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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 + 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 Science + Business Media
authorized an edition translated into Chinese in 2013 which 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.

vii
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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 MOSFETSs 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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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

xi



Xii Preface to the First Edition

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
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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



Preface to the First Edition XVvii

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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Introduction Check or

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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Fig. 1.1 Applications for power devices

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 MOSFETSs 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 oy and
maintains an off-state for the remainder of the period 7. 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 (Vi) in the
on-state, which results in a power dissipation in the on-state given by:

Pr(on) = 81y Vp (1.1)
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where I is the on-state current. In this expression, § is referred to as the duty cycle
given by:

5=1)T (12)

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(Off) = (] _5)ILVR (13)

where I is the leakage current exhibited by the device in its off-state due to
supporting a reverse bias (Vg). 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:

Py (off) = (t4 —13)IL VR /T (1.4)

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(tllI'IlOff) =0.5 (l3 — [1)11: VRS (15)

where fis the operating frequency. In a similar manner, the power loss during the
turn-on transient can be calculated using:

PL(tUI’I’IOH) =0.5 (I6 — l‘4)]]: Vrf (16)

The total power dissipation incurred in the switch is obtained by combining these
terms:

Py (total) = Pp(on) + Py (off) + Pp(turnoff) + Py (turnon) (1.7)

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 (Iorr) 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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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 MOSFETSs 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 silicon U-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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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 1IGBT) 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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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
(E\) reaching the critical electric field (E.) for breakdown for the semiconductor
material. The critical electric field for breakdown and the doping concentration then
determine the maximum depletion width (Wp).

The specific resistance (resistance per unit area) of the ideal drift region is
given by:

ANODE
ELECTRIC FIELD

v

Em
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Fig. 1.16 The ideal drift region and its electric field distribution
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Ronsp = D (1.8)
q#aNp

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:

A
D*EC

(1.9)
where BV is the desired breakdown voltage. The doping concentration in the drift
region required to obtain this breakdown voltage is given by:

E‘sE%
Np = 1.10
P 2gBV (1.10)

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

4BV?
Ron-ideal = 3 (1 A1 )
ES,unEC

The denominator of this equation (es.un.Ec’) 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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Fig. 1.17 Specific on-resistance of the ideal drift region

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 = 2¢Np Wn = es Ec (1.12)

where ¢ is the charge of an electron (1.6 x 10~ Coulombs), Np, is the doping
concentration of the N-type drift region, Wy is half the width of the N-type drift
region as shown in Fig. 1.18, &g is the dielectric constant of the semiconductor, and
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E¢ is the critical electric field for breakdown in the semiconductor. For silicon, the
optimum charge is found to be 3.11 x 107’ Coulombs/cm® based upon a critical
electric field of 3 x 10°> 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 x 10'* per cm? 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:

Roun =00 () (1.13)

where pp is the resistivity of the N-type drift region, ¢ 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:

Ip

= < 1.14
qunNp Wx ( )

RD, sp

Combining this expression with Eq. (1.12):
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2tp

Rp.p = (1.15)

KN Qoptimum

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:

BV

=— 1.1
= (1.16)

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:

2BVp

— (1.17)
pxes E

RD, sp —

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 x 10° V/
cm, an optimum charge of 2.07 x 10~ Coulombs/cm?, with a corresponding dopant
density of about 1.3 x 10" per cm?, 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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Fig. 1.19 Drift region doping concentration for the charge-coupled structure

for the case of equal widths for the N-type and P-type charge-coupling regions. For a
typical cell pitch of 1 um, the doping concentration in the N-type drift region is about
1.3 x 10'® cm™? when a critical electric field of 2 x 10° 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 pm, 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 um, 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 pm and to
about 30 V if a smaller cell pitch of 0.2 pm 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 mQ-cm? if a critical
electric field for breakdown of 3 x 10° V/ecm 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. 1.20 Ideal specific on-resistance for the charge-coupled structure (solid lines, charge-coupled
structures; dashed line, one-dimensional case)

of 1 pm is found to be only 0.86 mQ-cm? if a critical electric field for breakdown of
2 x 10° V/cm is used. In this calculation, a bulk mobility of 1220 cm?/V-s was used
corresponding to a doping concentration of 1.3 x 10'® cm ™2 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 um when compared with 12.5 pm 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.
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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 cm?/V-s and critical breakdown electric field strength of 5 x 107 V/
cm.

