n-channel IGBT structure is indicated in Fig. 9.10. If the parasitic thyristor
is triggered during operation in the first quadrant, it can latch-up resulting in current
flow that bypasses the MOSFET channel in the IGBT structure. Consequently, once
the parasitic thyristor latches-up, it is no longer possible to control the device
operation with the gate signal. The IGBT structure can undergo destructive failure
when the latch-up occurs because of a sudden upsurge in the current flow. When the
IGBT structure was first proposed, skeptics considered the sufficient suppression of
the parasitic thyristor to be impossible making the device not viable from a com-
mercial standpoint. Fortunately, the latch-up phenomenon was successfully
suppressed by a concerted research effort undertaken in the 1980s.

When invented, n-channel IGBT structures were proposed without the N+ region
in order to eliminate the parasitic thyristor [36]. This approach has not yet been
found to be practical. At that time, it was also recognized that the parasitic thyristor
can be suppressed by short-circuiting the N+ region to the P-base region as illustrated
in Fig. 9.10. Unfortunately, this short-circuit occurs only at one end of the N+ region.
During on-state operation, the bipolar current must flow from the N-base region into
the P-base region, which acts as the collector of the wide-base N-P-N transistor. The
bipolar current collected by the P-base region flows out of the device at the center of
the window in the polysilicon gate electrode where the emitter electrode is in contact
with the P-base region. The bipolar current collected at the edge of the P-base region
near the center of the gate electrode must flow below the N+ emitter region before
being removed by the emitter electrode. The resistance of the P-base region under the
N+ emitter region produces a voltage drop that forward biases the junction J3
between these regions. When the forward bias becomes sufficient to promote the
injection of electrons from the N+ emitter region, the parasitic thyristor gets triggered
resulting in latch-up.

The i-v characteristic of the IGBT with the portion after latch-up of the parasitic
thyristor is shown in Fig. 9.139. It can be observed that there is distinct snapback of
the characteristic when latch-up occurs. This is a signature used to define the onset of
latch-up in these devices at small collector bias voltages. In order to obtain a broad
range of operating current levels, the latch-up current density (JC,L) must be made at
least ten times larger than the on-state current density (JC,ON). The abrupt reduction
of the voltage drop across the IGBT structure at the onset of latch-up can produce a
surge in the current flow during circuit operation which can result in destructive
failure of the device.

A thorough effort was undertaken during the early years of development of the
IGBT structure to find methods to suppress the activation of the parasitic thyristor.
The widespread commercial success of the device has resulted from the application
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of these ideas. In this section of the chapter, the various approaches that have been
explored to suppress the activation of the parasitic thyristor are analyzed. The
approaches that have been shown to have a strong impact on latch-up suppression
are highlighted. Using these methods, the IGBT structure can be operated up to a
high current density sufficient for various applications. In the ideal case, the device
can be designed to undergo current saturation prior to the onset of latch-up of the
parasitic thyristor eliminating this problem. However, all IGBTs undergo latch-up of
the parasitic thyristor if the temperature and current are sufficiently increased.

In order for triggering the parasitic thyristor into its regenerative mode, the
current gain of the two coupled bipolar transistors within the IGBT structure must
exceed unity as discussed in Chap. 8. At the fundamental level, the suppression of
latch-up of the parasitic thyristor can be achieved by reducing the current gain of
either the N-P-N transistor or the P-N-P transistor or both. Since the P-N-P wide-
base transistor within the n-channel IGBT structure participates in conducting the
on-state current, suppressing the gain of the P-N-P transistor has an adverse impact
on the on-state voltage drop. It is therefore preferable to reduce the current gain of
the N-P-N transistor within the n-channel IGBT structure. Consequently, most of the
effort on latch-up suppression has been directed toward reducing the gain of the N-P-
N transistor within the n-channel IGBT structure.

9.10.1 Deep P+ Diffusion

The most effective technique developed to suppress the latch-up of the parasitic
thyristor in the IGBT structure is by reducing the resistance for the hole current path
through the P-base region. This cannot be accomplished by increasing the doping
level of the P-base region because this would increase the channel doping concen-
tration and hence the threshold voltage. The inclusion of a deep P+ diffusion in the

Fig. 9.139 Latch-up
characteristics for the IGBT
structure
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middle of the polysilicon window can be used to reduce the sheet resistance of the
P-base region under the N+ region without changing the doping in the channel of the
MOSFET portion [37]. The IGBT structure with the deep P+ region is compared
with the IGBT structure without the P+ region in Fig. 9.140. The location and depth
of the P+ region must be carefully chosen to ensure that the lateral extension of its
diffused profile does not approach the peak doping concentration (approximately
1 � 1017 cm�3) of the channel.

A simple analysis of the latch-up current density for the IGBT structure can be
performed by analysis of the forward bias across the junction (J3) between the N+

emitter region and the P-base region. In the n-channel IGBT structure, the hole
current component is responsible for producing the forward bias across this junction
as it flows through the P-base region. The hole current component is given by:

Jp ¼ αPNP,ONJC ¼ γEαT,ONJC ð9:346Þ
During on-state operation, the injection efficiency is reduced due to high-level
injection in the N-base region as discussed in Sect. 9.5.2. The base transport factor
in the on-state is given by:

αT,ON ¼ 1
cosh WN=Lað Þ ð9:347Þ

Fig. 9.140 IGBT structures (a) without and (b) with the deep P+ region to suppress latch-up of the
parasitic thyristor
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The common-base current gain (αPNP) for the P-N-P transistor in the IGBT structure
is typically 0.4 under on-state operating current levels.

Although the hole current is distributed across junction J2, a simple model for the
latch-up current density can be created by using a lumped element approach as
illustrated in Fig. 9.140. Here, all the hole current (IP) collected at junction J2 is
assumed to flow through the P-base region under the N+ emitter region. For the
IGBT structure shown in Fig. 9.140a without the deep P+ region, a latch-up of the
parasitic thyristor will occur when the voltage drop in the P-base region produced by
the hole current flow across resistor RB becomes equal to the built-in potential of the
P-N junction:

IpRB ¼ Vbi ð9:348Þ
In the lumped element model, the hole current (IP) is equal to the product of the hole
current density and the cell area (WCELLZ ), where Z is the length of the IGBT cell
orthogonal to the cross section in the figure. The resistance of the P-base region is
given by:

RB ¼ ρSPLNþ
Z

¼ ρPLNþ
xJ,P � xJ,Nþð ÞZ ¼ LNþ

qμPBNAP xJ,P � xJ,Nþð ÞZ ð9:349Þ

where ρSP is the pinch sheet resistance of the P-base region below the N+ emitter
region. The resistivity (ρP) and doping concentration (NAP) of the P-base region that
are appropriate for this expression are determined by only the portion of the p-type
diffusion located below the N+ region. Combining these relationships provides an
expression for the latch-up current density:

JC,L NoPþð Þ ¼ Vbi

αPNP,ONρSPLNþp
ð9:350Þ

For a typical P-base surface concentration of about 2 � 1017 cm�3, required to
obtain a peak channel doping concentration of 1 � 1017 cm�3, the average doping
concentration (NAP) in the P-base region is 5 � 1016 cm�3. Typical values for the
vertical junction depths of the P-base (xJ,P) and N+ (xJ,Nþ) regions are 3 and 1 μm,
respectively. For these parameters, the pinch sheet resistance for the P-base region is
found to be 2150 ohms/sq. For a 16 μm cell pitch ( p ¼ WCELL/2) with a polysilicon
window of 8 μm and a diffusion of the N+ emitter region up to a 2-micron-wide
window in the middle of the polysilicon window, the length of the N+ region (LN+)
including its lateral extensions is 8 μm. Using these values, the latch-up current
density obtained by using the analytical model is 725 A/cm2 for a built-in potential
of 0.8 V and a current gain of 0.4. Although this may seem to be adequately above
the typical on-state current density of 100 A/cm2, the degradation of the latch-up
current density with increasing temperature must be taken into account [38]. When
the temperature of the IGBT structure increases due to power dissipation during
circuit operation, the latch-up current density is reduced by (a) a reduction of the
mobility for holes in the P-base region, (b) a reduction of the built-in potential for the
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injection at the P-N junction, and (c) an increase in the current gain due to an increase
in the lifetime. As an example, when the temperature is increased by 100 �C, the
mobility for holes is reduced by a factor of two times, and the built-in potential is
reduced to 84%. The net impact of these changes is a reduction of the latch-up
current density to only 300 A/cm2 at 100 �C. This is inadequate because the IGBT
structure must be able to handle the large reverse recovery current of the flyback
diode during circuit operation as illustrated in Fig. 9.89.

The improvement in the latch-up current density for the IGBT structure by the
addition of the deep P+ region can be analyzed by using the structure shown in
Fig. 9.140b. In this case, the hole current component flows through a portion of the
P-base region with a high doping concentration associated with the deep P+ region
and a portion of the P-base region with smaller doping concentration near the edge of
the gate electrode. The resistance of the P-base region is then given by:

RB ¼ RB1 þ RB2 ð9:351Þ
where the resistance of the portion of the P-base region with smaller doping
concentration near the edge of the gate electrode is given by:

RB1 ¼ ρPLP
xJ,P � xJ,Nþð ÞZ ¼ ρSPLP

Z
ð9:352Þ

and the resistance of portion with the deep P+ region is given by:

RB2 ¼ ρSPþLPþ
Z

¼ ρPþLPþ
xJ,Pþ � xJ,Nþð ÞZ ¼ LPþ

qμpPþNAPþ xJ,Pþ � xJ,Nþð ÞZ ð9:353Þ

The resistivity (ρP+) and doping concentration (NAP+) of the P+ region that are
appropriate for this expression are determined by only the portion of the p-type
diffusion located below the N+ region. Combining these relationships provides an
expression for the latch-up current density:

JC,L WithPþð Þ ¼ Vbi

αPNP,ON ρSPLP þ ρSPþLPþ
� �

p
ð9:354Þ

For a typical deep P+ region with surface concentration of 1 � 1019 cm�3, the
average doping concentration (NAP+) in the P+ region is 5 � 1018 cm�3. A typical
value for the junction depth of the P+ region (xJ,Pþ) is 5 μm. For these parameters, the
pinch sheet resistance for the P+ region is found to be 50 ohms/sq. The latch-up
current density depends on width of the window (WP+) through which the deep P+

diffusion is performed as shown in Fig. 9.141. For the case of a length of the N+

region (LP) extending beyond the deep P+ region of 1 μm, the latch-up current
density obtained by using the analytical model is 5000 A/cm2 for a built-in potential
of 0.8 V. This value provides a sufficiently large margin that takes into account high-
temperature operation. The values obtained by using the analytical model are in
good agreement with those reported for experimental devices in the literature [37].
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Simulation Example
The results of two-dimensional numerical simulations for the typical symmetric
n-channel structure are discussed here to corroborate the analytical model for the
latch-up current density for the IGBT structure. A three-dimensional view of the
doping profile for a structure with a deep P+ region with a width (WP+) of 2 μm is
shown in Fig. 9.142. The length of the N+ region beyond the deep P+ region is
approximately 3 μm for this case.

The latch-up current density was obtained using a gate bias of 15 V by sweeping
the collector voltage until the collector current exhibited the snap-back signature
indicating latch-up of the parasitic thyristor. In order to examine the impact of the
position of the P+ diffusion window, structures with various values for the diffusion
window (WP+) for the deep P+ region, as well the case without the deep P+ region,
were analyzed. The lifetime in the N-base region was 10 μs for all the structures. The
on-state i-v characteristic for the IGBT structure with a deep P+ window of 2 μm is
shown in Fig. 9.143 with the electron and hole components. It can be observed from
this figure that the common-base current gain is decreasing with increasing collector
current density. This phenomenon is due to the reduction of the injection efficiency
as the device enters into high-level injection conditions in the N-base region. At the
on-state current density of 100 A/cm2, the common-base current gain (αPNP,ON) is
found to be 0.4.

The latch-up characteristics for the symmetric n-channel IGBT structures at
300 �K with two values of the deep P+ diffusion window are compared with the
device structure without a deep P+ region in Fig. 9.144. The latch-up current density
for the structure without the deep P+ region is 700 A/cm2 as predicted by the

Fig. 9.141 Latch-up current density for the n-channel IGBT structure with the deep P+ region
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analytical model. The latch-up current densities for the structure with the deep P+

regions are 1670 and 3330 A/cm2 corresponding to LP values of 1.5 and 3.0 μm
extracted from the doping distributions. The analytical model provides an accurate
estimation of the latch-up current density in spite of the complex nonuniform dopant
distributions in the actual structures.
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The latch-up characteristics for the symmetric n-channel IGBT structure with a
deep P+ region formed using a diffusion window of 2 μm are shown in Fig. 9.145 at
various ambient temperatures. The latch-up current density is 1670, 1330, and
930 A/cm2 at 300 �K, 350 �K, and 400 �K, respectively. The latch-up current density
decreases by about a factor of 2 from 300 �K to 400 �K as predicted by the analytical
model.

9.10.2 Shallow P+ Layer

An alternate method for reducing the resistance in the P-base region to suppress
latch-up of the parasitic thyristor in the IGBT structure utilizes a shallow P+ region
instead of the deep P+ region described in the previous section. A cross section of the
structure is shown in Fig. 9.146 together with the doping profile. For the most
effective improvement in the latch-up current level, it is preferable to align the P+

ion implantation to the polysilicon gate electrode so that the sheet resistance of the
P-base region is reduced along its entire length. However, this limits the maximum
depth of the P+ region below the semiconductor surface because the ion-implant
energy cannot be increased beyond the point of penetration through the gate
electrode. By ion implantation of boron (chosen due to its low mass and higher
range in silicon) with an energy of 120 keV, the shallow P+ region can be placed
about 1 μm below the surface. The dose of the shallow P+ region is constrained to
1 � 1014 cm�2 (corresponding to a peak concentration of about 1 � 1018 cm�3) by
the compensation of the N+ emitter region.
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The latch-up current density for the IGBT structurewith the shallowP+ layer can be
derived by using the approach used in the previous section. Since the shallow P+ layer
extends under the entire N+ region, the resistance of the P-base region is given by:

RB ¼ ρSPBLNþ
Z

ð9:355Þ

WP+ = 2 mm
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Fig. 9.146 IGBT structure with the shallow P+ region and its doping profile
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where ρSPB is the pinch sheet resistance of the P-base region below the N+ region,
including the shallow P+ layer. This sheet resistance can be obtained as the parallel
combination of the sheet resistance of the original P-base diffusion and the sheet
resistance of the shallow P+ layer:

ρSPB ¼ ρSPρSSP
ρSP þ ρSSP

ð9:356Þ

The sheet resistance (ρSP) of the original P-base region is given by Eq. (9.349).
The sheet resistance (ρSSP) of the shallow P+ layer is given by:

ρSSP ¼
1

qμpPþNAE,PþtSP
ð9:357Þ

where NAE,Pþ is the effective doping concentration of the shallow P+ region and tSP
is its thickness. The latch-up current density can then be computed using:

JC,L ShallowPþð Þ ¼ Vbi

αPNP,ONρSPBLNþp
ð9:358Þ

For the shallow P+ layer described previously, the effective doping concentration
is about 5 � 1017 cm�3 with a thickness of about 1 μm. For these parameters, the
sheet resistance (ρSSP) for the shallow P+ layer is found to be 680 ohms/sq compared
with 2150 ohms/sq for the original P-base region. Consequently, the latch-up current
density is enhanced by about three times from 725 A/cm2 to 2290 A/cm2 for the
device structure with dimensions provided in the previous section. This improved
performance has been experimentally confirmed by using high-energy boron ion
implantation self-aligned to the gate electrode [39]. One of problems encountered
with this approach is the compensation of the N+ region by the dopants from the
shallow P+ layer. This can increase the resistance of the N+ region, which can lead to
a larger on-state voltage drop.

Simulation Example
The results of two-dimensional numerical simulations for the typical n-channel
structure are discussed here to corroborate the analytical model for the latch-up
current density for the IGBT structure with the shallow P+ layer. The vertical doping
profile for the structure with the shallow P+ region is provided in Fig. 9.147. The
latch-up current density for the IGBT structure with the shallow P+ layer was
obtained using a gate bias of 15 V by sweeping the collector voltage until the
collector current exhibited the snap-back signature indicating latch-up of the para-
sitic thyristor. The latch-up characteristic for this structure is compared with the
symmetric n-channel IGBT structure with just the P-base region in Fig. 9.148. The
latch-up current density for the structure with the shallow P+ region is 2000 A/cm2,
an improvement by a factor of about three times as predicted by the analytical model.
No change in the on-state voltage drop is observed.
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9.10.3 Reduced Gate Oxide Thickness

In order to increase the latching current density of the IGBT structure, it is desirable
to reduce the sheet resistance of the P-base region by increasing its doping concen-
tration. This can be accomplished without an undesirable increase in the threshold
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voltage by simultaneously reducing the gate oxide thickness. This has the added
benefit of reducing the channel resistance which improves the on-state voltage drop
of the IGBT structure.

The threshold voltage for the IGBT structure can be derived using the same
methodology used for the power MOSFET structure (see Sect. 6.5.4):

VTH ¼ tOX
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4εSkTNA ln NA=nið Þp

εOX
þ 2kT

q
ln

NA

ni

� �
ð9:359Þ

In writing this equation, impact of the work function of the gate electrode and oxide
charge is not included for simplicity.

The threshold voltage computed by using Eq. (9.359) is plotted in Fig. 9.149 as a
function of the gate oxide thickness. It is apparent that the threshold voltage
increases linearly with gate oxide thickness in accordance with the first term in the
equation.

The threshold voltage obtained by using this equation is plotted in Fig. 9.150 as a
function of the square root of the P-base doping concentration. It is apparent that
there is a linear variation of the threshold voltage in this plot in accordance with the
first term in the equation. From these plots, it can be concluded that the first term in
the equation is dominant allowing computation of the threshold voltage by using:

VTH ¼ tOX
εOX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4εSkTNA ln

NA

ni

� �s
ð9:360Þ

Fig. 9.149 Dependence of threshold voltage on gate oxide thickness
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Based upon this equation, the threshold voltage increases linearly with increasing
oxide thickness and approximately as the square root of the doping concentration in
the semiconductor. Consequently, a reduction of the gate oxide thickness by a factor
of two times allows increasing the doping concentration of the P-base region by a
factor of four times while maintaining the same threshold voltage. This should
produce an increase in the latch-up current density by a factor of four times as
well. In practice, the improvement in latch-up current density is smaller due to a
reduction of the mobility with increasing doping level.

The improvement in the latch-up current density that can be achieved by scaling
down the gate oxide thickness while maintaining a fixed threshold voltage is
demonstrated in Fig. 9.151 for the case of the symmetric IGBT structure. This
structure has no deep P+ region as illustrated in the inset in the figure. This structure
has an N-base with a width of 200 μm and high-level lifetime of 20 μs resulting in a
common-base current gain of 0.4. The P-base doping concentration used for the
computation is based upon using Eq. (9.359) to obtain the maximum P-base doping
concentration in the P-base region and dividing this by a factor of 2 to obtain the
effective doping concentration in the P-base region. It can be observed from this
figure that the latch-up current density can be increased from about 300 to 1500
A/cm2 by scaling the gate oxide down from 1000 to 250 Å. The improvements
projected by the analytical model were experimentally confirmed during the early
stages of IGBT development [85] providing strong impetus to scale the gate oxide
down in products.

Fig. 9.150 Dependence of threshold voltage on P-base doping concentration
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A reduction of the gate oxide thickness produces a reduction of the channel
resistance in the MOSFET portion of the IGBT structure. The resulting improvement
in the on-state characteristics can be predicted by using the PiN/MOSFET model. As
an example, the on-state characteristics for the symmetric IGBT structure are shown
in Fig. 9.152 for three cases of the gate oxide thickness. This structure has an N-base

Fig. 9.151 Latch-up current density for IGBT structures with different gate oxide thickness

Fig. 9.152 On-state characteristics of IGBT structures with different gate oxide thickness
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region with a width of 200 μm and high-level lifetime of 20 μs. The channel length is
1.5 μm. From this figure, it can be concluded that the on-state voltage drop improves
from 1.26 to 1.00 V when the gate oxide thickness is reduced from 1000 to 250 Å. In
actual devices, the improvement becomes greater when the lifetime in the N-base
region is reduced because a larger proportion of the collector current flows through
the channel in these cases.

Simulation Example
The results of two-dimensional numerical simulations for the typical symmetric
n-channel structure without a deep P+ region are discussed here to corroborate the
analytical model for the improvement in the latch-up current density for the IGBT
structure with scaled gate oxide thickness. The surface doping concentration of the
P-base diffusion was adjusted as the gate oxide thickness was changed to maintain a
constant threshold voltage.

The transfer characteristics for the IGBT structures obtained at a collector bias of
2 V are shown in Fig. 9.153 for the case of three gate oxide thicknesses.
The threshold voltages for all three cases are identical. The collector current density
at a gate bias of 15 V increases when the gate oxide thickness is reduced as expected
from the improvement in the on-state characteristics predicted by the analytical
model.

The latch-up current densities for the IGBT structures with the different gate
oxide thicknesses were obtained using a gate bias of 15 V by sweeping the collector
voltage until the collector current exhibited the snap-back signature indicating latch-
up of the parasitic thyristor. The latch-up characteristics for the structures with three
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gate oxide thicknesses can be compared in Fig. 9.154. The latch-up current density
improves by a factor of about 3.5 times, which is a little less than the 5 times
improvement predicted of the analytical model (see Fig. 9.151), when the gate oxide
thickness is reduced from 1000 to 250 Å.

9.10.4 Bipolar Current Bypass

The latch-up of the IGBT structure is produced by the forward biasing of the N+

emitter/P-base junction by the flow of the bipolar current in the P-base region under
the N+ emitter region. The forward biasing of the junction can be mitigated by
providing an alternate path (called the bypass) for the bipolar current. A cross section
of the structure with the bipolar current bypass is shown in Fig. 9.155. This structure
is created by eliminating the N+ emitter region on one side of the device cell
structure [40].

The latch-up current density for the IGBT structure with the bipolar bypass path
can be derived by using the approach used in the previous sections. A simple view of
the structure is that half of the bipolar current (IP2) flows via the bypass path, while
the rest of the bipolar current (IP1) flows under the N

+ emitter region. The latch-up
current density is then given by:
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JC,L Bypassð Þ ¼ 2Vbi

αPNP,ONρSPLNþWCELL
ð9:361Þ

Unfortunately, this much improvement is not observed in the IGBT structure
because the bipolar current does not flow uniformly as assumed in the above
analysis. In order to preserve charge neutrality, the holes in the N-base region tend
to flow toward the supply of electrons via the channel of the MOSFET portion in the
IGBT structure. Consequently, the bipolar current component (IP1) that flows under
the N+ emitter region is almost equal to the total bipolar current.

The IGBT structure with the bipolar current bypass path has a larger on-state
voltage drop because of the reduction in the channel density. The reduced channel
density also produces a reduction in the saturated current level. This can be taken
advantage of to produce current saturation prior to the onset of latch-up [40].

Simulation Example
The results of two-dimensional numerical simulations for the typical symmetric
n-channel structure are discussed here to clarify the operation of the IGBT structure
with the bipolar bypass path. This structure had an N-base region with a thickness of
200 μm. The gate oxide thickness for the MOSFET portion was 500 Å with a
channel length of 1.5 μm. The P-base region was formed using a surface concentra-
tion of 4 � 1017 cm�3 and a vertical depth of 3 μm. A doping concentration in the
JFET region was enhanced using n-type doping with a surface concentration of
1 � 1016 cm�3 and depth of 5 μm. No deep P+ region was utilized to highlight the
impact of the bipolar bypass path.

The latch-up current density for the IGBT structure was obtained using a gate bias
of 15 V by sweeping the collector voltage until the collector current exhibited the

Fig. 9.155 IGBT structure
with the bipolar current
bypass path
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snap-back signature indicating latch-up of the parasitic thyristor. The latch-up
characteristic for this structure is compared with the symmetric n-channel IGBT
structure with just the P-base region in Fig. 9.156. The latch-up current density for
the structure with the bipolar bypass is 470 A/cm2 when compared with 730 A/cm2

for the structure without the bipolar bypass path.
In order to understand the reason for the lack of improvement in latch-up current

density with the bipolar bypass path, it is necessary to examine the current distribu-
tion within the IGBT structures during on-state operation. The current distributions
for the structures with and without the bipolar bypass path are provided in
Figs. 9.157 and 9.158. From these figures, it can be observed that the current tends
to congregate in the vicinity of the MOSFET channel. This produces a symmetric
current distribution around the polysilicon window for the structure without the
bipolar current bypass path. In contrast, the current distribution for the IGBT
structure with the bipolar bypass path is asymmetric around the polysilicon window.
Since most of the bipolar current flows under the N+ emitter region in the structure
with the bipolar current bypass path, latch-up occurs at nearly the same absolute
collector current level as the structure without the bipolar current bypass path. Since
the area of the structure with the bipolar current bypass path is twice as large as for
the structure without the bipolar current bypass path, the latch-up current density for
the structure with the bipolar current bypass path is smaller than for the structure
without the bipolar current bypass path.
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9.10.5 Diverter Structure

The latch-up of the IGBT structure is produced by the forward biasing of the N+

emitter/P-base junction (J3) by the flow of the bipolar current in the P-base region
under the N+ emitter region. In the previous section, it was demonstrated that the
bipolar current tends to congregate close to the channel of the MOSFET portion in
the IGBT structure. The forward biasing of the N+ emitter/P-base junction (J3) can be
mitigated by diverting the bipolar current flowing in the vicinity of the channel with
the incorporation of a diverter region [41] near the channel. A cross section of the
structure with the P+ diverter region is shown in Fig. 9.159.

The latch-up current density for the IGBT structure with the diverter can be
derived by analysis of the fraction of the bipolar current that flows into the diverter
region. A simple approach for this analysis is to assume that the fraction of the
bipolar current (IP2) that flows into the diverter is proportional to the area in the cell
on the right-hand side of the middle of the gate electrode. The width of this region is
[WDIV þ (WG/2)]. The bipolar current flowing into the P-base region is then given
by:

IP1 ¼ WCELL �WDIV � WG=2ð Þ½ �
WCELL

ICαPNP,ON ð9:362Þ

Using this current as the basis for creating the forward bias across the N+ emitter/P-
base junction yields the following latch-up current density:

Fig. 9.159 IGBT structure
with the diverter region
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JC,L Divð Þ ¼ WCELL

WCELL �WDIV � WG=2ð Þ
� �

Vbi

αPNP,ONρSPLNþWCELL
ð9:363Þ

As an example, if a 1-micron-deep P+ diverter region is formed using a 2-micron-
wide diverter window (WDIV) in the IGBT structure with a cell width (WCELL) of
16 μm, the latch-up current density increases by about 50%.

The introduction of the diverter into the IGBT structure produces an increase in the
on-state voltage drop because of the constriction of the channel current flow and
because the presence of the P+ diverter region reduces the area for spreading the
current from the channel. For this reason, it is important to maintain a shallow junction
depth for the P+ diverter region. Since the diverter is connected to the emitter electrode,
the same metal layer can be used to simultaneously make contact to the N+ emitter,
P-base, and P+ diverter regions. This allows using a single large area metal electrode at
the top of the device (as in the case of the basic IGBT structure) eliminating any fine
line patterning of the thick contact metal for the emitter.

Simulation Example
The results of two-dimensional numerical simulations for the typical symmetric
n-channel structure are discussed here to clarify the operation of the IGBT structure
with the diverter region. The latch-up current density for the IGBT structure was
obtained using a gate bias of 15 V by sweeping the collector voltage until the
collector current exhibited the snap-back signature indicating latch-up of the para-
sitic thyristor. The on-state current components for this structure are provided in
Fig. 9.160. It can be observed that the bipolar current extracted via the diverter (IDIV)
is about one-third of the current (IPB) flowing through the contact to the P-base
region.
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The latch-up characteristic for the symmetric IGBT structure with the diverter is
compared with the symmetric n-channel IGBT structure with just the P-base region
in Fig. 9.161. The point of latch-up is indicated by the horizontal arrows. The latch-
up current density for the structure with the diverter is 1130 A/cm2 when compared
with 730 A/cm2 for the structure without the diverter. The improvement in latch-up
current density is consistent with the simple analytical model based upon
partitioning of the current. In order to understand the reason for the improvement
in latch-up current density obtained with the diverter, it is necessary to examine the
current distribution within the IGBT structures during on-state operation. The
current distribution for this structure is provided in Fig. 9.162. It can be observed
that some of the current in the vicinity of the MOSFET channel flows out of the P+

diverter. The current distribution in the structure with the diverter remains symmetric
around the polysilicon window. Since the bipolar current flow under the N+ emitter
region in the structure with the diverter is reduced, latch-up occurs at a larger
collector current density than for the structure without the diverter.

9.10.6 Cell Topology

The layout of the polysilicon gate structure on the surface of the IGBT structure has
an impact on the latch-up current density. Many cell topologies can be utilized for
the IGBT structure as illustrated in Fig. 9.163. The topology shown in Fig. 9.163a
with a linear window in a linear array was used for the analyses described in all the
previous sections of this chapter. The other topologies have been described in the
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literature for the optimization of the performance of the IGBT structures. The impact
of these alternate topologies on the latch-up current density is analyzed in this
section of the chapter.

Square Window in a Square Array
The use of a square-shaped polysilicon window in a square array provides a simple
design of the IGBT structure from the point of view of the layout tools. However,
this layout can significantly degrade the latch-up current density. This occurs due to
two reasons. Firstly, the bipolar current that is responsible for promoting latch-up is
collected from a greater area at the corners of the polysilicon window as illustrated in
Fig. 9.164. To make matters worse, the length (LP) of the P-base region under the N

+

emitter (see inset cross section in Fig. 9.141) beyond the edge of the deep P+ region
is larger at the corners because the deep P+ region is also formed using a smaller
square window inside the polysilicon window as illustrated in Fig. 9.164.

The degradation of the latch-up current density in comparison with the linear cell
in a linear array can be analyzed by computing the impact of the larger current
collected at the corners of the square cell and the larger size for the length (LPC) of
the P-base region (under the N+ emitter beyond the edge of the deep P+ region) at the
corner versus the length (LPE) of the P-base region (under the N

+ emitter beyond the
edge of the deep P+ region) at the straight edges:

Fig. 9.164 Bipolar current pattern in the IGBT structure with square polysilicon window in a
square array
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JC,L SquareCell; SquareArrayð Þ
JC,L LinearCell;LinearArrayð Þ ¼ f LPf A ð9:364Þ

In the above equation, the length factor obtained by using geometrical analysis is
given by:

f LP ¼ LPE
LPC

¼ WPOLY �WPþð Þ � xJPþ � xJNþð Þffiffiffi
2

p
WPOLY �WPþð Þ � xJPþ � xJNþð Þ ð9:365Þ

The area factor ( fA) can be obtained by assuming that the hole current from the
corner of the cell flows into a sector with radius equal to the average of the junction
depths of the N+ and deep P+ regions:

f A ¼ π xJPþ þ xJNþð ÞWPOLY

4W2
G

ð9:366Þ

For typical cell dimensions of 8 μm for the polysilicon window (WPOLY), 8 μm for
the polysilicon width (WG), and junction depths of 1 and 5 μm for the N+ and deep P+

diffusions, the length factor ( fLP) is 0.45, while the area factor ( fA) is 0.59. This
leads to net reduction of the latch-up current density by a factor of 3.8 times. Based
upon this analysis, it can be concluded that the topology with a square cell in a square
array has a strong detrimental effect on the performance of the IGBT structure. This
has been experimentally confirmed in the literature [42].

Circular Window in a Hexagonal Array
The use of a circular-shaped polysilicon window in a circular array (see Fig. 9.163d)
is difficult to replicate from the point of view of the layout tools because the mask
edges must be defined by straight boundaries. However, this layout has been
approximated by using the hexagonal-shaped polysilicon window in a hexagonal
array [see Fig. 9.163e]. Both of these topologies can be analyzed by using the hole
current distribution shown in Fig. 9.165. The current distribution is uniform for this
topology as illustrated in the figure. In addition, the length (LP) of the P-base region
under the N+ emitter (see inset cross section in Fig. 9.141) beyond the edge of the
deep P+ region is also uniform around the polysilicon window. In spite of this
symmetry, the latch-up current density for this topology is worse than that for the
linear cell because the resistance of the bipolar current path is greater due to the
circular geometry.

For the IGBT structure, latch-up of the parasitic thyristor will occur when the
voltage drop in the P-base region produced by the hole current becomes equal to the
built-in potential of the P-N junction:

IpRB ¼ Vbi ð9:367Þ
The hole current for the circular cell arrangement is given by:
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Ip ¼ πW2
CELL JC αPNP,ON ð9:368Þ

The resistance of the P-base region is dominated by the portion of the P-base region
that extends beyond the edge of the deep P+ diffusion. Using cylindrical coordinates
appropriate for the circular cell geometry:

RB ¼
ð WPOLYþxJNþð Þ

WPþþxJPþð Þ

ρSB
2πr

dr ¼ ρSB
2π

ln
WPOLY þ xJNþ
WPþ þ xJPþ

� �
ð9:369Þ

In this expression, WPOLY and WP+ are the radii of the polysilicon window and the
deep P+ diffusion window. Combining these relationships provides an expression for
the latch-up current density:

JC,L CC;CAð Þ ¼ 2Vbi

αPNP,ONρSPW
2
CELL ln WPOLY þ xJNþð Þ= WPþ þ xJPþð Þ½ � ð9:370Þ

For comparison with the linear cell topology, it is appropriate to use the same
device physical parameters: junction depths of the deep P+ region (xJ,Pþ) and N+

region (xJ,Nþ) of 5 and 1 μm, respectively; a pinch sheet resistance for the P-base
region of 2150 ohms/sq; a 16 μm cell radius (WCELL) with a polysilicon window
radius of 8 μm; and a diffusion of the deep P+ region from a 2 μm radius window (WP

+) in the middle of the polysilicon window. Using these values, the latch-up current
density obtained by using the above analytical model is 2890 A/cm2 for a built-in
potential of 0.8 V. This value is a factor of 1.8 times smaller than that computed for
the linear cell topology. Consequently, the circular and hexagonal topologies
degrade the latch-up performance of the IGBT structure in comparison with the
linear cell geometry.

Fig. 9.165 Bipolar current pattern in the IGBT structure with circular polysilicon window in a
circular array
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Atomic Lattice Layout (A-L-L)
In the previous sections, it was demonstrated that the current crowding in the square
cell and the enhanced P-base resistance in the circular cell degrade the latch-up
current density for the IGBT structure. Both of these problems can be overcome by
utilizing the atomic lattice layout (A-L-L) topology illustrated in Fig. 9.163f. The
basic concept behind the A-L-L topology is to use circular polysilicon islands with
the diffusions being performed from outside its boundaries. This can be considered
as the inverse of the circular cell topology. The polysilicon islands must be
interconnected using the thin polysilicon bars to allow application of the gate bias.
The moniker “atomic lattice layout” is derived from the resemblance of this topology
to atoms in a crystal lattice with bonds between them [43].

The A-L-L topology can be analyzed by using the hole current distribution shown
in Fig. 9.166. The current distribution is uniform around the polysilicon window for
this topology as illustrated in the figure. In addition, the length (LP) of the P-base
region under the N+ emitter (see inset cross section in Fig. 9.141) beyond the edge of
the deep P+ region is also uniform around the polysilicon window. However, the
latch-up current density for this topology is superior to that for the linear cell because
the resistance of the bipolar current path is reduced due to the current radiating
outward.

For the IGBT structure, latch-up of the parasitic thyristor will occur when the
voltage drop in the P-base region produced by the hole current becomes equal to the
built-in potential of the P-N junction:

IpRB ¼ Vbi ð9:371Þ
The hole current for the A-L-L cell arrangement is given by:

Fig. 9.166 Bipolar current pattern in the IGBT structure with atomic lattice layout
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Ip ¼ πW2
G JC αPNP,ON ð9:372Þ

The resistance of the P-base region is dominated by the portion of the P-base region
that extends beyond the edge of the deep P+ diffusion. Using cylindrical coordinates
appropriate for the A-L-L cell geometry:

RB ¼
ð WPþ�xJPþð Þ

WPOLY�xJNþð Þ

ρSB
2πr

dr ¼ ρSB
2π

ln
WPþ � xJPþ

WPOLY � xJNþ

� �
ð9:373Þ

In this expression, WPOLY and WP+ are the radii of the polysilicon window and the
deep P+ diffusion window. Combining these relationships provides an expression for
the latch-up current density:

JC,L ALLð Þ ¼ 2Vbi

αPNP,ONρSPW
2
G ln WPþ � xJPþð Þ= WPOLY � xJNþð Þ½ � ð9:374Þ

For comparison with the linear cell topology, it is appropriate to use the same
device physical parameters: junction depths of the deep P+ region (xJ,Pþ) and N+

region (xJ,Nþ) of 5 and 1 μm, respectively; a pinch sheet resistance for the P-base
region of 2150 ohms/sq; a polysilicon window radius of 8 μm; and a diffusion of the
deep P+ region from a 14-micron-diameter window (WP+). Using these values, the
latch-up current density obtained by using the above analytical model is 11,570
A/cm2 for a built-in potential of 0.8 V. This value is a factor of 2.2 times larger than
that computed for the linear cell topology. Consequently, the A-L-L topology pro-
vides an enhancement of the latch-up performance of the IGBT structure in com-
parison with the linear cell geometry. This improvement was first experimentally
confirmed for p-channel IGBT structures [43]. Subsequently, the A-L-L cell topol-
ogy has been shown to produce n-channel IGBT structures that exhibit current
saturation without latch-up even at 200 �C [44].

9.10.7 Latch-Up Proof Structure

In the previous sections, improvements in the latch-up current density that can be
achieved for the IGBT structure using a variety of techniques were individually
evaluated. In practice, it is prudent to apply a combination of several of these
methods to suppress the latch-up phenomenon. When this design approach is
taken, an IGBT structure can be created that undergoes current saturation at the
gate bias used for on-state operation prior to onset of latch-up. Such a highly desired
device design is referred to as the latch-up proof IGBT structure.

A criterion for creating the latch-up proof IGBT structure can be defined by
comparison of the saturation current density to the latch-up current density. The
saturated current density for the IGBT structure at a gate bias (VG) is given by (see
Sect. 9.6):
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JC,SAT ¼ μniCOX

2LCHWCELL 1� αPNPð Þ VG � VTHð Þ2 ð9:375Þ

The latch-up current density for the linear structure with a deep P+ region is given by:

JC,L ¼ Vbi

αPNPρSPLPWCELL
ð9:376Þ

if the resistance contributed from the deep P+ region is neglected in comparison with
the much larger resistance of the P-base region. The latch-up proof criterion requires:

JC,L > JC,SAT ð9:377Þ
This leads to the latch-up proof operating condition:

VG � VTHð Þ <
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2VbiLCH

ρSPLPμnsCOX

1� αPNP
αPNP

� �s
ð9:378Þ

In the previous section, it was demonstrated that the addition of a diverter region
to the IGBT structure reduces the bipolar current component in the P-base region
leading to a 50% increase in the latch-up current density. Consequently, the criterion
for the latch-up proof IGBT design with the inclusion of a diverter region becomes:

VG � VTHð Þ <
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3VbiLCH

ρSPLPμnsCOX

1� αPNP
αPNP

� �s
ð9:379Þ

Consider the case of a structure with a deep P+ region that reduces LP to 1 μm as
an example of a latch-up proof IGBT design. The maximum gate bias voltage for
latch-up proof operation for this structure computed by using Eq. (9.378) is plotted
in Fig. 9.167. For a gate oxide thickness of 500 Å, latch-up proof operation is not
possible at an on-state gate bias of 15 V as indicated by the vertical green arrow. The
gate bias must be reduced to 12 V for latch-up free operation leading to a significant
increase in the on-state voltage drop. The maximum gate bias voltage for latch-up
proof operation for the structure when the diverter region is included (as computed
by using Eq. 9.379) is also plotted in Fig. 9.167. For a gate oxide thickness of 250 Å,
this structure can be operated at an on-state gate bias of 8 V due to the larger
transconductance. It is therefore possible to obtain latch-up proof operation with a
significant margin as indicated by the vertical red arrow.

The pinch sheet resistance for the P-base layer for a gate oxide thickness of 250 Å
is 1000 ohms/square for a threshold voltage of 5 V. Using the same structural
parameters as in the previous sections, the latch-up current density is found to be
10,000 A/cm2 for the IGBT structure with the diverter region. The saturated collector
current density computed using Eq. (9.375) for this structure is 3400 A/cm2 at an
on-state gate bias of 8 V. This indicates that the IGBT design is latch-up proof
because the latch-up current density is larger than the saturated collector current
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density at the reduced on-state gate bias voltage. Alternately, latch-up proof opera-
tion can be obtained at the expense of a larger on-state voltage drop by reducing the
channel density [39, 41]. However, it is worth pointing out that all IGBTs will
undergo latch-up of the parasitic thyristor if the temperature is sufficiently increased.

Simulation Example
The results of two-dimensional numerical simulations for the symmetric n-channel
IGBT structure with a deep P+ region and a diverter are discussed here to demon-
strate the latch-up proof operation of the IGBT structure. The edge of the diffusion
for the deep P+ region was moved to 4 μm to reduce the length LP while not altering
the channel doping profile. The output characteristic for the IGBT structure was
obtained using a gate bias of 8 V by sweeping the collector voltage to determine
whether the collector current exhibited the snap-back signature indicating latch-up of
the parasitic thyristor. It can be observed from Fig. 9.168 that this IGBT structure
enters the current saturation mode without the latch-up of the parasitic thyristor. The
on-state voltage drop for the latch-up proof structure was 1.49 V at a collector
current density of 100 A/cm2 at the gate bias of 8 V. The latch-up free operation of
the IGBT structure is therefore obtained at the penalty of higher on-state voltage
drop.

Fig. 9.167 Criterion for latch-up proof operation of the IGBT structure
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9.11 Safe Operating Area

The area of the current-voltage boundary within which a power device can be
operated without destructive failure is referred to as its safe operating area (SOA).
For most power devices, the maximum operating current density at low bias voltages
is limited by the temperature rise associated with the power dissipation. In the case of
the IGBT structure, the maximum collector current density at low collector bias
voltage is limited by the onset of the latch-up of the parasitic thyristor. At high
collector bias voltages and low current levels, the boundary of operation becomes
constrained by breakdown either within the device cell structure or at the edge
termination. For the IGBT structure, the open-base transistor breakdown voltage at
the edge termination usually limits the maximum operating voltage.

In reference to Fig. 9.89, it was pointed out that the current and voltage imposed
on the IGBT structure become simultaneously large during the turn-on and turn-off
switching events (at times t2 and t5 in the figure). The locus for these transients is
mapped in Fig. 9.169. During turn-on, the collector current density increases beyond
its on-state level due to the reverse recovery current from the flyback diode. During
turn-off, the collector voltages increase beyond the DC supply voltage due to voltage
generated across stray inductance. The IGBT structure must be capable of operating
without destructive failure over the entire area covered by these loci.

During the time when the IGBT structure is subjected to high current and voltage
simultaneously, a phenomenon called avalanche-induced second breakdown can
occur that leads to destructive failure. This phenomenon can be triggered during both
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the turn-on transient and the turn-off transient. During the turn-on transient, it is said
to limit the forward-biased safe operating area because the gate bias is turned
on. During the turn-off transient, it is said to limit the reverse-biased safe operating
area because the gate bias is turned off. These safe operating area boundaries are
different as discussed below.

9.11.1 Forward-Biased Safe Operating Area

The forward-biased safe operating area (FBSOA) for the IGBT structure limits the
loci for the current-voltage trajectories when the device is being turned on in a circuit
with an inductive load. Since the gate bias is applied during this mode of operation,
electrons are supplied into the N-base region by the channel of the MOSFET portion,
and holes are supplied to the N-base region by injection from the P+ collector region
for an n-channel IGBT structure. The high operating voltage is supported across a
space-charge region formed at the junction (J2) between the deep P+ region and the
N-base region. The electrons and holes move through the space-charge region at
their saturated drift velocities due to the high electric field. This physics of operation
was previously described under the current saturation mode in Sect. 9.6.

The concentrations of the holes and electrons in the space-charge region are given
by:

nSC ¼ Jn
qvsat, n

ð9:380Þ

pSC ¼ Jp
qvsat, p

ð9:381Þ

Fig. 9.169 Loci of operation of the IGBT structure during power switching
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where Jn and Jp are the electron and hole current components in the N-base region.
The net positive charge that determines the electric field profile in the space-charge
region is then given by:

Nþ ¼ ND þ p� n ¼ ND þ Jp
qvsat, p

� Jn
qvsat, n

ð9:382Þ

In the case of the IGBT structure, the hole current component is usually larger than
the electron current component. Since the saturated velocities for holes and electrons
are nearly equal in silicon, the hole concentration ( pSC) in the space-charge region
exceeds the electron concentration (nSC). Consequently, the net positive charge in
the current saturation mode becomes larger than the background donor concentra-
tion. This also enhances the electric field at the junction (J2) between the deep P+

region and the N-base region as previously illustrated in Fig. 9.67.
Solving for the avalanche breakdown voltage in the N-base region using the net

charge in the space-charge region with Baliga’s formula for impact ionization yields:

BVFBSOA ¼ 4:45� 1013

ðNþÞ3=4
ð9:383Þ

This breakdown voltage is smaller than the avalanche breakdown voltage deter-
mined by the background donor concentration. Since the net positive charge
increases with increasing collector current density, the breakdown voltage
(BVFBSOA) under current saturation decreases with increasing collector current
density. Since the avalanche current is amplified by the gain of the P-N-P transistor,
the FBSOA boundary is limited by the product of the current gain and multiplication
factor becoming equal to unity.

The maximum voltage that can be sustained by the IGBT structure in the current
saturation mode defines the forward-biased safe operating area. The output charac-
teristics were analytically derived in Sect. 9.6 for the three basic IGBT structures.
From the output characteristics shown in Fig. 9.72 for the symmetric IGBT structure
obtained by using the analytical model, it can be observed that the maximum
sustaining voltages are becoming smaller with increasing collector current levels
corresponding to larger gate bias voltages. The boundary of these curves defines the
safe operating area.