1.12 Determine Baliga’s figure of merit for gallium nitride assuming it has an
electron mobility of 900 cm?/V-s and critical breakdown electric field strength
of 3.3 x 10° V/cm.
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Material Properties and Transport Physics e

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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Properties Silicon 4H-SiC
Energy Band Gap
V) 1.10 3.26
Relative Dielectric
Constant 1.7 o7
Thermal Conductivity
(W/em K) 1.5 3.7
Electron Affinity
V) 4.05 3.7
Density of States
Conduction Band 2.80x 101 1.23x 10"
(cm™)
Density of States
Valency Band 1.04 x 1010 458 x 1018
(cm™)

Fig. 2.1 Fundamental material properties

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 (N¢) and valence (Ny) bands:
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Fig. 2.2 Intrinsic carrier concentration in silicon and 4H-SiC

n =+/np= V/N¢.Nye (Ea/2KT) (2.1)

where k is Boltzmann’s constant (1.38 x 1072 J/K) and T is the absolute temper-
ature. For silicon, the intrinsic carrier concentration is given by:

n; = 3.87 x 101673/2¢~(702x10°)/7 (2.2)

while that for 4H-SiC, it is given by:

ni = 1.70 x 101673/~ (208x10%)/7 (2.3)

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 x 10'° cm™ while that for 4H-SiC is only
6.7 x 107" cm™>. 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.
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Fig. 2.3 Intrinsic carrier concentration in silicon and 4H-SiC

For silicon, the intrinsic carrier concentration becomes equal to a typical doping
concentration of 1 x 10'> cm ™ at a relatively low temperature of 540 K or 267 °C.
In contrast, the intrinsic carrier concentration for 4H-SiC is only 3.9 x 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
10" cm 3. Secondly, the conduction and valence band edges no longer exhibit a
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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 10°' ¢cm>. 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]:

1d [,V g¢q

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

An = n (qu/kT - 1) (2.5)

For the case of low excess electron concentrations:
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An = (qk—TV) (2.6)

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

yields:
—r/rs
q (e
= 2.7
r) dreg < r > (2.7)

where the screening radius rg is given by:

EskT
)

(2.8)

rg =

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

E(r)=-1 (Ll)e’/rs (2.9)

dpesr \r rg

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

q
S — 2.1
) 4regr? (2.10)

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

o0
AE =3 [ [E3(r) —EX()]dr (2.11)
0
The solution of this integral yields:
3¢ [4*no
AEG = 2.12
G 1671'6‘5 E‘skT ( )

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

where Np is the doping concentration. Consequently,
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3 [¢*Np

AEg =
167es \| eskT

(2.14)

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:

N
AEG =22.5 x 107, /W{g (2.15)

where Np 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 10'® cm > 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.p) = n?e (2.16)

The larger values for the p-n product arising from bandgap narrowing are related to
the smaller energy bandgap by:



30 2 Material Properties and Transport Physics

—_
o
S

| 300°K |

Effective Intrinsic Carrier Concentration (cm™)
S

10"
10]5 10]6 1017 1018 1019 1020

Doping Concentration (cm™)

Fig. 2.6 Effective intrinsic carrier concentration in silicon at high doping levels

nize = nizquEG/kT (2.17)
where AEg 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:

Ny

nie = 1.4 x 10'%xp [ 0.433 1o (2.18)

where N is the doping concentration in cm . The intrinsic carrier concentration
predicted by this equation increases by more than one order of magnitude when the
doping concentration exceeds 3 x 10'” cm > 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. 2.7 Built-in potential for a P-N junction in silicon and 4H-SiC

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:

- N+
Vbi = k—T In (M> (219)

2
q n;

where Ny~ and Np" 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 (Nx .Np*) was assumed to be 10> cm®. This would be
applicable for a typical doping concentration of 1 x 10" cm ™ on the heavily doped
side of the junction and 1 x 10'® cm ™ 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.



32 2 Material Properties and Transport Physics

101

)

=

g 4H-SiC | |||
=

=

=

g 100

z

(="

W

a

w

=3

2

s

o)

N

10! -
1013 1014 IG]S 1016 101?

Doping Concentration (cm?®)

Fig. 2.8 Zero-bias depletion width in silicon and 4H-SiC

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 x) larger than for silicon for the same
doping concentration. However, it is worth noting that the doping concentration in
SiC is much (about 100x) 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 lonization Coefficients

The impact ionization coefficient for holes (ay) 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 (a,) 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]:
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a=ael (2.20)

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 a, = 7 X 10° per
cm and b, = 1.23 x 10° V/em for electrons and a, = 1.6 x 10° per cm and
b, =2 x 10° V/em for holes for electric fields ranging between 1.75 x 10° and
6 x 10° V/em.