The safe operating area in the current saturation mode as defined by the three
limits is illustrated in Fig. 9.170 for the n-channel (red lines) and p-channel (blue
lines) IGBT structures. The latch-up limit for the p-channel IGBT structure is twice
the current density for the n-channel IGBT structure because the sheet resistance of
its N-base region under the emitter is smaller due to the larger mobility for
electrons. However, its SOA limit is much smaller because the electron current
dominates over the hole current within the wide P-base region of the p-channel
IGBT structure and the impact ionization coefficient for electrons is an order of
magnitude greater than that for holes (see Fig. 2.10). Since the breakdown in the
SOA mode shifts from the edge terminations to the cell structure where current
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transport is occurring, special effort must be used during design to suppress impact
ionization within the p-channel IGBT cell structure as discussed in a subsequent
section.

Simulation Example
The results of two-dimensional numerical simulations for the symmetric n-channel
and p-channel structures are discussed here to illustrate the forward-biased safe
operating area of the IGBT structure. The FBSOA limits for the IGBT structures
were obtained by sweeping the collector voltage using various gate bias voltages.
The output characteristics for the n-channel IGBT structure are displayed in
Fig. 9.171. It can be observed in the figure that this IGBT structure enters the
latch-up mode at large gate bias voltages and the breakdown mode at low gate
bias voltages. (The boundary for the latch-up current density gradually reduces with
increasing collector bias voltage due to the increasing gain for the P-N-P transistor.)
In between these modes, there is a small region where the SOA is limited by the
presence of mobile carriers within the space-charge region. The FBSOA limits are
indicated in the figure by using dashed lines.

The output characteristics for the p-channel IGBT structure are displayed in
Fig. 9.172. It can be observed in the figure that this IGBT structure enters the
latch-up mode at very large gate bias voltages. For most of the gate bias voltages,
the SOA is limited by the presence of mobile carriers within the space-charge region.
The FBSOA limits are indicated in the figure by using dashed lines.

Fig. 9.170 Forward-biased safe operating area for of the n- and p-channel IGBT structures
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9.11.2 Reverse-Biased Safe Operating Area

The reverse-biased safe operating area (RBSOA) for the IGBT structure limits the
loci for the current-voltage trajectories when the device is being turned off in a
circuit with an inductive load. Since the gate bias is switched off during this mode of
operation, all the current is maintained during the voltage risetime by hole current
flow through the N-base region in the n-channel IGBT structure. The high operating
voltage is supported across a space-charge region formed at the junction (J2) between
the deep P+ region and the N-base region. The holes move through the space-charge
region at their saturated drift velocities due to the high electric field. The physics of
operation for the turn-off mode was previously described in Sect. 9.7.4.

During turn-off with an inductive load, the concentration of the holes in the
space-charge region is given by:

pSC ¼ JC,ON
qvsat, p

ð9:384Þ

The net positive charge that determines the electric field profile in the space-charge
region is then given by:

Nþ ¼ ND þ p ¼ ND þ JC,ON
qvsat, p

ð9:385Þ

Since the net positive charge in the turn-off mode becomes larger than the back-
ground donor concentration, the electric field at the junction (J2) between the deep P

+

region and the N-base region is enhanced. The enhancement of the electric field in
the turn-off mode is larger than during the current saturation mode resulting in a
smaller RBSOA when compared with the FBSOA.

Solving for the avalanche breakdown voltage in the N-base region using the net
charge in the space-charge region with Baliga’s formula for impact ionization yields:

BVRBSOA ¼ 4:45� 1013

ðNþÞ3=4
ð9:386Þ

This breakdown voltage is smaller than the avalanche breakdown voltage deter-
mined by the background donor concentration. The breakdown voltage (BVRBSOA)
during turn-off decreases with increasing collector current density because of the
increasing net positive charge (N+). Since the avalanche current is amplified by the
gain of the P-N-P transistor, the RBSOA boundary is limited by the product of the
current gain and multiplication factor becoming equal to unity. The breakdown in
the RBSOA mode shifts from the edge terminations to the cell structure where
current transport is occurring. Consequently, special effort must be used during
device design to suppress impact ionization within the p-channel IGBT cell structure
as discussed at the end of this section.
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Even at collector bias voltages well below the breakdown voltage given by
Eq. (9.386), it has been found that the IGBT undergoes destructive failure if the
rate of change in the collector voltage during turn-off becomes large. This can be
attributed to the onset of latch-up due to the additional displacement current that
occurs during the turn-off process. The impact of the displacement current can be
performed using the capacitance of the junction (J2) between the deep P+ region and
the N-base region. Since there is no electron current component during the turn-off
process, the hole current due to injection from the P+ collector region becomes
uniform across the device cross section. The fraction of the hole current and the
displacement current that is flowing under the gate electrode is responsible for
forward biasing the N+ emitter/P-base junction leading to the latch-up of the parasitic
thyristor (Fig. 9.173).

The latch-up criterion which determines the RBSOA limit is then given by:

IP2 þ IDISP2ð ÞRB ¼ Vbi ð9:387Þ
In this expression, the hole current component is related to the initial on-state current
density:

IP2 ¼ JC,ONWGZ

2
ð9:388Þ

Fig. 9.173 Impact of
displacement current on the
RBSOA of the IGBT
structure
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where Z is the device dimension orthogonal to the cross section. Since the displace-
ment current acts as the base drive current for the P-N-P transistor, the displacement
current component in Eq. (9.387) is given by:

IDISP2 ¼ αPNP,0JDISP
1� αPNP,0ð Þ

WGZ

2
ð9:389Þ

The resistance of the P-base region, neglecting the portion with the deep P+

region, is given by:

RB � RB1 ¼ ρSPLP
Z

ð9:390Þ

The displacement current density is the largest during the beginning of the turn-off
transient due to the largest junction capacitance. Using this for a worst case analysis:

JDISP ¼ εS
WON

dVC

dt

� �
ð9:391Þ

whereWON is the initial depletion layer width in the on-state. This depletion width is
even smaller than the zero-bias depletion width for the N-base region due to the large
concentration of holes in the space-charge region in the on-state.

Combining these relationships yields an expression for the RBSOA limited
collector current density:

JRBSOA ¼ 2Vbi

ρSPLPWG
� αPNP,0 � εS

1� αPNP,0ð ÞWON

dVC

dt

� �
ð9:392Þ

This expression indicates that the RBSOA limited current density decreases if the
[dVC/dt] during the turn-off process increases. This phenomenon has been reported
in the literature [45–47] by varying the gate drive resistance to tailor the rate of
change of the collector voltage.

The RBSOA limit for the n-channel IGBT structure computed by using
Eq. (9.392) is plotted in Fig. 9.174 as a function of the [dVC/dt] during the turn-off
process. The parameters used for the device structure are a sheet resistance of 2150
for the P-base region, a length LP of 2 μm, and a gate width (WG) of 16 μm. The
space-charge layer width in the on-state was assumed to be 1 μm. From this figure, it
can be concluded that the RBSOA current density is degraded when the current gain
of the P-N-P transistor is larger.

At large collector bias voltages, avalanche multiplication can become significant
during the turn-off process. Since the IGBT structure is operating at a high current
density, the breakdown voltage in the cell area becomes reduced due to the presence
of a high concentration of holes as indicated by Eq. (9.386). The cell breakdown
voltage then becomes smaller than the breakdown voltage at the edge termination.
Under these conditions, the breakdown phenomenon shifts from the edges of the
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IGBT chip to the active area, and the breakdown voltage becomes influenced by
electric field crowding at the junctions of the cell structure.

A cross section of a p-channel IGBT structure is illustrated in Fig. 9.175. It can be
seen that a cylindrical junction forms at the corner of the N-base region at location A
if the linear cell topology shown in Fig. 9.163a is used for the polysilicon gate. This

Fig. 9.174 RBSOA limit for the n-channel IGBT structure due to high rate of change of collector
voltage

Fig. 9.175 Impact of cell
topology on RBSOA of the
p-channel IGBT structure
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junction curvature produces an enhancement of the electric field as discussed in
Chap. 3. The gate electrode fortunately behaves as a field plate mitigating some of
the electric field enhancement. Despite this, the RBSOA of the p-channel IGBT
structure with a linear cell topology becomes degraded by the junction curvature.
This effect can be particularly severe if the ends of the linear fingers are terminated
with sharp corners when a rectangular-shaped window is formed in the polysilicon
window at the ends of the fingers. This problem also occurs for the square cell
topology shown in Fig. 9.163b. A spherical junction is formed at the corners of the
polysilicon window degrading the breakdown voltage in the cell even further.

If the circular cell design shown in Fig. 9.163c is used for the p-channel IGBT, it
is equivalent to rotation of the cell around an axis located at the left-hand edge of the
cross section in Fig. 9.175. This creates additional curvature at the junction which
enhances the electric field at location A beyond that for the linear cell topology. In
contrast, if the A-L-L cell design shown in Fig. 9.163f is used for the p-channel
IGBT, it is equivalent to rotation of the cell around an axis located at the right-hand
edge of the cross section in Fig. 9.175. This produces a saddle junction which
reduces the electric field at location A below that for the linear cell topology. The
A-L-L cell topology has been demonstrated to provide an improvement in dynamic
latch-up current by a factor of two times for the p-channel IGBT structure when
compared with the linear cell topology [43]. This occurs in spite of a larger [dVC/dt]
for the IGBT structure with the A-L-L cell topology associated with its smaller input
capacitance.

9.11.3 Short-Circuit Safe Operating Area

The IGBT structure is used in power circuits to regulate the energy delivered to
various types of loads, such as the windings in a motor, from a DC power source.
Occasionally, a short circuit can form across the load as illustrated in Fig. 9.176
resulting in connecting the DC power source directly to the collector of the IGBT
structure, while its on-state gate bias is still turned on. It would be desirable to detect
the short-circuit condition and turn-off the IGBT using feedback to the IGBT control

Fig. 9.176 Circuit
illustrating short-circuit
operation of the IGBT
structure
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circuit before the device undergoes destructive failure. The time frame of the
feedback loop is about 10 μs. It is therefore desirable for the IGBT structure to
withstand the high saturated collector current flow corresponding to the on-state gate
bias voltage under short-circuit conditions while supporting the collector power
supply voltage. The capability of the IGBT structure to withstand the simultaneous
application of a high current and voltage for short time durations is referred to as its
short-circuit safe operating area (SCSOA).

The current flow in the IGBT structure becomes limited only by its saturation
current due to the absence of the load impedance during short-circuit operation as
illustrated in Fig. 9.177. The power being dissipated by the IGBT structure per unit
area (power density) during the short-circuit condition is therefore given by:

pD ¼ JC,SATVCS ð9:393Þ
where VCS is the collector DC supply voltage and JC,SAT is the saturation current
density determined by the gate bias voltage. If this power is assumed to heat the
entire volume of silicon (equal to the product of the thickness of the wafer (WSi) and
1 cm2 area) with no heat removal, the temperature rise is given by:

Fig. 9.177 Collector
current waveform and
temperature rise during the
short-circuited turn-off
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ΔT ¼ pDt

WSiCV
¼ JC,SATVCSt

WSiCV
ð9:394Þ

where Cv is the volumetric specific heat (1.66 J/cm3-oK for silicon). This expression
indicates that the temperature will rise linearly as a function of time, as illustrated in
Fig. 9.177, due to the constant power density during short-circuited operation. It is
believed that the IGBT structure can withstand this increase in temperature until it
reaches a critical value (TCR) when the built-in potential of the junction becomes
close to zero [48, 49]. The device then undergoes a thermal runaway process leading
to destructive failure. For silicon, the critical temperature is approximately 700 �K.
The IGBT structure does not undergo latch-up prior to reaching the critical temper-
ature because the time duration is insufficient to establish the feedback between the
internal transistors to produce the regenerative action of the parasitic thyristor.

The time duration over which the IGBT structure can withstand the short-circuit
condition can be derived from Eq. (9.394):

tSCSOA ¼ TCR � THSð ÞWSiCV

JC,SATVCS
ð9:395Þ

where THS is the initial (heat sink) temperature. From this expression, it can be
concluded that the SCSOA time becomes smaller as the collector supply voltage is
increased and as the saturated collector current is increased. As an example, if the
symmetric IGBT structure with a thickness of 210 μm is operating at a saturated
collector current density of 1000 A/cm2 with a collector supply voltage of 200 V, the
short-circuit withstand time is found to be 70 μs if the heat-sink temperature is
300 �K. In practice, the SCSOA time is much smaller because the entire volume of
silicon is not heated to the critical temperature due to the bottom of the wafer
remaining at the heat-sink temperature.

In the presence of a heat sink at the bottom (collector side for the IGBT structure)
of the device, the temperature varies from a maximum value at the upper surface to
the heat-sink temperature at the bottom. This temperature distribution can be ana-
lyzed by the thermal diffusion equation:

∂T
∂t

¼ DTH
∂2T

∂y2
þ QTH

Sv
ð9:396Þ

where DTH is the thermal diffusivity (0.9 cm2/s for silicon) and QTH is the power
generated per unit volume. A solution for the temporal temperature distribution that
satisfies this equation is:

T y; tð Þ � THS½ � ¼ RTtð Þe� y=LTð Þ ð9:397Þ
where LT is the thermal diffusion length (40 μm for silicon). The rate of increase in
temperature with time (RT) can be obtained from Eq. (9.394):
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RT ¼ dT

dt
¼ KTJC,SATVCS

WSiCV
ð9:398Þ

where the constant KT is introduced to account for the nonuniform temperature
distribution through the wafer thickness.

As an example of the temperature rise within the device, the temperature distri-
bution for a symmetric IGBT structure with wafer thickness of 210 μm obtained by
using Eq. (9.397) is provided in Fig. 9.178 for the case of short-circuit operation with
a saturated collector current density of 1000 A/cm2 and a collector supply voltage of
200 V. A value of 3.5 was used for the constant KT. It can be observed from this
figure that the maximum temperature occurs at the upper surface, while the bottom of
the wafer is held at 300 �K. Consequently, a much smaller volume of silicon is raised
to the higher temperatures making the SCSOA time smaller than that given by
Eq. (9.395).

The maximum temperature within the device structure occurs at the upper surface
(y ¼ 0) during the short-circuited turn-off process. The IGBT structure undergoes
thermal runaway when the maximum temperature reaches the critical temperature.
Using the above relationships, the time duration over which the IGBT structure can
withstand the short-circuit condition is given by:

tSCSOA ¼ TCR � THSð ÞWSiCV

KTJC,SATVCS
ð9:399Þ

As an example, if the symmetric IGBT structure with a thickness of 210 μm is
operating at a saturated collector current density of 1000 A/cm2 with a collector
supply voltage of 200 V, the SCSOA time is found to be 20 μs using this equation. If

Fig. 9.178 Temperature distribution within the symmetric IGBT structure during the short-
circuited turn-off process
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the collector bias voltage is increased to 400 V, the SCSOA time will be reduced to
10 μs. Alternately, if the saturated collector current density is increased to 2000
A/cm2 while maintaining a collector supply voltage of 200 V, the SCSOA time will
again be reduced to 10 μs.

The SCSOA for the p-channel IGBT structure has been found to be much worse
than that for the n-channel IGBT structure [49]. In the p-channel IGBT structure,
avalanche multiplication can be significant due to the larger impact ionization
coefficient for electrons moving through the space-charge layer. This reduces the
safe operating area for the p-channel IGBT structure.

Simulation Example
The results of two-dimensional non-isothermal numerical simulations for the sym-
metric n-channel structure are discussed here to illustrate the short-circuit safe
operating area of the IGBT structure. In order to suppress latch-up, the device
structure with a diverter region and a gate oxide of 250 Å was chosen. The
SCSOA limit for the IGBT structure was obtained by abruptly turning on the gate
for the device while maintaining a high collector voltage without any load. The
temporal behavior of the collector current was monitored to detect the onset of
thermal runaway. The result obtained with a saturated collector current density of
1000 A/cm2 (obtained at a gate bias of 6 V) and a collector supply voltage of 200 V
is provided in Fig. 9.179. It can be observed that the collector current remains
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Fig. 9.179 Short-circuit safe operating area for the symmetric n-channel IGBT structure with
diverter region
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approximately constant until 21 μs and then increases abruptly. The predictions of
the analytical model are consistent with this value for a value of 3.5 for the factor KT.
The maximum lattice temperature extracted from the simulations is shown in the
figure by the bold dashed line for this case. The maximum lattice temperature
increases linearly with time as predicted by the simple analytical model and reaches
700 �K at the onset of the thermal runaway process.

The collector current shown by the dashed lines in Fig. 9.179 is observed when
the collector supply voltage was increased from 200 to 400 V while keeping the
same gate bias voltage (6 V). The SCSOA time is reduced to about 12 μs, which is
approximately by a factor of 2 as predicted by the analytical model. When the gate
bias voltage was increased from 6 to 7 V, while maintaining a collector supply
voltage of 200 V, the SCSOA time is reduced to about 7 μs, which is inversely
proportional to the increase in collector current density by a factor of 2.2 as predicted
by the analytical model. The reduction of the saturated collector current during the
transient is associated with the reduction of the channel mobility due to the increase
in temperature at the top of the device structure.

The temperature distribution within the IGBT structure during the SCSOA
transient is provided in Fig. 9.180 for the case of collector bias voltage of 400 V
and a gate bias voltage of 6 V (corresponds to the transient shown by the dashed line
in Fig. 9.179). It can be observed that the temperature is largest near the upper
surface and decreases exponentially with depth as described by the analytical model
(see Fig. 9.178). The maximum temperature increases linearly with time and reaches
700 �K at 12.5 μs, at which point in time the device enters thermal runaway.
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9.12 Trench-Gate Structure

In the previous sections, the IGBT structures had planar-gate architectures. As in the
case of the power MOSFET structure, the performance of the IGBT device can be
improved by using a trench-gate structure [11]. Trench gates provide higher channel
density for the MOSFET portion in the IGBT structure while eliminating the JFET
resistance component. In addition, the free carrier concentration in the N-base region
near the emitter is enhanced. These phenomena produce a reduction of the on-state
voltage drop when compared with a planar device with the same blocking voltage
capability, especially for devices with high switching speed.

The trench-gate asymmetric n-channel IGBT structure is illustrated in Fig. 9.181.
The gate region is formed after the diffusion of the P-base and N+ emitter regions by
etching a trench using reactive-ion etching (RIE). The trench must have a depth
greater than the junction depth of the P-base region so that the channel formed on the
trench sidewalls can extend into the N-base region. The gate oxide is formed on the
surface of the trench followed by the deposition of polysilicon as the gate electrode.
The polysilicon is planarized to recess the gate electrode slightly below the silicon
surface. Contact windows are formed to the N+ emitter and P-base regions after
deposition of an inter-metal dielectric film. A higher concentration P+ region is
usually included in the middle of the mesa region during device fabrication to
improve the contact to the P-base region and suppress the latch-up of the parasitic
thyristor. The depth of the P+ region is usually less than that of the P-base region and
especially the depth of the trench to avoid creating a JFET effect. The vertical doping
profiles at the middle of the mesa region for the trench-gate device are similar to

Fig. 9.181 The trench-gate asymmetric n-channel IGBT structure
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those shown earlier in Fig. 9.7. The channel doping profile along the trench sidewalls
is also similar to that shown in Fig. 9.8 for the planar device, but the channel is
oriented along the vertical (y-direction) for the trench-gate structure.

9.12.1 Blocking Mode

The trench-gate IGBT structure contains the same set of junctions that are present in
the planar IGBT structure with a wide N-base region used to support high voltages.
The voltage is supported across the reverse-biased junction (J2) between the P-base
and N-base regions when a positive bias is applied to the collector electrode of the
trench-gate asymmetric IGBT structure with zero bias at the gate electrode. The
device can support a high voltage across this junction as limited by the breakdown
voltage of the wide-base P-N-P transistor as discussed previously in Sect. 9.4.4. The
design methodology described in Sect. 9.4 for the planar IGBT structure is also
applicable to the trench-gate structure.

One of the differences between the planar-gate IGBT structure and the trench-
gate IGBT structure is the formation of a sharp corner (at location A in Fig. 9.181)
within the N-base region due to the rectangular shape of the trenches. This produces
a localized enhancement of the electric field at location A, compared with the electric
field in the middle of the mesa at location B, when the device operates in the forward
blocking mode [50]. The high impact ionization at the sharp corner can degrade the
breakdown voltage. A commonly used solution to this problem is to use an RIE
process that can round out the trench corners [51]. Another approach suitable for
wide trenches is by the Local Oxidation of Silicon (LOCOS) process [52]. In
addition, the electric field in the gate oxide is larger for the trench-gate structure
when compared with the planar-gate structure. In spite of the enhanced electric field,
trench-gate IGBT products have been developed with good performance and
reliability [53].

Simulation Example
The results of two-dimensional numerical simulations for the asymmetric n-channel
structure with 1� 1016 cm�3 doped N-buffer layer are discussed here to illustrate the
operation of the trench-gate IGBT structure in the forward blocking mode. This
structure had a mesa width (WM) of 6 μm and a trench width (WT) of 1 μm. The gate
oxide thickness used was 500 Å. The N+ emitter region was formed by diffusion
from a boundary at 2 μm leaving 2 μm in the middle of the mesa for the contact to the
P-base region. The channel doping profile is similar to that previously shown in
Fig. 9.19 for the planar structure.

The blocking voltage capability was analyzed using various values for the
lifetime (τp0,τn0) in the N-base region. It can be observed from the characteristics
displayed in Fig. 9.182 that the blocking voltage capability increases when the
lifetime is reduced as predicted by the analytical model. However, the forward
blocking voltage for the trench-gate structure at a lifetime of 1 μs is reduced to
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1120 V when compared with 1340 V for the planar-gate structure (see Fig. 9.32) due
to the electric field enhancement at the corners of the trench. This illustrates the
importance of rounding the trench corners in practical devices. When the lifetime is
reduced to 0.1 μs, the forward blocking voltage for the trench-gate structure
improves to 1305 V.

The impact of the sharp trench corner, located in close proximity to the high-
voltage blocking junction in the trench-gate IGBT structure, can be observed using
the three-dimensional plot provided in Fig. 9.183. The largest electric field within the
device occurs at the trench corner. The evolution of the electric field near the trench
corner is shown in Fig. 9.184 where the profile is taken in the silicon along the y-
direction at 0.1 μm away from the trench sidewall. At a collector bias of 1200 V, the
electric field at the trench corner is twice as large as that at the P-N junction. This
significant enhancement of the electric field at the trench corner degrades the forward
blocking voltage by 220 V when compared with the planar-gate structure.

9.12.2 On-State Carrier Distribution

The on-state carrier distribution in the trench-gate asymmetric IGBT structure is
governed by the same high-level injection phenomena previously discussed in Sect.
9.5.2 for the asymmetric planar-gate structure allowing the use of the analytical
model for the free carrier distribution developed in the Sect. 9.5.4 for the asymmetric
structure. According to this analysis, the hole concentration has a maximum value at
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the P+ collector/N-base junction (J1) and reduces to zero at the P-base/N-base
junction (J2). However, in the trench-gate structure, the hole concentration under
the gate electrode is enhanced due to the formation of the accumulation layer as
illustrated in Fig. 9.37 producing a catenary carrier distribution like that observed in
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Fig. 9.183 Three-dimensional view of the electric field near the trench corner for the asymmetric
IGBT structure at a collector bias of 800 V
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a P-i-N rectifier. This enhanced carrier distribution under the gate electrode produces
superior conductivity modulation of the N-base region in the trench-gate IGBT
structure because the gate region extends into the N-base region below the P-base
region. This phenomenon has been called the injection-enhancement effect, and
IGBT structures with deep trench-gate regions have been relabeled as injection-
enhanced gate transistors (IEGTs) [12]. This obfuscation of the device nomenclature
creates unnecessary confusion because the basic phenomenon of carrier enhance-
ment under the gate electrode occurs in all IGBT structures, including the planar-
gate structures [54].

Simulation Example
The results of two-dimensional numerical simulations for the asymmetric n-channel
structure are discussed here to illustrate the free carrier distribution in the trench-gate
IGBT structure in the on-state. This structure had the same structural parameters
provided in the previous section. The on-state bias conditions are a collector current
density of 100 A/cm2 and a gate bias of 15 V. The hole distribution along the vertical
direction, obtained using the numerical simulations, is provided in Fig. 9.185 at two
locations along the y-direction. It can be observed from this figure that there is a
small enhancement of the hole concentration at the gate electrode.

9.12.3 On-State Voltage Drop

The on-state voltage drop for the trench-gate IGBT structure can be obtained by
using the methodology described earlier for the planar-gate structures:
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VON ¼ VPþN þ VNB þ VMOSFET ð9:400Þ
where VP+N is the voltage drop across the P+ collector/N-base junction (J1), VNB is
the voltage drop across the N-base region after accounted for conductivity modula-
tion due to high-level injection conditions, and VMOSFET is the voltage drop across
the MOSFET portion. Since the free carrier distribution is similar to that for the
planar-gate structure, the voltage drop associated with the first two terms in the
above equation can be obtained by using the solutions provided in Sect. 9.5.5.

In the trench-gate structure, the JFET region is eliminated. Consequently, the
voltage drop across the MOSFET portion includes contributions only from the
accumulation layer and the channel. These contributions are also reduced when
compared with the planar-gate structure due to the much smaller cell pitch of the
trench-gate structure. The voltage drop across the accumulation layer in the trench-
gate IGBT structure can be derived based upon the analysis for the power MOSFET
structure (see Eq. 6.66). However, it is necessary to account for the accumulation
layer formed along the vertical sidewalls and the bottom of the trench:

VACC ¼ JC � RA,SP ¼ JCKA tT � xJP þ WG=2ð Þ½ �WCELL

2μnACOX VG � VTHð Þ ð9:401Þ

The accumulation layer coefficient (KA) for the IGBT structure can be assumed to
have the same value (0.6) as for power MOSFET structures. The voltage drop across
the channel of the MOSFET portion can also be obtained by using the analysis for
the power MOSFET structure (see Eq. 6.63):

VCH ¼ JC � RCH,SP ¼ JCLCHWCELL

2μniCOX VG � VTHð Þ ð9:402Þ

As an example, the components of the on-state voltage drop determined by using
the above analytical model are provided in Fig. 9.186 for the case of the asymmetric
trench-gate IGBT structure with blocking voltage capability of 1200 V. The device
has an N-base width of 100 μm and an N-buffer layer with a thickness of 10 μm, a
gate oxide thickness of 500 Å, a trench depth of 4 μm, and a channel length of
1.5 μm. The mobility for electrons in the inversion and accumulation layer was
assumed to be 450 and 1000 cm2/V-s, respectively, (the same as those used for
analysis of power MOSFET structures in Chap. 7). The IGBT structure had a cell
width (WCELL) of 7.0 μm with a gate electrode width (WG) of 1 μm. The gate bias
and threshold voltages used were 15 and 5 V, respectively. From the figure, it can be
concluded that the voltage drop across the P+ collector/N-base junction is dominant
when the high-level lifetime is large (>2 μs). When the high-level lifetime is reduced,
the voltage drop across the N-base regions increases and becomes dominant for
lifetime value below 0.8 μs. A very rapid increase in the on-state voltage drop is
observed when the high-level lifetime is reduced below 0.5 μs. The on-state voltage
drop for the trench-gate IGBT structure is about 0.3 V smaller than for the planar-
gate structure due to elimination of the JFET resistance [50].
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Simulation Example
The results of two-dimensional numerical simulations for the trench-gate asymmet-
ric structure (described in the previous section) are discussed here to corroborate the
analytical model for the on-state voltage drop. The on-state voltage drop was
obtained at a current density of 100 A/cm2 at a gate bias of 15 V for various values
for the high-level lifetime. It was found that the on-state voltage drop increases
rapidly when the high-level lifetime is reduced below 0.5 μs. The on-state voltage
drops obtained from the numerical simulations are compared with those obtained
using the analytical model in Fig. 9.187. It can be observed that the analytical model
provides an accurate prediction of the on-state voltage drop.

9.12.4 Switching Characteristics

The switching characteristics for the trench-gate IGBT structure can be expected to
be very similar to the planar-gate structure because the carrier concentration profiles
in the on-state are similar for both cases (compare Fig. 9.51 (τHL ¼ 0.2 μs case) and
Fig. 9.185). Since the physics of the turn-off process is the same for both of the
structures, the turn-off time and turn-off energy loss analysis provided in Sect. 9.7.4
can also be applied to the trench-gate structure. The on-state voltage drop for the
shallow trench-gate IGBT structure is smaller than that of the planar-gate IGBT
structure, while its turn-off behavior is similar. Consequently, it can be concluded
that the trade-off curve for the trench-gate IGBT structure must be superior to that for

Fig. 9.186 On-state voltage drop for the shallow trench-gate asymmetric IGBT structure
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the planar-gate structure. A comparison of the trade-off curves, for the two types of
gate structures for the asymmetric IGBT structures with 1200 V forward blocking
capability, is provided in Fig. 9.188. It is apparent that the trench-gate structure has
lower overall power loss especially for applications operating at slower switching
speeds. This difference has been experimentally confirmed for IGBT structures with
various blocking voltage capabilities [48, 52].

9.12.5 Safe Operating Area

The fabrication process for the trench-gate IGBT structure allows reduction of the
length of the N+ emitter finger as well as an improvement in the path for the bipolar
current flow. This combination enables the design of devices that can be made
immune to the latch-up of the parasitic thyristor. As with all n-channel IGBT
structures, latch-up of the parasitic thyristor in the trench-gate IGBT structure occurs
when the voltage drop in the P-base region produced by the hole current flow
becomes equal to the built-in potential of the P-N junction. The hole current tends
to flow near the electron supply in order to satisfy charge neutrality as previously
discussed for the planar structure. The path for the removal of the hole current is
illustrated in Fig. 9.189 for the case of the trench-gate structure.
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Fig. 9.187 On-state voltage drop for the shallow trench-gate asymmetric IGBT structure
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Fig. 9.188 Comparison of the trade-off curve for the shallow trench-gate and planar-gate asym-
metric IGBT structures

Fig. 9.189 Current flow
within the trench-gate IGBT
structure
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The latch-up criterion for the trench-gate IGBT structure is:

IpRB ¼ Vbi ð9:403Þ
The hole current is equal to the product of the hole current density and the cell area
(WCELLZ ), where Z is the length of the IGBT cell orthogonal to the cross section in
the figure. The resistance of the P-base region is given by:

RB ¼ ρP LP
xJ,P � xJ,Nþð ÞZ ¼ ρSP LP

Z
ð9:404Þ

where ρSP is the pinch sheet resistance of the P-base region below the N+ emitter
region. In writing this expression, the resistance of the portion of the P-base region
with the P+ diffusion has been assumed to be negligible. The resistivity (ρP) and
doping concentration (NAP) of the P-base region that are appropriate for this expres-
sion are determined by only the portion of the p-type diffusion located below the N+

region. Combining these relationships provides an expression for the latch-up
current density:

JC,L Trench� Gateð Þ ¼ 2Vbi

αPNP,ONρSPLPWCELL
ð9:405Þ

For a typical P-base surface concentration of about 2� 1017 cm�3, required to obtain
a peak channel doping concentration of 1 � 1017 cm�3, the average doping concen-
tration (NAP) in the P-base region is 5 � 1016 cm�3. Typical values for the junction
depths of the P-base (xJ,P) and N

+ emitter region (xJ,Nþ) are 3 and 1 μm, respectively.
For these parameters, the pinch sheet resistance for the P-base region is found to be
2150 ohms/sq. For a 7 μm cell (WCELL) with a trench width of 1 μm and a diffusion
of the P+ region from a 1-micron-wide window in the middle of the mesa, the length
(LP) is 2 μm. Using these values, the latch-up current density obtained by using the
analytical model is 13,000 A/cm2 for a built-in potential of 0.8 V. This is an order to
magnitude greater than that of the planar-gate IGBT structure. This improvement in
latch-up current density for the trench-gate IGBT structure has been experimentally
confirmed [50].

Simulation Example
The results of two-dimensional numerical simulations for the trench-gate asymmet-
ric structure (described in the previous sections) are discussed here to corroborate the
analytical model for the latch-up current density for the trench-gate IGBT structure.
The latch-up was detected by sweeping the collector voltage while maintaining
various values for the gate bias voltage and looking for a snapback in the i-v
characteristics. From the results provided in Fig. 9.190, it can be observed that
latch-up occurs at a current density of about 13,000 A/cm2 when the gate bias is
either 15, 10, or 8 V. Based upon this value, it can be concluded that the analytical
model provides an accurate prediction of the latch-up current density. For the gate
bias of 7 and 6 V, the device exhibits current saturation up to a collector bias of 20 V
without latch-up. Due to the high channel density, the trench-gate IGBT structure
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can be operated at a gate bias of only 6 V with a low on-state voltage drop. It can
therefore be considered a latch-up-resistant design.

The analytical model for the latch-up current density is based upon the assump-
tion that the hole current is not uniformly distributed across the trench-gate IGBT
structure and flows close to the MOSFET channel. This phenomenon can be
corroborated by examining the current flow pattern in the trench-gate IGBT structure
prior to the onset of latch-up. The current flow lines in the device are shown in
Fig. 9.191 at a gate bias of 15 V and a collector bias of 5 V. From the boundaries
(dashed lines) for the P-N junctions shown in the cross section in the figure, it can be
seen that the length of the N+ emitter region is approximately 2 μm. It can be
observed that most of the current flows toward the channel formed on the vertical
sidewalls of the trench-gate structure. This justifies the worst case approximation
used in the analytical model, namely, that all the hole current within the cross section
flows under the N+ emitter region.

Due to the small cell pitch (WCELL) for the trench-gate IGBT structure, its channel
density is much larger than that for the planar IGBT structure. Although this is
beneficial for reducing the on-state voltage drop, the large channel density produces
very high saturated current levels in the trench-gate IGBT structure which degrades
the short-circuit withstand capability. The short-circuit withstand time for the trench-
gate IGBT can be computed using Eq. (9.399). For the asymmetric trench-gate IGBT
structure, the saturated collector current density at a gate bias of 6 V is about 6000
A/cm2. This can create problems during short-circuit operation due to the high-
power dissipation produced by the larger saturated current density [55]. The problem
is greater for the asymmetric structure, when compared with the symmetric blocking
structure, due to the smaller thickness of silicon used to support the voltage. The
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short-circuit withstand time predicted by using this saturated current density in
Eq. (9.399) is about 1 μs at a collector bias of 400 V. By reducing the gate bias to
1 V above the threshold voltage, the saturated current density can be reduced
extending the short-circuit withstand time to over 20 μs.

Simulation Example
The results of two-dimensional non-isothermal numerical simulations for the asym-
metric n-channel structure are discussed here to illustrate the short-circuit safe
operating area of the trench-gate IGBT structure. A gate bias of 4 V was chosen
for these simulations to suppress latch-up. The SCSOA limit for the IGBT structure
was obtained by abruptly turning on the gate voltage for the device while
maintaining a high collector voltage without any load. The temporal behavior of
the collector current was monitored to detect the onset of thermal runaway. The
results obtained with a saturated collector current density of 200 A/cm2 (obtained at
a gate bias of 4 V) and collector supply voltages of 200 and 400 V are provided in
Fig. 9.192. It can be observed that the collector current first increases gradually with
time and then increases abruptly when the lattice temperature (shown by the dashed
line) reaches 600 �K. The short-circuit withstand time obtained by using the analyt-
ical model is smaller than that observed with the simulations because the analytical
model does not account for the increasing saturated collector current density during
the transient.
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9.12.6 Modified Structures

The trench-gate IGBT structure enables reduction of the on-state voltage drop and
improvement of the latch-up current density. Several attempts have been made to
improve upon the performance of the basic trench-gate architecture with structural
modifications. Two of these cases are discussed in this section.

A cross section of the first modified trench-gate IGBT structure is illustrated in
Fig. 9.193. Here, a P+ diverter region has been added to the basic trench-gate IGBT
structure [56]. The diverter is located at the bottom of the trench but is connected to
the emitter electrode at a location orthogonal to the cross section as indicated on the
right-hand side of the structure in the figure. The diverter can be formed after the
trench is created by ion implantation of boron orthogonal to the wafer surface. The
primary purpose for inclusion of the diverter region is the same as that discussed in
Sect. 9.10.5 for the planar IGBT structure. Some of the hole current can be diverted
from flowing into the P-base region by the diverter. This allows improving the latch-
up current density. The presence of the P+ region around the trench corner prevents
high electric fields from developing at this location during the blocking mode but
degrades the on-state voltage drop due a JFET contribution in location A. The
diverter also shields the gate oxide from the high electric fields in the drift region
improving the reliability of the device.
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Another modified trench-gate IGBT structure that has been proposed is the
recessed-gate structure shown in Fig. 9.194 [57, 58]. The basic concept in the
recessed-gate structure is to eliminate the JFET resistance within the planar IGBT
structure while maintaining a MOSFET channel on the upper planar surface. With
this approach, the difficult planarization step required for the trench-gate
structure is avoided. Since the channel is formed on the upper surface, the threshold
voltage is controlled by the same process used to fabricate the DMOS planar-gate
structure.

Two variants of the recessed-gate structure are shown in Fig. 9.194 based upon
the location of the trench in relation to the P-base region. In the case shown in
Fig. 9.194a, the entire channel is formed on the upper surface with an accumulation
layer formed on the sidewall and bottom of the trench during the on-state. In the case
shown in Fig. 9.194b, the channel is partly formed on the upper surface and partly
formed along the trench sidewall. An accumulation layer is formed on the rest of the
sidewall and bottom of the trench during the on-state. The recessed-gate IGBT
structure has been demonstrated to have an on-state voltage drop slightly
larger than that of the trench-gate structure. Its latch-up current density is signifi-
cantly (~ 3 times) larger than for the planar-gate structure. Due to the larger cell
width (~ 20 μm) for the recessed-gate IGBT structure, its saturation current density is
smaller than that for the trench-gate structure (with cell width of ~ 7 μm).

Fig. 9.193 The trench-gate
IGBT structure with a
diverter region
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This produces a superior short-circuit withstand capability. The recessed-gate IGBT
structure provides a good compromise in performance between the planar-gate and
trench-gate structures while simplifying the fabrication process.

9.13 Blocking Voltage Scaling

Power devices with various blocking voltage ratings are required for different appli-
cations. For example, the rectified DC voltage from the 120 V AC rms voltage for
power distributed in the United States is 170 V making power devices with blocking
voltages of 300 V suitable after allowing for voltage spikes during the switching
events. For higher power appliances, it is commonplace to use a 220VAC rms voltage
source in the United States requiring an increase in the blocking voltage rating for the
power device to 600 V. In Europe and Asia, it is commonplace to use 440 V AC rms
voltage sources requiring a further increase in the blocking voltage rating for the
power device to 1200 V. For high-power applications, such as electric locomotives,
the voltage rating for the power device escalates even further to over 5000 V.

9.13.1 N-Base Design

One of the major advantages of the IGBT structure has been the ability to scale its
voltage blocking capability while maintaining good on-state voltage drop and
switching performance [5]. The rapid scaling up of the voltage ratings, and hence
the power ratings for IGBT devices, which was described in the introduction to this

Fig. 9.194 Recessed-gate IGBT structures
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chapter can be attributed to this feature. In the IGBT structure, the wide-base region
that supports the blocking voltage operates under high-level injection conditions
resulting in a drastic reduction of its resistance to on-state current flow. A low
on-state voltage drop can be maintained in the IGBT structure if the high-level
lifetime is increased as the voltage blocking capability is increased. This is accept-
able from an application viewpoint because the higher-voltage devices are used in
systems that operate at lower switching frequencies due to their higher operating
power levels.

The scaling of the drift region within n-channel symmetric IGBT devices with
different blocking voltage capabilities is illustrated in Fig. 9.195. The thickness and
resistivity of the drift regions shown in the figure are based upon experimental results
reported in the literature [59]. Both of these parameters for the N-base region must be
increased to achieve the desired blocking voltage capability based upon the open-
base transistor breakdown analysis for the IGBT structure. The values for the 1200 V
device match those used in the previous sections of this chapter for the symmetric
blocking IGBT structures.

Fig. 9.195 Symmetric IGBT structures with different blocking voltage ratings
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9.13.2 Power MOSFET Baseline

The voltage blocking capability of the power MOSFET structure can be increased by
using a thicker drift region with a reduced doping concentration. In the case of the
power MOSFET structure, this produces a very rapid increase in the on-resistance
due to unipolar operation as discussed in Chap. 6 (Sect. 6.7.2). The drift region
resistance becomes dominant for devices with blocking voltage capability in excess
of 200 V. The one-dimensional drift region resistance (see Sect. 6.1) can be obtained
using:

RON,Sp MOSFETð Þ ¼ 8:40� 10�9BV2:5 ð9:406Þ
In the case of the 300 V power MOSFET, the specific on-resistance for the optimized
cell design is about three times the one-dimensional drift region resistance (see
Fig. 6.41). When the blocking voltage is increased to 600 and 1200 V, the specific
on-resistance for the optimized cell design of the power MOSFET structure increases
to about 2 times and 1.5 times the one-dimensional drift region resistance (see
Fig. 6.50). Using these specific on-resistance values, the on-state voltage drop for
the power MOSFET can be computed by multiplying the specific on-resistance and
the on-state current density. Using an on-state current density of 100 A/cm2, the
on-state voltage drops for the power MOSFET structures with blocking voltage
capability of 300, 600, and 1200 V are found to be 3.9 V, 14.8 V, and 62.9 V,
respectively. These relatively high on-state voltage drops produce excessive power
losses in applications making the power MOSFET less than ideal as a power switch
despite its excellent switching speed.

9.13.3 On-State Characteristics

The change in the on-state characteristics for the symmetric IGBT structure can be
analyzed by using the analytical model developed earlier in Sect. 9.5.3. As the
voltage rating is increased, the increasing width of the N-base region results in an
increase in the voltage drop across the N-base region. This produces an increase in
the on-state voltage drop for the IGBT structure as shown in Fig. 9.196. The
characteristics shown in this figure were obtained by using a high-level lifetime of
20 μs. At an on-state current density of 100 A/cm2, the on-state voltage drop
increases from 1.05 V for the 300-V IGBT structure to 1.16 V for the 600-V
IGBT structure and 1.34 V for the 1200-V IGBT structure. These values are
substantially smaller than those for the power MOSFET structure with the difference
becoming much greater with increasing blocking voltage capability.
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The on-state operating point for power devices is usually constrained by the power
dissipation as determined by the packaging and heat sink. A typical on-state power
dissipation value for power devices is 100 W/cm2. The on-state operating point for
the devices can be determined by the intersection point between this power dissipa-
tion line (orange dotted-line in Fig. 9.196) and the on-state characteristics. For the
case of the IGBT structures, the on-state current density based upon this power
dissipation limitation is 95 A/cm2 for the 300-V structure, 85 A/cm2 for the 600-V
structure, and 75 A/cm2 for the 1200-V structure. Consequently, the active area
needed for IGBT structures with different voltage ratings does not change drastically.
In contrast, the on-state current density for the powerMOSFET structures based upon
this power dissipation limitation is 50A/cm2 for the 300-V structure, 25 A/cm2 for the
600-V structure, and 12.5 A/cm2 for the 1200-V structure. Consequently, the active
area needed for power MOSFET structures must be greatly increased with increasing
voltage rating.

It can be observed in Fig. 9.196 that the on-state i-v characteristics for the IGBT
structures with different voltage ratings cross over each other. This occurs because
the voltage drop across the N-base region is dominant at high current levels, while at
low current levels, the voltage drop across the P-N junction becomes dominant for
all the structures. The voltage drop across the P-N junction is dependent on the

Fig. 9.196 Comparison of the on-state characteristics of IGBT and MOSFET structures with
different blocking voltage ratings
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maximum injected hole carrier concentration (p0) at the P
+ collector/N-base junction

(see Eq. 9.77). At low on-state current levels, the maximum injected hole carrier
concentration obtained using the analytical model is larger for the devices with
smaller blocking voltage capability as shown in Fig. 9.197. Consequently, the lower
blocking voltage structures exhibit a higher on-state voltage drop at low current
levels.

Simulation Example
The results of two-dimensional numerical simulations for the symmetric structure
are discussed here to corroborate the analytical model for the on-state characteristics
of the IGBT structures with different voltage blocking capabilities. All the structures
had the same planar-gate structure with a cell pitch of 15 μm as described in previous
sections. The N-base region parameters were varied to obtain devices with the
different blocking voltage ratings. The N-base parameters were a thickness of
60 μm and resistivity of 10 Ω-cm for the 300-V structure, a thickness of 120 μm
and resistivity of 30 Ω-cm for the 600-V structure, and a thickness of 200 μm and
resistivity of 90 Ω-cm for the 1200-V structure. A high-level lifetime of 20 μs was
used in the N-base region for all three cases.

The on-state characteristics obtained using the simulations are shown in
Fig. 9.198 for the three structures. It can be concluded that the analytical model
accurately describes the on-state behavior as the blocking voltage is scaled by
comparison of this figure with the IGBT characteristics shown in Fig. 9.196.

Fig. 9.197 Maximum injected carrier concentration in IGBT structures with different blocking
voltage ratings
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The on-state voltage drop obtained from the simulations matches that obtained using
the analytical model. In addition, the slope of the i-v characteristics changes with
blocking voltage rating resulting in a crossover of the i-v characteristics as predicted
by the analytical model.

9.13.4 Trade-Off Curve

The impact of reducing the lifetime in the N-base region by electron irradiation has
been experimentally studied for symmetric IGBT structures with different voltage
ratings [59]. It was found that the on-state voltage drop for the 300-V structure does
not increase as rapidly as that for the 600-V and 1200-V structures when the lifetime
is reduced. This outcome is to be expected because of the smaller thickness of the
N-base region for the 300-V structure. The empirically derived trade-off plot
between the turn-off time and the on-state voltage drop for the devices with the
three voltage ratings is shown in Fig. 9.199. The on-state voltage drop in this plot
was obtained at an on-state current density of 230 A/cm2. Their on-state voltage drop
is far smaller than that of power MOSFET structures even after enhancing the
switching speed of the structures. The trade-off curve for the asymmetric IGBT
structure is even better than that of these symmetric blocking devices. This has made
the IGBT structure preferable for all high-voltage applications (above 200 V).
Excellent device characteristics have been reported for asymmetric IGBT devices
with a broad range of blocking voltage capabilities ranging from 300 V [60] to
6500 V [61].
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9.14 High-Temperature Operation

Power devices often encounter high ambient temperatures in their applications. Two
examples are the placement of IGBT devices within the housing for motors being
controlled by adjustable speed drives and the placement of IGBT devices in the base
of lamps being controlled by electronic ballasts. In addition, the power dissipation
generated within the IGBT structure during normal operation in a circuit produces an
increase in the temperature especially at the top of the device structure where the
channel is located. The performance of all power devices degrades with increasing
operating temperature. As an example, the on-resistance for the power MOSFET
structure increases by a factor of two times when the temperature increases by
150 �C (see Sect. 6.19). This increases the power loss within the device which
degrades the efficiency of the power circuit.

9.14.1 On-State Characteristics

One of the attributes of the IGBT structure is that its on-state voltage drop does not
increase rapidly with increasing temperature. At the same time, the IGBT structure
exhibits a positive temperature coefficient for the on-state voltage drop. This is a
desirable feature for power devices because it ensures good current sharing within
the chip as well as when chips are paralleled to handle larger currents. In order to

Fig. 9.199 Comparison of the trade-off characteristics of IGBT structures with different blocking
voltage ratings
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demonstrate this behavior, the on-state i-v characteristics obtained for the 1200-V
symmetric IGBT structure discussed in the previous sections are shown in Fig. 9.200
at three ambient temperatures. These characteristics were obtained by using the
analytical model developed earlier in Sect. 9.5.3. It is necessary to account for the
change in the intrinsic carrier concentration, the mobility, and the threshold voltage
in computing the change in the on-state characteristics with increasing temperature.

As the temperature is increased, the knee voltage for the IGBT structure decreases
due to an increase in the thermal voltage, while the differential resistance in the
portion above the knee becomes larger because of a decrease in the mobility
[38]. These phenomena have opposite influence on the on-state voltage drop.
Consequently, the on-state voltage drop reduces with increasing temperature at
low on-state current density, while it increases with increasing temperature at high
on-state current density. For the symmetric IGBT structure with 1200-V blocking
voltage capability, the on-state voltage drop is nearly independent of temperature at
an on-state current density of about 50 A/cm2. More importantly, the on-state
voltage drop has a mild positive temperature coefficient at the typical operating
on-state current density of 100 A/cm2. This ensures good current distribution within
the IGBT chip and allows paralleling of multiple devices to handle higher power
levels in applications.

The changes in the on-state i-v characteristics of the 1200-V symmetric IGBT
structure are compared with those for the 1200-V MOSFET structure in Fig. 9.201.

Fig. 9.200 Change in the on-state characteristics of the symmetric IGBT structure with increasing
temperature
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The specific on-resistance for the MOSFET structure increases by a factor of 3.5
times when the temperature increases from 300 �K to 500 �K. This greatly degrades
the current handling capability of the power MOSFET structure at high ambient
temperatures. In contrast, the on-state voltage drop for the IGBT structure increases
by only a small amount (~ 20%) allowing its operation at elevated temperatures.
Consequently, IGBT devices have been used to manufacture ballasts for compact
fluorescent lamps and in heat-sensitive applications such as controllers for space
heaters.

Simulation Example
The results of two-dimensional numerical simulations for the symmetric structure
are discussed here to corroborate the analytical model for the on-state characteristics
of the IGBT structure at elevated temperatures. This device had the planar-gate
structure with a cell pitch of 15 μm as described in previous sections. A high-level
lifetime of 20 μs was used in the N-base region for all three cases.

The on-state characteristics obtained using the simulations are shown in
Fig. 9.202 at the three temperatures. The on-state voltage drop increases slightly
with temperature in accordance with the analytical model. The on-state voltage drop
increases from 1.34 V at 300 �K to 1.40 V at 500 �K. This positive temperature
coefficient for the on-state voltage drop has been an important feature for the IGBT
structure because it favors uniform current distribution within chips and allows

Fig. 9.201 Comparison of the on-state characteristics of the 1200-V IGBT and MOSFET struc-
tures with increasing temperature
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paralleling of devices to obtain higher power ratings in applications. It can be
concluded that the analytical model accurately describes the on-state behavior as a
function of the temperature by comparison of this figure with the IGBT character-
istics shown in Fig. 9.201. Firstly, the on-state voltage drop obtained from the
simulations matches that obtained using the analytical model at all the three tem-
peratures. In addition, the slope of the i-v characteristics changes with temperature
resulting in a crossover of the i-v characteristics at a current density of 50 A/cm2 as
predicted by the analytical model.

9.14.2 Latch-Up Characteristics

One of the problems encountered with high-temperature operation of the IGBT
structure at elevated temperatures is the reduction of the latch-up current density
[62]. This phenomenon can be understood by examination of the temperature
dependence of the components of Eq. (9.350) that determines the latch-up current
density:

JC,L ¼ Vbi

αPNP,ONρSPLPWCELL
/ Vbi Tð ÞμpB Tð Þ

αPNP,ON Tð Þ ð9:407Þ

The temperature-dependent terms have been highlighted in the above equation for
discussion purposes. The built-in potential (Vbi) of the N+ emitter/P-base junction
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and the mobility of holes (μpB) in the P-base region decrease with increasing
temperature. The current gain of the P-N-P transistor tends to increase slightly
with increasing temperature due to an increase in the lifetime. The latch-up current
density computed by using the temperature dependence of the built-in potential and
the holes mobility is provided in Fig. 9.203. Here, the power coefficient for the
temperature dependence of the hole mobility was assumed to be�1.5 due to the high
doping concentration of the P-base region. From this plot, it can be observed that
these effects conspire to reduce the latch-up current density for the IGBT structure by
about a factor of 2–3 times when the temperature increases from 300 �K to 500 �K.
Consequently, the various latch-up suppression techniques described earlier in this
chapter must be vigorously utilized to suppress latch-up for IGBT structures
designed for high-temperature applications.

Simulation Example
The results of two-dimensional numerical simulations for the symmetric structure
are discussed here to corroborate the analytical model for the latch-up characteristics
of the IGBT structure at elevated temperatures. This device had the planar-gate
structure with a cell pitch of 15 μm as described in previous sections. A high-level
lifetime of 20 μs was used in the N-base region for all three cases. The latch-up

Fig. 9.203 Change in the latch-up current density of the symmetric IGBT structure with increasing
temperature
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characteristics obtained using the simulations are shown in Fig. 9.204 at three
temperatures. The latch-up current density decreases with temperature in good
quantitative agreement with the analytical model.

9.15 Lifetime Control Techniques

The switching speed of the IGBT structure is determined by the lifetime in the drift
region (wide N-base region for the n-channel device) as previously discussed in Sect.
9.7.4. The two basic methods for reducing lifetime in semiconductor devices are
either by introduction of a heavy metal impurity that produces deep levels in the
bandgap or by particle bombardment to create defects in the crystal [62]. Although
both techniques were originally developed and utilized to alter the characteristics of
bipolar power devices, only the particle bombardment process is practical for
application to MOS-gated devices. Heavy metal impurities segregate to the semi-
conductor surface during thermal processing. When they accumulate under the gate
oxide of devices such as the IGBT structure, the threshold voltage becomes very
large and nonuniform across the wafer. In contrast, a uniform distribution of defects
can be produced within the wafer by using electron or neutron bombardment with
the appropriate energy. However, these energetic particles damage the gate oxide
creating significant positive charge that can shift the threshold voltage by many
volts. Fortunately, it was discovered that the defects (and charge) produced in the
gate oxide can be removed by annealing at low temperature (between 150 and
200 �C) while preserving the defects created within the silicon [63]. This break-
through has allowed the precise and reproducible control of the lifetime in the IGBT
structures [64].
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9.15.1 Electron Irradiation

When first introduced as a new device concept, the slow switching speed of the
as-fabricated IGBT structure was considered to be a major limitation to its applica-
tion potential. The high lifetime in the devices when fabricated in a clean
manufacturing facility produce long collector current fall times resulting in high
switching power loss. This would have relegated the IGBT structure to applications,
such as off-line appliance controls, at frequencies below 1 kHz. Fortunately, the
electron irradiation process was found to provide a simple and precise method for
reducing the turn-off time for the IGBT structure allowing its utility for a broad range
of applications.

The results of measured changes in the turn-off time with increasing electron
irradiation dose are shown in Fig. 9.205 for the 600-V symmetric IGBT structure in
the case of an electron beam energy of 3 MeV [65]. The turn-off time for the IGBT
structure without any electron irradiation was 15 μs. It can be observed from this plot
that the turn-off time decreases with increasing electron irradiation dose in accor-
dance with the relationship:

1
tOFF

¼ 1
tOFF, i

þ KERϕER ð9:408Þ

where tOFF is the turn-off time after electron irradiation with a dose ϕER. In this
expression, tOFF,i is the initial turn-off time before electron irradiation and KER is the
electron irradiation damage coefficient. The damage coefficient extracted from the

Fig. 9.205 Controlling the turn-off time of symmetric IGBTs with 3 MeV electron irradiation
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data is 0.25 μs per MegaRad. It can be observed that the electron irradiation process
allows reducing the turn-off time over a broad range from over 10 μs down to
0.25 μs. The observed reduction of the turn-off time in inverse proportion to the
radiation dose, which can be accurately metered, allows precise control of IGBT
characteristics.

The reduction of the lifetime resulting from the electron irradiation can be
expected to produce an increase in the on-state voltage drop. The measured change
in the on-state voltage drop for the 600-V symmetric IGBT structure is shown in
Fig. 9.206 for the case of electron irradiation with an energy of 3 MeV [66]. The
on-state voltage drop shown in this figure was measured at an on-state current
density of 167 A/cm2. Using the data in Figs. 9.205 and 9.206, a trade-off between
the on-state conduction power loss and the turn-off power loss can be performed for
the IGBT.

9.15.2 Neutron Irradiation

An alternative process to electron irradiation for controlling the lifetime uniformly
within the silicon is by using high-energy neutron irradiation [66]. It has been
established that the neutron irradiation produces the same trade-off curve between
on-state voltage drop and turn-off time as electron irradiation. The neutron irradia-
tion is performed by exposing the silicon to the neutron flux emanating from the
U235 fission reaction. This requires access to a nuclear facility with cadmium

Fig. 9.206 Increase in the on-state voltage drop of the symmetric IGBT structure after 3 MeV
electron irradiation
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shielding of the silicon to avoid exposure to thermal neutrons. The devices cannot be
irradiated after mounting on headers because the packages become radio-active. It is
therefore not possible to test the devices prior to the irradiation. These restrictions do
not apply to electron irradiation which is performed using a Van-de-Graff generator.
Consequently, electron irradiation is preferred by the industry due to its simplicity
and lower cost.

9.15.3 Helium Irradiation

The uniform reduction of the lifetime within the IGBT structure is suitable for the
symmetric blocking structure. For the asymmetric structure, where the excess free
carriers are remnant only within the N-buffer layer during the current fall time if the
collector supply voltage is large, it is beneficial to reduce the lifetime selectively only
within the N-buffer layer. A selective reduction of the lifetime deep within the
silicon wafer can be obtained by using high-mass ions instead of low-mass electron
beams [67]. The concentration of defect centers is about five times greater at the peak
when compared with the regions closer to the surface. Consequently, the impact of
the ion bombardment in the N-base region above the N-buffer layer cannot be
neglected. Using deep-level transient spectroscopy (DLTS) measurements, it has
been found that ion bombardment produces the same deep levels as electron
irradiation within the silicon bandgap. However, the use of protons (hydrogen-
ions) can also introduce shallow donor levels within the silicon bandgap that can
alter the doping profile within the device. As in the case of ion implantation of
dopants into semiconductors, the maximum damage after ion bombardment occurs
at the range of the particle which is determined by its mass and energy. For the case
of a 1200-V IGBT structure, the N-buffer layer is located at a depth of 100–120 μm
below the upper surface. A range of 128 μm with a straggle of about 5 μm can be
achieved by using 18 MeV helium ions [68].

The trade-off curve between turn-off switching loss per cycle and the on-state
voltage drop for the 1200-V asymmetric IGBT structure has been empirically
obtained [69] for the case of helium and electron irradiation. The trade-off curves
are compared in Fig. 9.207 for the two methods of lifetime control. It can be
observed that lower losses can be obtained by using the helium bombardment to
locate most of the recombination centers in the N-buffer layer.

9.16 Cell Optimization

In Chap. 6, it was demonstrated that the specific on-resistance for the planar-gate
power MOSFET structure exhibits a minimum value when the width of the gate
electrode is increased. A similar phenomenon is observed for the planar-gate IGBT
structure, whose on-state voltage drop exhibits a minimum value as the width of the
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gate electrode is increased [25, 71]. It is also important to optimize the cell design of
the trench-gate structure by adjusting the mesa width and the trench depth [54, 55,
72, 73]. The impact of cell optimization on the IGBT characteristics is discussed
below. In spite of the improved performance that can be derived using the A-L-L cell
topology, the most commonly used cell topology during the design of planar-gate
IGBT structures is a linear cell topology. For this reason, the cell optimization
discussed below is based upon a linear cell topology for both the planar-gate and
trench-gate cases.

9.16.1 Planar-Gate Structure

For the planar-gate structure, the width of the polysilicon window is determined by
process considerations. The optimization of the cell design is performed by varying
the width of the gate electrode. The optimum value for the gate width at which the
minimum on-state voltage drop occurs can be derived by using the analytical models
developed in Sect. 9.5. As an example, the optimization of the gate width for the
planar-gate 1200-V symmetric IGBT structure is shown in Fig. 9.208. The physical
parameters for these devices were a polysilicon window of 16 μm, a gate oxide
thickness of 500 Å, a channel length of 1.5 μm, and a deep P+ region junction depth
of 5 μm. The gate drive voltage was assumed to be 15 V with a threshold voltage of
5 V. The mobility for electrons in the inversion and accumulation layers was
assumed to be 450 and 1000 cm2/V-s. The N-base region had a doping concentration

Fig. 9.207 Comparison of the trade-off curves for the 1200-V asymmetric IGBT structure after
helium and electron irradiation
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of 5 � 1013 cm�3 and thickness of 200 μm with a high-level lifetime of 20 μs. The
JFET region was assumed to have an enhanced effective doping concentration of
5 � 1015 cm�3. All of these parameters are the same as those used in previous
sections for the 1200-V planar-gate symmetric IGBT structure with a gate electrode
width of 16 μm. In the figure, the various components of the on-state voltage drop
are also shown to provide insight into the optimization of the design. From the
figure, it is apparent that the on-state voltage drop exhibits a minimum value at an
optimum gate electrode width of 20 μm. At gate widths below 13 μm, the on-state
voltage drop increases drastically due to the rapid increase in the JFET component.
With a narrow gate electrode width, it is common to see a snapback in the i-v
characteristics of the IGBT structure, which is undesirable from an application
viewpoint [69]. When the width of the gate electrode is increased beyond the
optimum value, the contributions to the on-state voltage drop (VCH and VACC)
from the MOSFET section (shown by the brown and purple lines in the figure)
become larger than that from the JFET region. This produces a gradual increase in
the on-state voltage drop with increasing gate width.

The optimization of the gate width for the planar-gate 1200-V symmetric IGBT
structure is shown in Fig. 9.209 when the high-level lifetime in the N-base region is
changed to 2 μs while keeping all the other device parameters the same as defined
above. In the figure, the various components of the on-state voltage drop are also
shown to provide insight into the optimization of the design. From the figure, it is
apparent that the on-state voltage drop exhibits a minimum value at the same
optimum gate width of 20 μm. This occurs because the MOSFET and JFET voltage
drop components are not altered by the change in the lifetime in this analytical

Fig. 9.208 Optimization of the on-state voltage drop of the 1200-V planar-gate symmetric IGBT
structure with a high-level lifetime of 20 μs in the N-base region
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model. The minimum value for the on-state voltage drop is larger than in the case of
a high-level lifetime of 20 μs because the voltage drop (VNB) across the N-base
region has increased when the lifetime was reduced. These results show that the
same optimum cell design can be used for IGBTs whose switching speed is altered
by using electron irradiation. This is convenient from the standpoint of manufactur-
ing these devices.

The optimization of the gate width for the planar-gate 600-V symmetric IGBT
structure is shown in Fig. 9.210 when the high-level lifetime in the N-base region is
20 μs while keeping all the other device parameters the same as defined above for the
1200-V structure. The N-base region had a thickness of 120 μm and a doping
concentration of 1.5 � 1014 cm�3 for the 600-V structure. In the figure, the various
components of the on-state voltage drop are also shown to provide insight into the
optimization of the design. From the figure, it is apparent that the on-state voltage
drop exhibits a minimum value at the same optimum gate width of 20 μm for the
600 V structure as in the case of the 1200 V structure. This occurs because the
MOSFET and JFET voltage drop components are not altered by the changes in the
N-base parameters in this analytical model. The minimum value for the on-state
voltage drop is smaller for the 600 V device than in the case of the 1200-V structure
because the voltage drop (VNB) across the N-base region has decreased for the 600-V
structure.

Based upon the above examples, it can be concluded that the same IGBT cell
design is adequate for all planar-gate devices even when the voltage rating or
switching speed is altered. This is in contrast to the power MOSFET structure,
where the optimum cell design is a strong function of the blocking voltage

Fig. 9.209 Optimization of the on-state voltage drop of the 1200-V planar-gate symmetric IGBT
structure with a high-level lifetime of 2 μs in the N-base region
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capability. In this context, the layout of IGBT structures is much simpler than that for
the power MOSFET structure.

For the planar-gate IGBT structure, it is necessary to monitor the change in the
latch-up current density during the cell optimization to ensure that it is adequate. For
the planar-gate structure, the latch-up current density is given by:

JC,L ¼ Vbi

αPNP,ONρSPLPWCELL
¼ Vbi

αPNP,ONρSPLP WPOLY þWGð Þ ð9:409Þ

Based upon this equation, it is apparent that the latch-up current density will reduce
as the width of the gate electrode (WG) is increased. This occurs because a larger
amount of collector current is collected from under the gate region and fed into the
P-base region producing a larger voltage drop across the N+ emitter/P-base junction.

As an example, the latch-up current density computed using the above equation is
shown in Fig. 9.211 for the case of a 1200-V IGBT structure. The polysilicon
window (WPOLY) was assumed to be 16 μm in size, and the length (LP) of the N+

emitter region beyond the edge of the deep P+ diffusion was assumed to be 2 μm. At
the optimum gate electrode width of 20 μm for achieving the lowest on-state voltage
drop, the latch-up current density is about 2500 A/cm2. This value is adequate for
suppressing latch-up during device operation even at elevated temperatures.

Fig. 9.210 Optimization of the on-state voltage drop of the 600-V planar-gate symmetric IGBT
structure with a high-level lifetime of 20 μs in the N-base region
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9.16.2 Trench-Gate Structure

As discussed previously in Sect. 9.12, the trench-gate structure is attractive for the
IGBT design because it enables a reduction of the on-state voltage drop when
compared with the planar-gate structure. This is especially true for devices with
high switching speed because the channel current component is larger. Using a
shallow trench depth, it was shown in Sect. 9.12 that the on-state voltage drop for the
trench-gate devices is about 0.3 V smaller than for the planar-gate devices due to
elimination of the JFET component of the on-state voltage drop. A further reduction
of the on-state voltage drop, especially for devices with fast switching speed, can be
obtained by optimizing the cell design for the trench-gate IGBT structure.

On-State Operation
In Sect. 9.12.2, it was pointed out that the hole carrier distribution for the n-channel
IGBT structure is enhanced under the gate electrode when compared with the hole
concentration in the mesa region. The enhancement of the conductivity modulation
of the N-base region can be maximized by making the mesa width small and the
trench depth large [72]. In this cell design, the hole concentration profile takes a
catenary shape from the P+ collector/N-base junction up to the bottom of the trenches
even under the mesa region. The concentration then rapidly falls to zero at the
P-base/N-base junction in the mesa region. With this carrier distribution, the voltage
drop across the N-base region can be analyzed using the equations developed for the
P-i-N rectifier in Sect. 5.1.3. However, it is necessary to account for a lower level of

Fig. 9.211 Impact of cell design on the latch-up current density for the symmetric 1200-V IGBT
structure
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conductivity modulation in the IGBT near its P-base region when compared with the
P-i-N rectifier near its cathode.

The on-state voltage drop across the trench-gate IGBT structure with the
enhanced free carrier concentration at the trench is given by:

VON ¼ VPN þ VNB þ VACC þ VCH ð9:410Þ
The voltage drop for the P/N junction in the P-i-N rectifier model is:

VPN ¼ kT

q
ln

p20
n2i

� �
ð9:411Þ

The voltage drop across the N-base region is given by:

VNB ¼ 4kT
q

WN

2La

� �2

ð9:412Þ

when the (d/La) ratio is less than 2, while it is given by:

VNB ¼ 6πkT
8q

e WN=2Lað Þ ð9:413Þ

when the (d/La) ratio is more than 2. Here, the voltage drop in the N-base region is
assumed to be twice that for the P-i-N rectifier because the concentration of free
carriers near the trench bottom is not as great as near the N+ region in the P-i-N
rectifier.

In the deep trench IGBT structure, the accumulation layer extends for the distance
between the bottom of the P-base region and the trench bottom surface. The voltage
drop across the accumulation layer is given by:

VACC ¼ JC,ON tT � xJPð ÞWCELL

2μnACOX VG � VTHð Þ ð9:414Þ

where tT is the trench depth. The voltage drop across the channel is given by:

VCH ¼ JC,ONLCHWCELL

2μniCOX VG � VTHð Þ ð9:415Þ

Due to the small cell pitch for this type of trench-gate IGBT structure, the contribu-
tions to the on-state voltage drop from the MOSFET portion is smaller than for the
planar-gate structure.

The on-state voltage drop obtained by using the above analytical model for the
deep-trench (injection enhanced) trench-gate IGBT structure is shown in Fig. 9.212
for the case of a 1200-V asymmetric blocking design. It can be observed that the
on-state voltage drop is reduced when compared with the shallow trench-gate IGBT
structure (see Fig. 9.186) at low lifetime values (below 0.5 μs). The injection-
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enhancement effect has therefore been utilized to fabricate IGBT devices with high
(4.5–6.5 kV) blocking voltages with low on-state voltage drops [73, 74].

Simulation Example
The results of two-dimensional numerical simulations for the 1200-V asymmetric
structure are discussed here to demonstrate the injection-enhancement effect in the
deep-trench IGBT structure. This device had a half-cell pitch of 1.5 μm with a
narrow mesa half-width of 1 μm. A trench depth of 10 μmwas chosen to produce the
injection-enhancement effect. The injected carrier distribution with the device at an
on-state current density of 100 A/cm2 obtained from the simulations is shown in
Fig. 9.213 for the case of different high-level lifetime values. It is evident that the
injection-enhancement effect is not discernable for high lifetime cases. An enhanced
concentration of holes is observed at a depth of 10 μm from the surface in the mesa
region only when the high-level lifetime is reduced to 0.2 μs. This enhanced
concentration for holes is not as large as that observed in the case of injection
from the N+ cathode region in P-i-N rectifiers. This increases the voltage drop across
the N-base region relative to that observed in a P-i-N rectifier.

The on-state voltage drops obtained from the numerical simulations are compared
with those predicted by the analytical solution in Fig. 9.214. From this plot, it can be
concluded that the analytical model provides an accurate value for the on-state
voltage drop for the deep trench IGBT structure because the impact of the enhanced
free carrier concentration at the bottom of the trenches has been accounted for by
using the modified P-i-N diode model for the voltage drop in the N-base region.

Fig. 9.212 On-state voltage drop for the deep-trench asymmetric 1200-V IGBT structure
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Fig. 9.213 Free carrier concentration in the 1200-V asymmetric IGBT structure with deep trench-
gate structure

Fig. 9.214 On-state voltage drop for the 1200-V asymmetric IGBT structure with deep trench-gate
structure
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Blocking Characteristics
Notwithstanding the lower on-state voltage drop that can be achieved using the deep
trench-gate structure for IGBT structures with high blocking voltage capability, there
are several drawbacks to taking this design approach. The first problem is that the
process for formation of trenches deeper than 5 μm with a small width suitable for
refilling with the polysilicon gate material is complex and expensive. The second
problem is that the extension of the trench deep into the N-base region produces an
enhancement of the electric field at the trench corners leading to a degradation of the
breakdown voltage as discussed in Sect. 9.12.1. However, the electric field enhance-
ment at the trench corners is ameliorated when the mesa width is made small as
required to produce the injection-enhancement phenomenon [71].

Simulation Example
The results of two-dimensional numerical simulations for the 1200-V asymmetric
structures are discussed here to examine the impact of the deep trenches on the
forward blocking capability of the IGBT structure. The deep trench structure had a
half-cell pitch of 1.5 μmwith a narrow half-mesa width of 1 μm and a trench depth of
10 μm, while the shallow trench structure had a half-cell pitch of 3.5 μm and a wider
half-mesa width of 3 μm with a trench depth of 4 μm. The forward blocking
characteristics for the two structures at 300 �K can be compared in Fig. 9.215 for
the case of a high-level lifetime of 0.2 μs. The deep trench structure exhibits a
smaller leakage current per micron of cell depth orthogonal to the cross section
because of its smaller cell pitch. However, the breakdown voltage for the deep trench
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structure is identical to that for the shallow trench structure. This occurs because the
electric field enhancement at the trench corners has been reduced by the small mesa
width.

The third problem is that the presence of deep trenches in the N-base region can
compromise the breakdown voltage at the edges of the chip. Even for devices with
shallow trench-gate structures, it is prudent to envelop the edges of the trenches at
the ends of the fingers by using a P+ diffusion that extends deeper than the trenches
[73]. This is feasible for trench depths of up to 5 μm. For the much deeper trenches
required to produce the injection-enhancement effect, the breakdown voltage will be
degraded at the edge termination unless very deep p-type diffusions with large
thermal budgets are employed during device fabrication.

Switching Performance
The presence of a higher concentration of free carriers in the vicinity of the deep
trenches can be expected to have an impact of the switching speed of the IGBT
structure. During the first phase of the turn-off process with an inductive load, the
stored charge at the P-base/N-base junction must be removed by the advancing
space-charge layer. The larger stored charge in the deep trench structure near the
bottom of the trenches can be expected to reduce the rate of increase in the collector
voltage during the voltage transient. Once the voltage has reached the collector
supply voltage, the current decay occurs by recombination in the N-buffer layer.
Since this process is the same as for the shallow trench-gate (and planar-gate) IGBT
structures, this portion of the transient for deep trench-gate structures can be
expected to be similar to the other structures.

Simulation Example
The results of two-dimensional numerical simulations for the 1200-V asymmetric
structure are discussed here to examine the impact of the deep trenches on the
switching behavior of the IGBT structure. The deep trench structure had a half-cell
pitch of 1.5 μm with a narrow mesa half-width of 1 μm and a trench depth of 10 μm,
while the shallow trench structure had a half-cell pitch of 3.5 μm and a wider mesa
half-width of 3 μm with a trench depth of 4 μm. The switching characteristics for the
two structures can be compared in Fig. 9.216 for the case of a high-level lifetime of
0.2 μs. The deep trench structure exhibits a longer collector voltage risetime due to
the larger stored charge near the trenches. The collector current fall time for the deep
trench structure is similar to that for the shallow trench structure because it is
controlled by recombination in the N-buffer layer for both devices.

Short-Circuit Capability
The short-circuit withstand capability for the IGBT structure is dependent upon its
saturated current density as discussed in Sect. 9.11.3. The channel density for the
deep trench-gate structure with narrow mesa regions is very large leading to a very
high saturated current density. This results in a poor short-circuit withstand capability
for the deep-trench structures [55]. In order to retain the injection-enhancement effect
while reducing the saturated current density, it is necessary to reduce the channel
density. One method to accomplish this is by increasing the trench width
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[55]. However, it is difficult to refill and planarized wide trenches making the
practical implementation of this approach problematic. A more process compatible
approach is to alter the trench-gate cell design to include mesa regions without the N+

emitter region [74] as shown in Fig. 9.217.
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Fig. 9.216 Comparison of the switching characteristics of the 1200-V asymmetric IGBT devices
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Deep trench-gate IGBT structures with narrow mesa widths require forming the
short between the N+ emitter and the P-base region selectively at locations orthog-
onal to the cross section as illustrated in Fig. 9.218. Only the upper portion of the
device structure is shown in this figure without the gate isolation and the emitter
metal layers. This approach to making the emitter short also decreases the channel
density. However, this has a minor impact on the on-state voltage drop and is
beneficial for reducing the saturated current for achieving better short-circuit with-
stand capability.

9.17 Reverse Conducting Structure

The basic IGBT structure contains back-to-back junctions which preclude current
flow in the third quadrant of device operation as discussed in Sect. 9.2. In typical
motor control circuits from a DC-bus power source, the IGBT structure needs only
forward blocking capability. In addition, it is commonplace to connect an antipar-
allel diode across the IGBT structure, as shown in Fig. 9.28, to carry the load current
during a part of the operating cycle. It is advantageous from a system standpoint to
integrate the reverse conducting diode within the IGBT structure to eliminate an
additional component in the system.

One approach to the integration of a lateral antiparallel diode is by addition of an
N+ region (for an n-channel IGBT structure) around the periphery of the chip outside
the edge termination. The N+ region is connected to the collector terminal while
packaging the device. This provides an additional path for current transport that can
be created for any of the IGBT structures discussed previously in this chapter.
Results have been reported by using this approach for the p-channel IGBT structure

Fig. 9.218 Three-
dimensional view of a deep-
trench IGBT structure with
emitter short orthogonal to
the cross section

1024 9 Insulated Gate Bipolar Transistors



[75]. Although simple from an implementation standpoint, this approach is ineffec-
tive for high current devices because the peripheral N+ region is located at a large
distance from the active regions in the middle of the chip. It is preferable that the
collector short is placed adjacent to the injecting junction located at the bottom of the
IGBT structure.

During the early stages of IGBT device development, the blocking voltage ratings
were limited to 1200 V. Such structures could be most conveniently constructed by
using epitaxial growth of the N-buffer and N-base layers on a thick P+ substrate. The
resulting asymmetric blocking structure has weak reverse blocking capability as
discussed in Sect. 9.4.5. The voltage drop across the asymmetric IGBT structure in
the third quadrant is too large for reverse conducting operation. One solution [76] for
integration of the flyback diode that is compatible with N-base regions formed by
epitaxial growth is illustrated in Fig. 9.219.

The heavily doped N+ buried layer is formed by ion implantation of phosphorus
at selected locations in the P+ substrate prior to epitaxial growth of the N-buffer
layer. The N+ buried layer creates a new junction (J4) within the IGBT structure
between two heavily doped regions of opposite conductivity type. Current can be
transported across this junction by the tunneling phenomenon producing an ohmic
characteristic that allows reverse conducting current to flow through the structure.
The reverse conducting diode formed using this approach is indicated in the figure
by the dashed box. The switching speed of the IGBT structure is also improved by
the presence of the collector shorts. During the turn-off process, these regions enable
the trapped electrons in the N-buffer layer to be transported via the N+ buried layer
into the P+ collector without undergoing recombination. Experimental validation of
the use of an N+ buried layer to create a faster switching device has been accom-
plished for IGBT structures capable of supporting 600 V [77]. A reduction in total
power losses by 12% was observed at a switching frequency of 15 kHz.

Fig. 9.219 Epitaxial IGBT structure with reverse conduction capability
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Device structures based upon using bulk n-type starting material became feasible
when the voltage ratings for the IGBT structure were scaled above 1200 V. The
formation of an IGBT structure with reverse conduction capability is relatively
straightforward in this case by patterning the P+ collector diffusion on the backside
of the wafer. The zones between the P+ collector regions are heavily doped with an
n-type impurity as shown in Fig. 9.220 to enable forming ohmic contacts to the N+

region by the backside metal. The reverse conducting diode formed at the collector
shorts is indicated in the figure by the dashed box. In this implementation, no
additional junctions are formed allowing good current conduction via the diode.

The addition of the collector short introduces a unipolar MOSFET current
conduction path within the IGBT structure during on-state operation as shown by
the purple arrows in Fig. 9.220. When the gate bias is applied, electron current can be
transported from the N+ collector shorting region through the N-base region and the
MOSFET channel. This path has a high resistance due to the low doping concen-
tration and large thickness of the N-base region resulting in relatively low collector
current levels. As the collector bias is increased, the lateral unipolar current flow
through the resistance (RNB) of the N-base region produces a forward bias across the
P+ collector/N-base junction (J1) at the middle of the P+ collector regions. When this
forward bias exceeds the built-in potential of the junction, injection of holes begins
to occur at the middle of the P+ collector/N-base junction (J1) leading to the IGBT
mode of operation. The IGBT current path is shown by the green arrows in
Fig. 9.220. The IGBT current flow is accompanied by conductivity modulation of
the N-drift region. This can produce a snapback in the on-state characteristics.

The i-v characteristics of the shorted-collector IGBT structure can exhibit a
snapback [78], as illustrated in Fig. 9.221, due to the transition from the MOSFET
mode to the IGBT mode as the collector current level increases. With a high collector

Fig. 9.220 IGBT structure with reverse conduction capability using bulk drift layer
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shorting density, the resistance in the initial MOSFET mode is smaller, and the
device has difficulty entering the IGBT mode until relatively large collector bias
voltages are applied. Once the injection from the P+ collector/N-base junction begins
to occur, the conductivity modulation of the N-base region greatly reduces its
resistance producing a snapback in the i-v characteristics. The low injection effi-
ciency of the P+ collector/N-base junction at the on-state current density produces
reduced hole concentration in the N-base region resulting in a large on-state voltage
drop. For a low shorting density, the snapback is not observed, but the on-state
voltage drop is larger than for an IGBT structure without the collector short and the
same lifetime in the N-base region [79]. Since the collector short improves the
switching speed, the lifetime in the N-base region for this IGBT structure is usually
not reduced. However, in order to achieve the same switching speed for the
un-shorted IGBT structure, it is necessary to reduce the lifetime. The on-state
characteristic for the IGBT structure with reduced lifetime is shown by the orange
line in the figure. Its on-state voltage drop can be equivalent or even larger than that
of the shorted-collector structure.

As in the case of other bipolar devices with shorts across the injecting junction
(such as the GTO structure), the presence of the collector short in the IGBT structure
suppresses the injection of holes from the P+ collector/N-base junction during
on-state operation. This increases the on-state voltage drop for the structure. How-
ever, the smaller injected stored charge and the faster removal of free carriers from
the N-base region via the collector short reduce the turn-off power loss. A trade-off
curve between the on-state voltage drop and the turn-off energy loss can be gener-
ated for the shorted-collector IGBT structure by adjusting the density of the shorts.
This method for improving the performance of the IGBT structure has been

Fig. 9.221 Impact of
collector shorting density on
on-state characteristics for
the IGBT structure
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experimentally confirmed [80]. By adjusting the collector short density between 5%
and 30%, the turn-off losses could be reduced by 69%. The application of this
concept to produce an IGBT structure with an integrated reverse conducting diode
has also been experimentally demonstrated [78] more recently.

The forward blocking characteristics of these structures is also superior to those
of the symmetric and asymmetric blocking structures. The presence of the collector
short reduces the injection efficiency of the P+ collector/N-base junction to zero at
the relatively low leakage currents that flow during the forward blocking mode.
Consequently, the gain of the P-N-P transistor is essentially zero during the forward
blocking mode making the leakage current equal to the space-charge generation
current and the breakdown voltage that of a diode.

Simulation Example
The results of two-dimensional numerical simulations for the 1200-V symmetric
structure are discussed here to examine the impact of the collector short on the
behavior of the IGBT structure. The structural parameters for the device are the same
as those described in previous sections. The lifetime (τp0, τn0) in the 200 μm thick
N-base region for the shorted-collector structure was 10 μs. The collector short was
formed on the bottom of the N-base region by using N+ regions with a junction depth
of 2 μm. The N+ regions were located directly below the deep P+ diffusion in the
IGBT cell and had a total width of 2 μm in the 15 μm half-cell used for the
simulations. For comparison purposes, the results of numerical simulations for the
un-shorted IGBT structure are included in this discussion. The lifetime in the N-base
region for this structure was adjusted until its on-state voltage drop matched that for
the shorted-collector structure. The value for the lifetime (τp0, τn0) was found to be
0.45 μs.

The forward blocking characteristic for the shorted-collector IGBT structure is
compared with that for the un-shorted structure in Fig. 9.222. It can be seen that the
leakage current for the shorted-collector structure is 40 times smaller than that for the
un-shorted structure at a collector bias of 800 V. This is partly due to the smaller
lifetime (by a factor of 22 times) for the un-shorted structure and partly due to the
reduction of the gain of the P-N-P transistor to zero in the shorted structure at the low
leakage current levels because its emitter is shorted to the base region.

The on-state characteristics for the shorted-collector IGBT structure are shown in
Fig. 9.223 together with those for the un-shorted structure. In the case of the
un-shorted structure, the on-state characteristics are shown for a lifetime equal to
that for the un-shorted structure (solid line) as well as when the lifetime is reduced to
match the on-state voltage drop of the shorted structure (dashed line). It can be
observed that the shorted-collector structure operates in a MOSFET mode with small
current flow until the collector bias voltage reaches 3 V. The device then enters the
IGBT mode where the current increases very rapidly due to modulation of the
N-base region. In comparison, the IGBT structure without the collector shorts has
a smaller off-set (knee) voltage and lower on-state voltage when the lifetime in the
N-base region is the same as that for the un-shorted structure (10 μs). However, when
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the lifetime is reduced to 0.45 μs, the on-state voltage drop for the structure without
the collector shorts matches that of the shorted-collector structure.

The free carrier distribution within the IGBT structure during operation in the
on-state provides insight into the operating physics. Three-dimensional views of the
distribution of holes in the on-state are shown in Figs. 9.224 and 9.225 for the
un-shorted and shorted-collector IGBT structures, respectively. In the un-shorted
structure, the hole concentration at the P+ collector/N-base junction is homogeneous
across the cell. In contrast, the hole concentration goes to zero at the N+ collector
short for the shorted-collector IGBT structure. By comparison of the two plots, it can
be observed that the hole concentration in the shorted-collector structure is five times
smaller than in the un-shorted structure at the P+ collector/N-base junction. This
occurs because of the reduction of the injection efficiency of the P+ collector/N-base
junction due to the introduction of the collector short. The turn-off time for the
shorted-collector structure is reduced due to the smaller stored charge in the N-base
region.

The impact of the collector short on the switching characteristics of the IGBT
structure can be observed in Fig. 9.226. The characteristics for the shorted-collector
structure are shown by the solid lines, while those for the un-shorted structure with a
lifetime of 0.45 μs are shown by the dashed lines. The collector voltage risetime for
the two structures is nearly identical. The collector current fall time for the shorted-
collector structure is much smaller (0.27 μs) than for the un-shorted structure
(0.95 μs) despite the far larger lifetime in the N-base region. This confirms the
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removal of the stored charge from the N-base region via the short during the turn-off
process.

The conduction characteristic of the integral diode in the shorted-collector IGBT
structure was obtained using the numerical simulations with negative bias applied to
the collector. The gate bias was kept at zero to turn-off the path through the
MOSFET channel. The integral diode exhibits a relatively large on-state voltage
drop as can be observed in the i-v characteristics shown in Fig. 9.227 in spite of the
large lifetime in the N-base region. This is due to the small area (13%) for the N+

region used as the collector short. The on-state voltage drop of the diode can be
reduced by increasing its relative area within the IGBT structure.

9.18 Soft Switching

It was shown in previous sections that large switching losses are observed for IGBTs
during hard switching with an inductive load. These high switching losses limit the
maximum operating frequency for the IGBT in applications and reduce the system
efficiency. The soft-switching approach was developed to reduce the switching
losses allowing IGBT operation at higher frequencies [81]. A reduction of the
switching losses by a factor 10–20 times has been obtained with this circuit
topology.

The basic circuit for achieving soft switching of the IGBT during turn-off makes
use of a large snubber capacitor connected in parallel with the IGBT as shown in
Fig. 9.228. The inductor (load) current is initially flowing through the IGBT before
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its gate voltage is turned off. The current transfers from the IGBT to the snubber
capacitor when the gate voltage of the IGBT is switched to zero. The voltage across
the snubber capacitor, which is also the collector voltage of the IGBT, then increases
linearly with time:

dVC

dt

� �
¼ IC,ON

CSS
¼ a ð9:416Þ

The resulting collector voltage waveform is illustrated in Fig. 9.229.
The hole carrier distribution in the asymmetric IGBT structure in the on-state is

given by:

p yð Þ ¼ pWNBþ 1� y

WN

� �
ð9:417Þ

if recombination in the N-base region is neglected. This linear hole carrier distribu-
tion is shown in Fig. 9.230. The concentration pWNBþ can be related to the collector
current by using Eq. (9.97) combined with Eq. (9.93). This concentration is propor-
tional to the on-state collector current density (JC,ON).

During turn-off, the voltage across the IGBT is supported by the formation of a
space-charge layer with width WSC as shown in Fig. 9.230 which increases in size
due to the linearly increasing collector voltage. The hole concentration at the
boundary between the space-charge layer and the conductivity-modulated region is
given by:

Fig. 9.228 Soft-switching circuit for the IGBT
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Fig. 9.229 Soft-switching
waveforms for the IGBT

Fig. 9.230 Hole concentration and electric field distributions for inductive load turn-off with soft-
switching conditions in an asymmetric IGBT structure
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pe tð Þ ¼ pWNBþ
WSC tð Þ
WN

� �
ð9:418Þ

Based upon the charge control principle, the collector current flow after the turn-off
is related to the charge removed by expansion of the space-charge layer:

JC tð Þ ¼ qpe tð Þ dWSC tð Þ
dt

� �
¼ qpWNBþ

WSC tð Þ
WN

� �
dWSC tð Þ

dt
ð9:419Þ

The space-charge layer width is also related to the collector voltage by:

WSC tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSVC tð Þ

qND

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2εS a t
qND

s
ð9:420Þ

Using this expression and its derivative in Eq. (9.419) yields:

JC tð Þ ¼ pWNBþ εS
WNND

dVC

dt

� �
¼ JC,B ð9:421Þ

This equation predicts a constant value (JC,B) for the collector current during the
turn-off transient when the collector voltage is increasing linearly with time. This
result of an approximately constant collector current, called a collector tail bump, has
been experimentally observed [82, 83] for IGBTs under soft-switching conditions.

The analytical solution predicts an increase in the collector bump current with
increasing [dV/dt]. This has been experimentally observed [81]. In addition, the hole
concentration pWNMþ increases in proportion to the collector current density
according to Eqs. (9.93) and (9.97). Consequently, the analytical solution predicts
that the collector bump current is proportional to the magnitude of the on-state
collector current density. This has also been experimentally observed.

The duration of the collector current bump is determined by the time taken for the
space-charge layer width becoming equal to the width (WN) of drift region. This
occurs at a collector voltage given by:

VC,PT ¼ qND

2εS
W2

N ð9:422Þ

The time duration for the collector bump current can be obtained using:

tPT ¼ VC,PT

a
¼ VC,PTCSS

aA JC,ON
¼ VC,PTCSS, sp

a JC,ON
ð9:423Þ

where A is the active area of the IGBT. CSS,sp is defined as a specific capacitance to
allow using the device on-state current density for convenience.

The space-charge layer stops expanding when it reaches the buffer layer. The
holes remaining in the buffer layer then decay by recombination. The collector
current then obeys:
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JC tð Þ ¼ JC,B e
�t=τNB ð9:424Þ

The resulting collector turn-off waveform is shown in Fig. 9.229.
The turn-off energy loss can be obtained for the collector voltage and current

waveforms:

EOFF ¼
ðtPT
0

JC tð ÞVC tð Þdt ð9:425Þ

Using Eq. (9.421) for the collector current and a linearly increasing collector voltage
with time at the rate given by the ramp rate (a):

EOFF ¼ a2 pWNBþ εS
2WNND

t2PT ¼ pWNBþεS
2WNND

V2
C,PT ð9:426Þ

by using Eq. (9.423). According to this equation, the energy loss per turn-off cycle is
independent of the voltage ramp rate and consequently the magnitude of the snubber
capacitance as long as it is sufficient to ensure soft switching. It has been experi-
mentally observed [82] that the energy loss per turn-off cycle decreases for small
values of the snubber capacitor and then becomes independent of the snubber
capacitance. The analytical solution also predicts an increase in turn-off energy per
cycle in proportion to the collector current density because the hole concentration
pWNBþ is proportional to the on-state collector current density. This behavior has
also been experimentally observed for IGBTs turned off under soft-switching
conditions [82, 83]. The analytical solution predicts an increase in turn-off energy
loss per cycle when the collector punch-through voltage increases. The same equa-
tion can be used if the collector voltage is kept below the punch-through voltage. In
this case, the turn-off energy loss per cycle will increase with increasing collector
voltage. This has been observed in IGBTs with 6.5 kV rating [83]. It is worth
pointing out that the turn-off energy loss per cycle can be reduced by decreasing
the hole concentration pWNBþ. This can be achieved by increasing the doping
concentration and thickness of the buffer layer at the detriment of a higher on-state
voltage drop.

9.19 Summary

The IGBT was originally developed to replace the bipolar transistor in motor control
applications. Immediately after the fabrication of the first prototypes, it was apparent
that the superior on-state characteristics and simple gate drive requirements for the
IGBT structure would greatly reduce the size and cost of the motor control system.
The ability to suppress the latch-up of the parasitic thyristor in the IGBT structure
and control its switching speed over a broad range were critical breakthrough events
to making the device a viable candidate as a power switch. The displacement of
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bipolar power transistors by the IGBT devices was accomplished in a remarkably
short time frame because the IGBT structure could be manufactured using the
existing power MOSFET process.

It was initially conjectured that the IGBT structure would be limited to blocking
voltages below 2000 V because MOS-gated thyristors would offer superior trade-off
curves between on-state voltage drop and switching losses [5]. However, the opti-
mization of the IGBT structure, together with the introduction of the trench-gate
design, has made the device competitive at much higher voltages. The excellent
current saturation capability of the IGBT structure, which cannot be provided by
MOS-gated thyristors, is now considered an essential characteristic from an appli-
cations perspective. Due to its attractive characteristics, the IGBT structure has been
scaled to blocking voltages above 5000 V and has already replaced the gate turn-off
thyristor in traction applications. The IGBT has now been applied even to power
distribution systems called HVDC light because it enables voltage source converters
which cannot be created using thyristors. Due to its excellent overall performance,
the IGBT structure is now the predominant power switch technology for applications
that operate from power sources with voltages above 200 V (see Fig. 1.2). The IGBT
has become the dominant semiconductor power device technology for all medium-
and high-power applications [84]

Problems

9.1 Determine the doping concentration and width of the N-base region (drift
region) for a planar-gate symmetric n-channel IGBT structure to obtain a
blocking voltage of 600 V. The lifetime (low-level, high-level, space-charge
generation) in the N-base region is 1 μs. Minimize the width of the N-base
region within the nearest 5 μm. Provide the values for the depletion width, the
base transport factor, and the multiplication factor for the P-N-P transistor at
the breakdown condition.

9.2 What is the leakage current density for the planar-gate symmetric n-channel
IGBT structure designed in Problem 9.1 at 400 �K when it is supporting
100 and 400 V?

9.3 Determine the width of the N-drift region for a planar-gate asymmetric
n-channel IGBT structure to obtain a blocking voltage of 600 V if its doping
concentration is 1 � 1013 cm�3 assuming that punch-through breakdown
voltage conditions are applicable.

9.4 What is the thickness of the N-buffer layer required to prevent open-base
transistor breakdown in the planar-gate asymmetric IGBT structure designed
in Problem 9.3 if its doping concentration is 1� 1017 cm�3? Assume that this
width is the sum of the depletion region width in the buffer layer and
one-diffusion length for minority carriers. The lifetime (low-level, high-
level, space-charge generation) in the N-drift region is 1 μs. Scale the lifetime
for the N-buffer layer based upon its larger doping concentration. Round up
your width to the nearest 5 μm.

9.5 What is the leakage current density for the planar-gate asymmetric n-channel
IGBT structure designed in Problem 9.4 at 400 �K when it is supporting
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100 and 400 V if the lifetime (low-level, high-level, space-charge generation)
in the N-drift region is 1 μs?

9.6 Determine the on-state voltage drop at an on-state current density of
100 A/cm2 for the planar-gate symmetric n-channel IGBT design in Problem
9.1 using the one-dimensional P-i-N/MOSFET model. Use the following
parameters: (a) Da of 15 cm2/s, (b) cell pitch of 16 μm, (c) channel length
of 1.5 μm, (d) inversion mobility of 450 cm2/V-s, (e) accumulation mobility
of 1000 cm2/V-s, (f) gate oxide thickness of 500 Å, (g) gate bias of 15 V, and
(h) threshold voltage of 5 V.

9.7 Determine the on-state voltage drop at an on-state current density of
100 A/cm2 for the planar-gate asymmetric n-channel IGBT design in Problem
9.4 using the one-dimensional P-i-N/MOSFET model. Use the following
parameters: (a) Da of 15 cm2/s, (b) cell pitch of 16 μm, (c) channel length
of 1.5 μm, (d) inversion mobility of 450 cm2/V-s, (e) accumulation mobility
of 1000 cm2/V-s, (f) gate oxide thickness of 500 Å, (g) gate bias of 15 V, and
(h) threshold voltage of 5 V.

9.8 Compare the on-state voltage drops for the above IGBT designs to that for a
planar-gate power MOSFET structure designed to support 600 V using the
same cell parameters.

9.9 Calculate the injected hole concentration at the P+ collector/N-base junction for
the planar-gate symmetric IGBTstructure under the operating conditionsdefined
in Problem 9.6. Assume an effective doping concentration of 1� 1018 cm�3 for
the P+ collector regionwith a diffusion length for electrons of 0.5μm.What is the
injection efficiency at the P+ collector/N-base junction under these operating
conditions?

9.10 Determine the on-state voltage drop at an on-state current density of 100 A/cm2

for the planar-gate symmetric n-channel IGBT design in Problem 9.1 using the
two-dimensional model. Use the following parameters: (a) Da of 15 cm2/s,
(b) cell width of 32 μm, (c) channel length of 1.5 μm, (d) inversion mobility of
450 cm2/V-s, (e) accumulation mobility of 1000 cm2/V-s, (f) gate oxide
thickness of 500 Å, (g) gate bias of 15 V, (h) threshold voltage of 5 V,
(i) gate electrode width of 16 μm, (j) junction depth of P+ region is 5 μm,
and (k) JFET region doping concentration of 5 � 1015 cm�3. Provide the
values for the voltage drop across the P+/N junction, the N-base region, the
JFET region, the accumulation region, and the channel region.

9.11 Calculate the injected hole concentration at the P+ collector/N-base junction for
the planar-gate asymmetric IGBT structure under the operating conditions
defined in Problem 9.7 with the assumption of low-level injection conditions
in the N-buffer layer. Assume an effective doping concentration of 1� 1019 cm
�3 for the P+ collector region with a diffusion length for electrons of 0.5 μm.
What is the injection efficiency at the P+ collector/N-base junction under these
operating conditions? What is the hole concentration in the N-buffer layer at
the interface between the N-drift and N-buffer regions? What is the hole
concentration in the N-drift region at the interface between the N-drift and
N-buffer regions?
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9.12 Determine the on-state voltage drop at an on-state current density of 100 A/cm2

for the planar-gate asymmetric n-channel IGBT design in Problem 9.4 using
the two-dimensional model. Use the following parameters: (a) Da of 15 cm2/s,
(b) cell width of 32 μm, (c) channel length of 1.5 μm, (d) inversion mobility of
450 cm2/V-s, (e) accumulation mobility of 1000 cm2/V-s, (f) gate oxide
thickness of 500 Å, (g) gate bias of 15 V, (h) threshold voltage of 5 V, and
(i) gate electrode width of 16 μm. Provide the values for the voltage drop across
the P+/N junction, the N-base region, the JFET region, the accumulation
region, and the channel region.

9.13 Consider a transparent emitter n-channel IGBT structure having a N-base
region with a thickness of 300 μm and doping concentration of 5 � 1013 cm
�3. The lifetime (low-level, high-level, space-charge generation) in the N-base
region is 10 μs. The P+ collector region has a surface concentration of 1� 1018

cm�3 and depth of 1 μm. Determine the on-state voltage drop at an on-state
current density of 100 A/cm2 using the two-dimensional model. Use the
following parameters: (a) Da of 15 cm2/s, (b) cell width of 32 μm, (c) channel
length of 1.5 μm, (d) inversion mobility of 450 cm2/V-s, (e) accumulation
mobility of 1000 cm2/V-s, (f) gate oxide thickness of 500 Å, (g) gate bias of
15 V, (h) threshold voltage of 5 V, and (i) gate electrode width of 16 μm.
Provide the values for the voltage drop across the P+/N junction, the N-base
region, the JFET region, the accumulation region, and the channel region.

9.14 Determine the injected hole concentration at the P+ collector/N-base junction
for the planar-gate transparent emitter n-channel IGBT structure under the
operating conditions defined in Problem 9.13. What is the injection efficiency
at the P+ collector/N-base junction under these operating conditions?

9.15 Obtain the saturated collector current density for the planar-gate symmetric
n-channel IGBT design in Problem 9.1 using the P-N-P transistor/MOSFET
model at a gate bias of 7 V. Use the parameters defined in Problem 9.6.

9.16 Obtain the saturated collector current density for the planar-gate asymmetric
n-channel IGBT design in Problem 9.4 using the P-N-P transistor/MOSFET
model at a gate bias of 7 V. Use the parameters defined in Problem 9.7 and
Problem 9.11.

9.17 Obtain the saturated collector current density for the planar-gate transparent
emitter n-channel IGBT design in Problem 9.13 using the P-N-P transistor/
MOSFET model at a gate bias of 7 V.

9.18 Calculate the specific output resistance for the planar-gate symmetric
n-channel IGBT design in Problem 9.1 at a collector bias of 400 V and a
gate bias of 7 V. What is the hole concentration in the space-charge region?

9.19 Calculate the specific output resistance for the planar-gate asymmetric
n-channel IGBT design in Problem 9.4 at a collector bias of 400 V and a
gate bias of 7 V. What is the hole concentration in the space-charge region?

9.20 Calculate the specific output resistance for the planar-gate transparent emitter
n-channel IGBT design in Problem 9.13 at a collector bias of 400 V and a gate
bias of 7 V. What is the hole concentration in the space-charge region?

9.19 Summary 1039



9.21 The planar-gate symmetric n-channel IGBT design in Problem 9.1 is switched
off under inductive load conditions from the on-state operating conditions
defined in Problem 9.6. Calculate the voltage risetime to reach a collector
DC supply voltage of 400 V. What is the current fall time? Obtain the energy
loss per cycle.

9.22 The planar-gate asymmetric n-channel IGBT design in Problem 9.4 is switched
off under inductive load conditions from the on-state operating conditions
defined in Problem 9.7. Calculate the voltage risetime to reach a collector
DC supply voltage of 400 V. What is the current fall time? Obtain the energy
loss per cycle.

9.23 The planar-gate transparent emitter n-channel IGBT design in Problem 9.13 is
switched off under inductive load conditions from the on-state operating
conditions. Calculate the voltage risetime to reach a collector DC supply
voltage of 2000 V. What is the current fall time? Obtain the energy loss per
cycle.

9.24 Determine the on-state voltage drop at an on-state current density of 100 A/cm2

for the planar-gate symmetric p-channel IGBT structure, with the same wide-
base parameters as for the n-channel device in Problem 9.10, using the
two-dimensional model. Use the same drift region doping concentration and
thickness obtained in Problem 9.1. Use the following parameters: (a) Da of
15 cm2/s, (b) cell width of 32 μm, (c) channel length of 1.5 μm, (d) inversion
mobility of 200 cm2/V-s, (e) accumulation mobility of 400 cm2/V-s, (f) gate
oxide thickness of 500 Å, (g) gate bias of 15 V, (h) threshold voltage of 5 V,
(i) gate electrode width of 16 μm, (j) junction depth of P+ region is 5 μm, and
(k) JFET region doping concentration of 5� 1015 cm�3. Provide the values for
the voltage drop across the N+/P junction, the P-base region, the JFET region,
the accumulation region, and the channel region.

9.25 Determine the latch-up current density at 300 �K for the planar-gate symmetric
n-channel IGBT structure using the following assumptions: (a) common-base
current gain of 0.4, (b) average P-base doping concentration of 5� 1016 cm�3,
(c) P-base junction depth of 3 μm, (d) N+ emitter junction depth of 1 μm,
(e) cell width of 26 μm (pitch of 13 μm), (f) polysilicon window of 10 μm, and
(g) N+ emitter ion-implant mask of 4 μm. Assume that the P+ region is not
included.

9.26 Determine the improvement in the latch-up current density for the device in
Problem 9.25 obtained by the addition of a deep P+ region with an average
doping concentration of 5� 1018 cm�3 and junction depth of 5 μm. The deep P
+ region is ion implanted through a photoresist window of 2 μm in the middle
of the cell. Use an effective lateral junction depth of 4 μm for the P+ region.

9.27 The gate oxide thickness for the planar-gate symmetric n-channel IGBT
structure in Problem 9.25 is reduced from 500 to 250 Å while maintaining
the same threshold voltage. What is the improvement in the latch-up current
density?

9.28 Compare the latch-up current densities for the planar-gate symmetric n-channel
IGBT structure in Problem 9.26 if the cell topology is changed from the linear
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design to the square cell, circular cell, and A-L-L cell designs. Use an effective
lateral junction depth of 4 μm for the P+ region.

9.29 A trench-gate asymmetric n-channel IGBT structure is designed with the same
parameters for the lightly doped portion of the N-base region and the N-buffer
layer as the device in Problem 9.4. Determine the on-state voltage drop at an
on-state current density of 100 A/cm2 for the device using the two-dimensional
model. Use the following parameters: (a) Da of 15 cm2/s, (b) cell width of
4 μm, (c) channel length of 1.5 μm, (d) inversion mobility of 450 cm2/V-s,
(e) accumulation mobility of 1000 cm2/V-s, (f) gate oxide thickness of 500 Å,
(g) gate bias of 15 V, (h) threshold voltage of 5 V, (i) trench depth of 4 μm, (j)
P-base junction depth of 2.5 μm, (k) N+ emitter junction depth of 1 μm, and
(l) trench width is 1 μm. Assume an effective doping concentration of 1� 1019

cm�3 for the P+ collector region with a diffusion length for electrons of 0.5 μm.
Provide the values for the voltage drop across the P+/N junction, the N-base
region, the accumulation region, and the channel region.

9.30 Calculate the latch-up current density at 300 �K for the trench-gate asymmetric
n-channel IGBT structure defined in Problem 9.29 using the following assump-
tions: (a) common-base current gain of 0.4, (b) average P-base doping con-
centration of 5 � 1016 cm�3, (c) P-base junction depth of 2.5 μm, (d) N+

emitter junction depth of 1 μm, and (e) N+ emitter length of 1 μm.
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Chapter 10
Synopsis

Power devices are required for systems that operate over a broad spectrum of power
levels and frequencies as discussed in Chap. 1. A variety of power rectifier and
transistor structures were discussed in previous chapters for serving these applica-
tions. Although the bipolar power transistor and the thyristor were the first technol-
ogies developed for this purpose, they have been replaced by power MOSFET and
IGBT structures in modern applications due to the resulting simplification of the
control circuit and elimination of snubbers. The choice of the optimum device
suitable for an application depends upon the device voltage rating and the circuit
switching frequency. From the point of view of presenting a unified treatment, it is
convenient to analyze a typical pulse-width-modulated (PWM) motor control circuit
as an example because it is utilized for both low-voltage applications, such as disk
drives in computers, and for high-voltage applications, such as the drive train in
hybrid-electric vehicles and electric locomotives.

10.1 Typical H-Bridge Topology

The control of motors using PWM circuits is typically performed using the H-bridge
configuration shown in Fig. 10.1. In this figure, the circuit has been implemented
using four IGBT devices as the switches and four P-i-N rectifiers as the fly-back
diodes. This is the commonly used topology for medium- and high-power motor
drives where the DC-bus voltage exceeds 200 V. When the H-bridge topology is
used for applications that operate from a low DC-bus voltage, it is typically
implemented using four power MOSFET devices as the switches and four Schottky
rectifiers as the fly-back diodes.

The direction of the current flow in the motor winding can be controlled with the
H-bridge configuration. If IGBT-1 and IGBT-4 are turned on while maintaining
IGBT-2 and IGBT-3 in their blocking mode, the current in the motor winding will
flow from the left-side to the right-side in the figure. The direction of the current flow
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can be reversed if IGBT-3 and IGBT-2 are turned on while maintaining IGBT-1 and
IGBT-4 in their blocking mode. Alternately, the magnitude of the current flow can
be increased or decreased by turning on the IGBT devices in pairs. This method
allows synthesis of a sinusoidal waveform across the motor windings with a variable
frequency that is dictated by the PWM circuit [1].

The typical waveforms for the current and voltage across the power transistor and
thefly-back diode are illustrated in Fig. 10.2 during one cycle of PWMoperation. These
waveforms have been linearized for simplification of the analysis [2], and the motor
current has been assumed to be approximately constant. The cycle begins at time t1
when the transistor is turned on by its gate-drive voltage. Prior to this time, the transistor
is supporting the DC supply voltage, and the fly-back diode is assumed to be carrying
the motor current. As the transistor turns on, the motor current is transferred from the
diode to the transistor during the time interval from t1 to t2. In the case of high DC-bus
voltages, where P-i-N rectifiers are utilized, the fly-back diode will not be able to
support voltage until the stored charge in its drift region is removed as discussed in
Chap. 5. In order to achieve this, the P-i-N rectifier must undergo its reverse recovery
process. During reverse recovery, substantial reverse current flows through the rectifier
with a peak value IPR reached at time t2. The large reverse recovery current produces
significant power dissipation in the diode.Moreover, the current IPT in the IGBT at time
t2 is the sum of the motor winding current IM and the peak reverse recovery current IPR.
This produces substantial power dissipation in the transistor during the turn-on tran-
sient. The power dissipation in both the transistor and the diode is therefore governed
by the reverse recovery characteristics of the power rectifier.

The power transistor is turned off at time t4 allowing the motor current to transfer
from the transistor to the diode. In the case of an inductive load, such as motor
windings, the voltage across the transistor increases before the current is reduced, as

Fig. 10.1 Typical H-bridge topology for motor control
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illustrated in Fig. 10.2 during the time interval from t4 to t5. Subsequently, the current in
the transistor reduces to zero during the time interval from t5 to t6. The turn-off durations
are governed by the physics of the transistor structure as discussed in previous chapters.
Consequently, the power dissipation in both the transistor and the diode during the turn-
off event are determined by the transistor switching characteristics.

In addition to the power losses associatedwith the two basic switching eventswithin
each cycle, power loss is incurred within the diode and the transistor during their
respective on-state operation due to a finite on-state voltage drop. It is common practice
to trade off a larger on-state voltage drop to obtain a smaller switching loss in the bipolar
power devices. Consequently, the on-state power loss cannot be neglected especially if
the operating frequency is low. The leakage current for the devices is usually suffi-
ciently small so that the power loss in the blocking mode can be neglected.

10.2 Power-Loss Analysis

The total power loss incurred in the power transistor can be obtained by summing
four components:

Fig. 10.2 Typical waveforms during PMW operation
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PL,T totalð Þ ¼ PL,T onð Þ þ PL,T offð Þ þ PL,T turnonð Þ þ PL,T turnoffð Þ ð10:1Þ
The power loss incurred in the transistor during the on-state duration from time t3 to
t4 is given by:

PL,T onð Þ ¼ t4 � t3ð Þ
T

IMVON,T ð10:2Þ

The power loss incurred in the transistor during the off-state duration beyond time t6
until the next turn-on event is given by:

PL,T offð Þ ¼ T � t6ð Þ
T

IL,TVDC ð10:3Þ

The leakage current (IL,T) for the transistors is usually very small allowing this term
to be neglected during the power dissipation analysis.

The power loss incurred in the transistor during the turn-on event from time t1–t3
can be obtained by analysis of the segments between the time intervals t1–t2 and t2–
t3. The power loss incurred during the first segment is given by:

PL,T-1 turnonð Þ ¼ 1
2

t2 � t1ð Þ
T

IPTVDC ð10:4Þ

where the peak transistor current is dependent on the peak reverse recovery current
of the P-i-N rectifier:

IPT ¼ IM þ IPR ð10:5Þ
In the power-loss analysis, it will be assumed that the time duration (t2 – t1) is
determined by the reverse recovery behavior of the P-i-N rectifier and is independent
of the operating frequency. The power loss incurred during the second segment is
given by:

PL,T-2 turnonð Þ ¼ 1
2

t3 � t2ð Þ
T

IPT þ IM
2

� �
VDC ð10:6Þ

In the power-loss analysis, it will be assumed the time duration (t3 – t2) is also
determined by the reverse recovery behavior of the P-i-N rectifier and is independent
of the operating frequency.

The power loss incurred in the transistor during the turn-off event from time t4 to
t6 can be obtained by analysis of the segments between the time intervals t4–t5 and
t5–t6. The power loss incurred during the first segment is given by:

PL,T-1 turnoffð Þ ¼ 1
2

t5 � t4ð Þ
T

IMVDC ð10:7Þ
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The time interval (t5 – t4) is determined by the time taken for the transistor voltage to
rise to the DC power supply voltage. This time duration was analyzed for each
transistor in the previous chapters. The power loss incurred during the second
segment is given by:

PL,T-2 turnoffð Þ ¼ 1
2

t6 � t5ð Þ
T

IMVDC ð10:8Þ

The time interval (t6 – t5) is determined by the time taken for the transistor current to
decay to zero. This time duration was analyzed for each transistor in the previous
chapters.

In a similar manner, the total power loss incurred in the power rectifier can be
obtained by summing four components:

PL,R totalð Þ ¼ PL,R onð Þ þ PL,R offð Þ þ PL,R turnonð Þ þ PL,R turnoffð Þ ð10:9Þ
The power loss incurred in the power rectifier during the on-state duration from time
t6 to the end of the period is given by:

PL,R onð Þ ¼ T � t6ð Þ
T

IMVON,R ð10:10Þ

In writing this expression, it is assumed that the cycle begins at time t1. The power
loss incurred in the power rectifier during the off-state duration (t4 – t3) is given by:

PL,R offð Þ ¼ t4 � t3ð Þ
T

IL,RVDC ð10:11Þ

The leakage current (IL,R) for the power rectifier will be assumed to be very small
(even for the silicon Schottky rectifier) allowing this term to be neglected during the
power dissipation analysis.

The power loss incurred in the power rectifier during the turn-on event from time
t1 to t3 can be obtained by analysis of the segments between the time intervals t1–t2
and t2–t3. The power loss incurred during the first segment is much smaller than
during the second segment due to the small on-state voltage drop for the power
rectifiers. In addition, it is worth pointing out that it has a positive component when
the current is positive in the rectifier and a negative component when the rectifier
current becomes negative but the voltage across it is still positive. These components
cancel each other making the net power loss small during the time interval from t1 to
t2. The power loss incurred during the second segment is given by:

PL,R-2 turnonð Þ ¼ 1
2

t3 � t2ð Þ
T

IPRVDC ð10:12Þ

The power loss incurred in the power rectifier during the turn-off event from time
t4 to t6 can be obtained by analysis of the segments between the time intervals t4–t5
and t5–t6. The power loss incurred during the first segment is negligible due to the
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low leakage current for the power rectifier. The power loss incurred during the
second segment is given by:

PL,R-2 turnoffð Þ ¼ 1
2

t6 � t5ð Þ
T

IMVON,D ð10:13Þ

This power loss is also small due to the low on-state voltage drop of power rectifiers.

10.3 Low DC-Bus Voltage Applications

In this section, the above power-loss analysis is applied to a motor control applica-
tion such as disk drives using a low DC-bus voltage with a duty cycle of 50 percent.
The DC-bus voltage (VDC) will be assumed to be 20 V as pertains to the back-plane
power source in desktop computers. In this case, the device blocking voltage rating
is typically 30 V. The current being delivered to the motor winding (IM) will be
assumed to be 10 A. Due to the low blocking voltage required for this application, it
is commonly implemented using silicon unipolar devices, namely, the power
MOSFET as the power switch. In order to reduce the cost and packaging complexity,
it is attractive to use the integral body diode within the power MOSFET structure
instead of a separate antiparallel fly-back diode. The reverse recovery characteristics
of the integral body diode can be optimized by using electron irradiation [3]. Alter-
nately, a Schottky diode has been integrated in the power MOSFET cell for the
JBSFET structure [4] allowing suppression of the reverse recovery phenomenon
without the packaging complexity of using an external Schottky fly-back diode.

The characteristics for the transistors that are pertinent to the analysis of the
power loss are provided in Fig. 10.3. The on-state voltage drop of 0.05 V for the
silicon MOSFET device is based upon using a specific on-resistance of 0.5 mΩ-cm2

and an on-state current density of 100 A/cm2. This specific on-resistance is typical
for U-MOSFET devices, as well as the planar-gate SSCFET devices, described in
Chap. 6. For comparison purposes, the silicon IGBT device and the silicon carbide

Fig. 10.3 Characteristics of transistors with 30-V blocking voltage rating
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power MOSFET device are included in the power analysis. The on-state voltage
drop (0.90 V) for the silicon IGBT device with such a low blocking voltage rating is
limited by the voltage drop across the P+ collector/N-base junction. In the case of the
4H-SiC power MOSFET structure, the specific on-resistance becomes limited by the
N+ substrate (0.4 mΩ-cm2) and the channel (0.4 mΩ-cm2) contributions because the
drift region contribution is extremely small (see Fig. 6.162 for the shielded trench-
gate 4H-SiC MOSFET structure with 1 micron channel length). These devices are
also assumed to be operated at an on-state current density of 100 A/cm2.

The characteristics for the power rectifiers that are pertinent to the analysis of the
power loss are provided in Fig. 10.4. The on-state voltage drop of 0.5 V for the
silicon Schottky diode (or the integral diode within the JBSFET structure) is based
upon an on-state current density of 100 A/cm2 (see Fig. 4.7). For comparison
purposes, the silicon P-i-N rectifier (or the integral diode within the MOSFET
structure) and the silicon carbide Schottky rectifier are included in the power
analysis. The on-state voltage drop (0.90 V) for the silicon P-i-N rectifier (or the
integral diode within the MOSFET structure) with such a low blocking voltage
rating is limited by the voltage drop across the P/N junction. In the case of the
4H-SiC Schottky rectifier structure, the on-state voltage drop is limited by the barrier
height for the metal-semiconductor contact (see Fig. 4.8). These devices are also
assumed to be operated at an on-state current density of 100 A/cm2. The reverse
recovery current for the Schottky diodes is negligible because of unipolar operation
in the on-state. For the P-i-N rectifier (or the integral diode within the MOSFET
structure), the peak reverse recovery current is assumed to be equal to half the
on-state current. The power loss incurred in the transistor and fly-back diode can
be computed as a function of the operating frequency by using the equations
provided in the previous section and the numerical values in the above figures.

As an example, the power losses in the case of the silicon power MOSFET as the
power switch with a silicon Schottky rectifier as the diode (also representative of the

Fig. 10.4 Characteristics of rectifiers with 30-V blocking voltage rating
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JBSFET structure) is provided in Fig. 10.5 for frequencies ranging to 20 kHz. The
power losses during the on-state are dominant in both the transistor and the diode in
this case because of the fast switching speeds for the unipolar devices. Consequently,
there is only a slight increase in power losses as the frequency increases. The power
loss in the rectifier is much larger than in the transistor due to its order of magnitude
larger on-state voltage drop. The total power loss is only 2.75 watts when 200 watts
of power is delivered to the load.

When the Schottky rectifier is replaced by a P-i-N rectifier representative of the
integral body diode in the power MOSFET structure, the power losses increase
considerably as shown in Fig. 10.6. A major part of the increase in power loss is due
to the larger on-state voltage drop of the P-i-N rectifier. However, the power loss also
increases with frequency due to the contribution from the switching losses. The
switching loss is associated with the reverse recovery of the P-i-N rectifier. It is
worth pointing out that the reverse recovery transient for the power rectifier also
produces increased switching losses in the transistor during its turn-on event. The
total power loss is increased to about 5 watts when 200 watts of power is delivered to
the load.

When the silicon power MOSFET is replaced by an IGBT and the silicon
Schottky rectifier is replaced by a P-i-N rectifier, the power losses increase by an
even greater amount as shown in Fig. 10.7. A major part of the increase in power loss
is due to the larger on-state voltage drop of the P-i-N rectifier and the IGBT structure.
Moreover, the power loss increases with frequency due to the contribution from the
switching losses. The switching loss is associated with the reverse recovery of the P-
i-N rectifier producing increased switching losses in the transistor during its turn-on
event. The total power loss is increased to about 10 watts when 200 watts of power is
delivered to the load. The above example is provided to illustrate that the silicon

Fig. 10.5 Power losses during motor control with 20-V DC-bus: silicon power MOSFET with
silicon Schottky rectifier
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power MOSFET structure is more suitable for applications operating from low
DC-bus voltages than the IGBT structure.

There is considerable interest in replacing silicon devices with those based upon
wide-bandgap semiconductors to improve system efficiency. The impact of using a
silicon carbide MOSFET device as the transistor and a silicon carbide Schottky
rectifier as the fly-back diode is provided in Fig. 10.8. When compared with the
silicon unipolar devices, there is a considerable increase in the power dissipation

Fig. 10.6 Power losses during motor control with 20-V DC-bus: silicon power MOSFET with
silicon P-i-N rectifier

Fig. 10.7 Power losses during motor control with 20-V DC-bus: silicon IGBT with silicon P-i-N
Rectifier
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especially due to the high on-state voltage drop for the 4H-SiC Schottky rectifier.
The total power loss is increased to about 5.5 watts when 200 watts of power is
delivered to the load. This example is provided to illustrate that silicon unipolar
devices are more suitable for applications operating from low DC-bus voltages than
devices based upon wide-bandgap semiconductors.

10.4 Medium DC-Bus Voltage Applications

In this section, the power-loss analysis is applied to a motor control application using
a medium DC-bus voltage with a duty cycle of 50 percent. The DC-bus voltage
(VDC) will be assumed to be 400 V as pertains to the power source in a hybrid-
electric car. In this case, the device blocking voltage rating is typically 600 V. The
current being delivered to the motor winding (IM) will be assumed to be 20 A. Due to
the larger blocking voltage required for this application, it is commonly implemented
using silicon bipolar devices, namely, the IGBT as the power switch and the P-i-N
rectifier as the fly-back diode.

The characteristics for the 600-V transistors that are pertinent to the analysis of
the power loss are provided in Fig. 10.9. In the case of the silicon power MOSFET
structure, the specific on-resistance is 0.1 Ω-cm2 for a device capable of blocking
600 V as shown in Fig. 6.50. This results in an on-state voltage drop 0f 10 V for the
silicon MOSFET device based upon using an on-state current density of 100 A/cm2.
The on-state voltage drop (1.80 V) and switching times for the silicon IGBT device
with 600-V blocking voltage rating are based upon scaling the characteristics for the

Fig. 10.8 Power losses during motor control with 20-V DC-bus: silicon carbide power MOSFET
with silicon carbide Schottky rectifier
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1200-V structure modeled in Chap. 9. The on-state voltage drop for the asymmetric
IGBT structure shown in Fig. 9.57 and the turn-off waveforms shown in Fig. 9.114
for the 1200-V structure were used as the basic for the scaling. In the case of the
4H-SiC power MOSFET structure, the drift region contribution increases to 0.03
mΩ-cm2 (see Fig. 3.6), which is still much smaller than the specific on-resistance
contributed by the N+ substrate (0.4 mΩ-cm2) and the channel (0.4 mΩ-cm2).
Consequently, a specific on-resistance of 0.8 mΩ-cm2 has been used for the silicon
carbide MOSFET structure. These devices are also assumed to be operated at an
on-state current density of 100 A/cm2.

The characteristics for the power rectifiers that are pertinent to the analysis of the
power loss are provided in Fig. 10.10. The on-state voltage drop of 5.4 V for the
silicon Schottky diode is based upon an on-state current density of 100 A/cm2

(see Fig. 4.7). The high on-state voltage drop for the silicon Schottky diode pre-
cludes its use in this application despite its excellent switching behavior. For

Fig. 10.9 Characteristics of transistors with 600-V blocking voltage rating

Fig. 10.10 Characteristics of rectifiers with 600-V blocking voltage rating
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comparison purposes, the silicon P-i-N rectifier and the silicon carbide Schottky
rectifier are included in the power analysis. The on-state voltage drop (2.0 V) for the
silicon P-i-N rectifier is typical for fast switching rectifiers. In the case of the 4H-SiC
Schottky rectifier structure, the on-state voltage drop is limited by the barrier height
for the metal-semiconductor contact due to the low specific on-resistance for the drift
region (see Fig. 4.8). These devices are also assumed to be operated at an on-state
current density of 100 A/cm2. The reverse recovery current for the Schottky diodes is
negligible because of unipolar operation in the on-state. For the P-i-N rectifier, the
peak reverse recovery current is assumed to be equal to half the on-state current.
Based upon the information provided in Fig. 10.10, the silicon Schottky rectifier is
not a viable alternative for power-loss analysis in medium-voltage applications due
to its high on-state voltage drop.

The power losses in the case of the silicon power MOSFET as the power switch
with a silicon P-i-N rectifier as the diode is provided in Fig. 10.11 for frequencies
ranging to 20 kHz. The on-state power losses in the transistor are dominant in this
case. The power loss in the transistor increases with increasing frequency due to the
increasing turn-on losses associated with the reverse recovery of the P-i-N rectifier.
The power loss in the transistor is much larger than in the rectifier due to its large
on-state voltage drop. The total power loss is 185 watts at 20 kHz when 8000 watts
of power is delivered to the load.

The power losses are considerably reduced when the silicon power MOSFET is
replaced by the IGBT as shown in Fig. 10.12. A major portion of the reduction in the
power loss occurs due to the smaller on-state voltage drop for the IGBT structure.
The switching power loss for the IGBT structure increases and becomes much larger
than the on-state power loss at 20 kHz. The switching power loss in the IGBT during
the turn-on event is about twice as large as during the turn-off event. The total power
loss is reduced to 110 watts when 8000 watts of power is delivered to the load. Due

Fig. 10.11 Power losses during motor control with 400-V DC-bus: silicon power MOSFET with
silicon P-i-N rectifier
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to the greater efficiency in the motor control application, the IGBT-based drives are
commonly used for hybrid-electric vehicles and other consumer applications, such
as air conditioning and ventilation, operated from medium DC-bus voltages.

Ever since the first demonstration of the low on-state voltage drop and outstand-
ing switching characteristics for the silicon carbide Schottky rectifiers [5], there has
been considerable interest in replacing the silicon P-i-N rectifiers with this device for
improving the performance of motor drives. The reduction in the power losses that
can be achieved with this approach are shown in Fig. 10.13. A significant decrease in
power loss is achieved due to the smaller on-state voltage drop of the 4H-SiC
Schottky rectifier. Moreover, the power loss in the IGBT is reduced due to the
elimination of the reverse recovery of the P-i-N rectifier. The total power loss is
reduced to 53 watts at 20 kHz when 8000 watts of power is delivered to the load.
This example represents the earliest adoption of silicon carbide-based power devices
in commercial applications.

An even superior technical solution can be produced by using the silicon carbide
power MOSFET as the switch and the silicon carbide Schottky rectifier as the
fly-back diode as illustrated by the power loss provided in Fig. 10.14. In this case,
the power loss in the transistor is greatly reduced due to the low on-state voltage drop
for the silicon carbide power MOSFET. The largest component of the total power
loss is associated with the on-state voltage drop for the silicon carbide Schottky
rectifier. The power loss does not increase as rapidly with frequency in this approach
because of its implementation with only unipolar devices. The total power loss is
reduced to only 14 watts at 20 kHz when 8000 watts of power is delivered to the
load. This example demonstrates the full potential for improving the efficiency of
motor drives by using silicon carbide-based power devices.

Fig. 10.12 Power losses during motor control with 400-V DC-bus: silicon IGBT with silicon P-i-N
Rectifier
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10.5 High DC-Bus Voltage Applications

In this section, the above power-loss analysis is applied to a motor control applica-
tion using a high DC-bus voltage with a duty cycle of 50 percent. The DC-bus
voltage (VDC) will be assumed to be 3000 V as pertains to the power source for

Fig. 10.13 Power losses during motor control with 400-V DC-bus: silicon IGBT with silicon
carbide Schottky rectifier

Fig. 10.14 Power losses during motor control with 400-V DC-bus: silicon carbide MOSFET with
silicon carbide Schottky rectifier
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electric locomotive drives such as the Shinkansen bullet train. In this case, the device
blocking voltage rating is typically 4500 V. The current being delivered to the motor
winding (IM) will be assumed to be 1000 A. Due to the larger blocking voltage
required for this application, the motor drive is commonly implemented using silicon
bipolar devices as the power switch and the silicon P-i-N rectifier as the fly-back
diode. Until the turn of the century, the power switch that was utilized by the traction
industry was the gate turn-off thyristor. Since then, it is commonplace to implement
the motor drive using IGBT devices.

The characteristics for the transistors that are pertinent to the analysis of the
power loss are provided in Fig. 10.15. In the case of the silicon power MOSFET
structure, the specific on-resistance increases to a prohibitively large magnitude
(10 Ω-cm2) for a device capable of blocking 4500 V as shown in Fig. 3.6. The
silicon MOSFET device is therefore not viable for such high-voltage applications.
The on-state voltage drop (3 V) and switching times for the silicon IGBT device with
4500-V blocking voltage rating are based upon scaling the characteristics for the
1200-V structure modeled in Chap. 9 as well as the values reported in the literature
[6, 7]. In the case of the 4H-SiC power MOSFET structure, the drift region
contribution increases to 3 mΩ-cm2 (see Fig. 3.6), which is larger than the specific
on-resistance contributed by the N+ substrate (0.4 mΩ-cm2) and the channel (0.4
mΩ-cm2). Consequently, a specific on-resistance of 3.8 mΩ-cm2 has been used for
the silicon carbide MOSFET structure. These devices are also assumed to be
operated at an on-state current density of 100 A/cm2.

The characteristics for the power rectifiers that are pertinent to the analysis of the
power loss are provided in Fig. 10.16. The on-state voltage drop of the silicon
Schottky diode is extremely large due to the very high resistance of the drift region
(see Fig. 4.7). For comparison purposes, the silicon P-i-N rectifier and the silicon
carbide Schottky rectifier are included in the power analysis. The on-state voltage
drop (2.5 V) for the silicon P-i-N rectifier and its reverse recovery current are typical
for such high-voltage structures [7]. In the case of the 4H-SiC Schottky rectifier
structure, the on-state voltage drop is mostly incurred in the drift region due to its

Fig. 10.15 Characteristics of transistors with 4500-V blocking voltage rating
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high specific on-resistance (see Fig. 4.8). These devices are assumed to be operated
at an on-state current density of 100 A/cm2. From the information provided in
Fig. 10.16, it can be concluded that the silicon Schottky rectifier is not a viable
alternative for such high-voltage applications.

As an example, the power losses in the case of the silicon IGBT as the power switch
with a silicon P-i-N rectifier as the fly-back diode are provided in Fig. 10.17 for
frequencies ranging to 5 kHz. The power losses during switching are dominant in
this case. The power loss in the transistor grows with increasing frequency due to the

Fig. 10.16 Characteristics of rectifiers with 4500-V blocking voltage rating

Fig. 10.17 Power losses during motor control with 3000-V DC-bus: silicon IGBT with silicon P-i-
N rectifier
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greater turn-on and turn-off losses. The turn-on losses in the silicon IGBT,
associated with the reverse recovery of the P-i-N rectifier, are twice as large as the
turn-off losses. The total power loss is 0.085 MW at 5 kHz when 3 MW of power is
delivered to the load.

There is considerable interest in replacing the silicon P-i-N rectifiers with the
silicon carbide-based Schottky rectifier for improving the performance of motor
drives even in the case of high DC-bus voltage applications. The reduction in the
power losses that can be achieved with this approach is shown in Fig. 10.18. A
significant decrease in power loss is achieved due to the smaller on-state voltage
drop of the 4H-SiC Schottky rectifier. Moreover, the power loss in the IGBT is
reduced due to the elimination of the reverse recovery of the P-i-N rectifier. The total
power loss is reduced to 0.025MW at 5 kHz when 3MW of power is delivered to the
load. This example represents another early potential adoption of silicon carbide-
based power devices in commercial applications because epitaxial material suitable
for delivering blocking voltage capability of over 5000 V is already available.

An even superior technical solution for applications using high DC-bus voltages
can be produced by using the silicon carbide power MOSFET as the switch and the
silicon carbide Schottky rectifier as the fly-back diode as illustrated by the power loss
provided in Fig. 10.19. In this case, the power loss in the transistor is greatly reduced
due to the low on-state voltage drop for the silicon carbide power MOSFET
structure. The turn-on and turn-off losses contribute equally to the increase in
power loss with frequency in the silicon carbide power MOSFET structure. The
power loss does not increase as rapidly with frequency in this approach because of its
implementation with only unipolar devices. The total power loss is reduced to only
0.004 MW at 5 kHz when 3 MW of power is delivered to the load. This example
demonstrates the full potential for improving the efficiency of motor drives by using
silicon carbide-based power devices.

Fig. 10.18 Power losses during motor control with 3000-V DC-bus: silicon IGBT with silicon
carbide Schottky rectifier
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10.6 Social Impact

The IGBT has enabled improvement in the efficiency of power delivery and energy
management for a wide variety of products in all sectors of the economy. The social
benefits brought about by the availability of IGBTs have been quantified [8, 9] by
using three case studies: (a) the gasoline savings obtained by IGBT-enabled elec-
tronic ignition systems, (b) the electricity savings obtained by IGBT-enabled adjust-
able speed motor drives, and (c) the electricity savings obtained by IGBT-enabled
compact fluorescent lamps. The case of 50 percent penetration rate for adjustable
speed motor drives around the world was used in Table 10.1. An enormous gasoline
savings for consumers in the United States of 318 billion gallons and around the
world of 1477 billion gallons has been derived from the IGBT over the time period
from 1990 to 2015. Similarly, an enormous electrical power savings for consumers in
the United States of 26,720 terawatt-hours and around the world of 73,030 terawatt-
hours has been derived from the IGBT over the time period from 1990 to 2015.

The power savings enabled by the IGBT-based applications have also produced
huge savings for the utility industry by avoiding the construction of expensive
electricity-generating power plants. Each 1 GW power plant costs about $ 3 billion
to build. The cumulative cost savings for US consumers over the 1990–2015 time
frame adds up to $ 3.35 trillion with additional savings for US utilities of $
665 billion from not having to build power plants. The cumulative cost savings for
worldwide consumers over the 1990–2015 time frame adds up to $23.73 trillion with
additional savings for worldwide utilities of $ 4.10 trillion from not having to build
power plants.

Fig. 10.19 Power losses during motor control with 3000-V DC-bus: silicon carbide MOSFET with
silicon carbide Schottky rectifier
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The reduction of gasoline and electricity consumption due to IGBT-enabled
electronic ignition systems, adjustable speed motor drives, and compact fluorescent
lamps has also resulted in an enormous reduction in the emission of carbon dioxide
because of eliminating carbon dioxide emissions from burning gasoline for automo-
biles and coal for electric power plants. The consumption of one gallon of gasoline
produces 19.4 pounds of carbon dioxide, and the generation of 1 kWh of electrical
produces 1.1 pounds of carbon dioxide. The cumulative reduction of carbon dioxide
emissions over the period from 1990 to 2015 from these three application examples
is provided in Table 10.2. The case of 50 percent penetration rate for adjustable
speed motor drives around the world was used here. The cumulative carbon dioxide
emissions reduction in the United States over the 1990–2015 time frame adds up to
42.5 trillion pounds. The cumulative carbon dioxide emissions reduction in the
world over the 1990–2015 time frame adds up to 109 trillion pounds (54.5 gigatons).

The opportunity for reduction of carbon dioxide emissions from various sources
has been recently analyzed [10]. The authors evaluated options for reduction of

Table 10.1 Summary of gasoline and electrical power savings from IGBT-enabled technologies
and the resulting economic benefits to society

IGBT-enabled
application

Cumulative
gasoline or energy
savings

Consumer
cost
savings

Utility
cost
savings

United States World
United
States World

United
States World

Electronic
ignition
system

318 B gallons 1477 B
gallons

$ 0.654T $ 9.125T – –

Adjustable
speed motor
drive

25,170 TWh 56,910
TWh

$ 2.537T $ 11.38T $ 0.398T $ 1.12T

Compact fluo-
rescent lamp

1,550 TWh 16,120
TWh

$ 0.155T $ 3.224T $ 0.267T $ 2.98T

Total $ 3.35T $ 23.73T $ 0.665 $ 4.10T

Table 10.2 Summary of carbon dioxide emission reduction from IGBT-enabled technologies

IGBT-enabled
application

Cumulative gasoline or
energy savings

Cumulative carbon dioxide
emission reduction

United States World United States World

Electronic igni-
tion system

318 B gallons 1477B
gallons

6.16T Pounds 28.66T
Pounds

Adjustable speed
motor drive

25,170 TWh 56,910
TWh

34.25T Pounds 62.61T
Pounds

Compact fluores-
cent lamp

1,550 TWh 16,120
TWh

2.09T Pounds 17.74T
Pounds

Total 42.5T Pounds 109T
Pounds
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annual worldwide fossil-fuel carbon dioxide emissions from today’s 7.5 billion
metric tons (or 15 trillion pounds) per year. This value is consistent with the global
fossil-fuel carbon emissions estimate by the Carbon Dioxide Information Analysis
Center at Oak Ridge National Laboratory [11]. Using this value, it can be concluded
that the IGBT has enabled elimination of worldwide carbon dioxide emissions
equivalent to that produced by fossil fuels in 5 years.

All hybrid-electric and electric cars rely up on the IGBT for driving the electric
motors. The IGBT is also utilized for regenerative braking to further reduce gasoline
consumption. The deployment of electric cars around the world will be another
major impact of the IGBT in the future.

Further reductions in carbon dioxide emissions can be anticipated by increased
generation of electricity from renewable energy sources, such as wind power, solar
power, geothermal, etc. All of these renewable energy generation options require
conversion of the generated power into a well-regulated 50 or 60 Hz AC power that
can be distributed in the power grid. This is accomplished by using IGBT-based
inverters. Consequently, IGBTs will play an ever-increasing role in creating a
sustainable global society with a high standard of living while reducing our impact
on the environment and mitigating global warming.

10.7 Summary

This chapter allows comparison of the benefits of utilizing various technologies for a
broad range of applications. It can be concluded that silicon power MOSFETs and
Schottky rectifiers provide the best performance in applications working from a low
DC-bus voltage. Silicon bipolar devices and those created from wide-bandgap
semiconductors will not displace this technology in the future. On the other hand,
for applications working from a medium DC-bus voltage, it is advantageous to
utilize the silicon IGBT and P-i-N rectifier as a low-cost technology. In these
applications, silicon carbide-based Schottky rectifiers greatly reduce power losses
when used in conjunction with the silicon IGBT devices. Even further gains in
efficiency can be obtained by replacing the silicon IGBT with silicon carbide power
MOSFET devices when the cost and manufacturing capability for the silicon carbide
switches matures. The same benefits translate to the applications working from a
high DC-bus voltage as well.

Problems

10.1 Name the four basic components of power loss in transistors and rectifiers
used in PWM motor control circuits.

10.2 Consider motor control performed from a 20 V DC-bus. What is the best
technology for the transistor and rectifier to minimize power losses?

10.3 Calculate the power loss occurring at a PWM operating frequency of 10 kHz
for the technology choice in Problem 10.2 if the motor current is 10 A. Use
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the on-state voltage drop and switching times provided in Figs. 10.3 and
10.4 for the analysis.

10.4 Consider motor control performed from a 400 V DC-bus. What is the best
silicon technology for the transistor and rectifier to minimize power losses?

10.5 Calculate the power loss occurring at a PWM operating frequency of 10 kHz
for the technology choice in Problem 10.4 if the motor current is 20 A. Use
the on-state voltage drop and switching times provided in Figs. 10.9 and
10.10 for the analysis.

10.6 Consider motor control performed from a 400 V DC-bus. What is the best
silicon carbide technology for the transistor and rectifier to minimize power
losses?

10.7 Calculate the power loss occurring at a PWM operating frequency of 10 kHz
for the technology choice in Problem 10.6 if the motor current is 20 A. Use
the on-state voltage drop and switching times provided in Figs. 10.9 and
10.10 for the analysis.

10.8 Consider motor control performed from a 3000 V DC-bus. What is the best
silicon technology for the transistor and rectifier to minimize power losses?

10.9 Calculate the power loss occurring at a PWM operating frequency of 3 kHz
for the technology choice in Problem 10.8 if the motor current is 1000
A. Use the on-state voltage drop and switching times provided in
Figs. 10.15 and 10.16 for the analysis.

10.10 Consider motor control performed from a 3000 V DC-bus. What is the best
silicon carbide technology for the transistor and rectifier to minimize power
losses?

10.11 Calculate the power loss occurring at a PWM operating frequency of 3 kHz
for the technology choice in Problem 10.10 if the motor current is 1000
A. Use the on-state voltage drop and switching times provided in
Figs. 10.15 and 10.16 for the analysis.

10.12 Based upon the power-loss analyses done in the previous problems, estimate
the DC-bus voltage above which silicon carbide technology will provide an
improvement in efficiency for motor control applications.
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