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:

a,(R/B)4H — SiC = 6.46 x 10° — 1.07 x 10*T

(2.21)

by(R/B)4H — SiC = 1.75 x 107
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(K)4H — SiC = 8.07 x 10%b,(K)4H — SiC = 1.5 x 107

(2.22)
an(K)4H — SiC = 3.13 x 10%; b,(4H — SiC) = 3.45 x 10’

These values are probably influenced by the presence of defects in the material
leading a larger value for a;, 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



34

2 Material Properties and Transport Physics

10° -
- S = { === =
E i N \ i
i
i N Jorme | \ "\ o
= e f\ :
E. 27 aH-sic =secil
o L} \ T - N \
g \ \
g “ A [vT 1) u,,(K_) \ \\
S N\ T AL\
£ = =SS o\
< — ap
8 —N Z\
- : A\ - si A\ \\
= 102 1 \ A \ \
b7 N f \
= L} | \ L}
£ an(K) oAy \ \
k] aHsic [\ \

V
10! | | \ | ) \
107 10¢ 105
1/(Electric Field) (cm/V)
Fig. 2.9 Impact ionization coefficients for silicon and 4H-SiC

10 = = ; e
- / / | 7 r
g a, /’ /- - 4
i i
= ap(K) ’ 1
E 104 Si >/ ’,l/ I 4H-Sic "t 3 f
g —F =3
€ / / 171
: % | Y-
o U / ,Z/ | g | o,(R/B)
= F—F—1gs! T —iF——| 4H-SIC
2 T = = —
= / / ; I
.E / / i ! / 3
ol — e
E / / rJ !,'

w1 14 |

10% 10¢ 107

Electric Field (V/em)

Fig. 2.10 Impact ionization coefficients for silicon and 4H-SiC

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 x 10° V/cm — an order of magnitude
larger than that for silicon. This implies a much larger critical electric field E, for
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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 (p) of a semiconductor region is given by:

1

=— 223
q.u.N ( )

p

where u is the mobility, which is a function of the carrier type (electrons or holes),
the doping concentration (), and the lattice temperature (7). 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 (1) is defined as the proportionality constant relating the average
carrier velocity (vp) to the electric field (E):

vp = u.E (2.24)

This expression is valid at low electric fields. However, when the electric field
exceeds 10* 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 T3/2, where T is the absolute temperature. At
around room temperature, intervalley scattering comes into effect, and the mobility
for silicon is given by:

T\ 2%
for electrons [19] and:
T\ 220

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 10'> cm ™) 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
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Fig. 2.11 Temperature dependence of the mobility for electrons and holes in silicon and 4H-SiC
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devices is below 10" 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]:

4H — SiC) = 1140(s5) "
i ) (300)3 (2.27)

iy (4H — SIC) = 120 () >

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 10'> cm ™. 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 cm?/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:

(si) = 5.10 x 10" + 92N
Al 375 X 105 4 NG

(2.28)

where Np is the donor concentration per cm’. When the doping concentration
becomes greater than 10'® cm >, the mobility for electrons in silicon approaches a
constant value of about 90 cm?/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:

2.90 x 10" +47.7N%76
5.86 x 102 + N3

p,(Si) = (2.29)
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Fig. 2.12 Bulk mobility for electrons and holes in silicon and 4H-SiC

where N, is the acceptor concentration per cm®. When the doping concentration
becomes greater than 10" cm ™, the mobility for holes in silicon approaches a
constant value of about 50 cm?/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]:

4.05 x 10" 4 20N%°!
3.55 x 1010 4 N9

4.05 x 10" + 10N%%
3.3 x 10! 4 NOSS

p,(4H — SiC) =
(2.30)

4o (4H — SIiC) =

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 10° 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 10° V/cm, the velocity for
electrons and holes in silicon has been found to increase sublinearly with increasing



2.1 Fundamental Properties 39

107

106

Carrier Velocity (cm/s)

108

10? 10? 104 105 108
Electric Field (V/cm)

Fig. 2.13 Velocity for electrons and holes in silicon

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:

9.85 x 10°E
Vo = PE——y (2.31)
(1.04 x 10° + E'?)

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

8.91x10° E
»= 5 12,083 (2.32)
(1.41x10° 4 E'2)

At electric fields below 10° V/cm, the mobility for electrons and holes has a constant
value and becomes inversely proportional to the electric field when it exceeds 10° 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.
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Fig. 2.14 Saturated drift velocity for electrons and holes in silicon

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:

Vean = 1.434 x 1007708 (2.33)

where T is the absolute temperature in K. Similarly, for the case of holes transported
along the <111> axis in silicon:

Vap = 1.624 x 1087792 (2.34)

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 10"® cm ™. 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.
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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]:

2.20 x 10'E
v (4H — SiC) = . -
[2.27 x 10° + (E'*)]™
) (2.35)
1.3 x 10E
v,(4H — SiC) = x

[1.16 x 10° 4 (E'2)]"®

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 10° V/cm, the mobility for electrons in 4H-SiC has a
constant value and becomes inversely proportional to the electric field when it
exceeds 10° V/em.
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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:

o P 2%

2 o e

T - (2.36)

where p’ is the excess hole concentration and D, and 7, 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:

DuD
p, = 1 P)DaDy (2.37)
(nDa + pDy)

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

kT

where k is Boltzmann’s constant and 7' 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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Fig. 2.16 Carrier-carrier scattering limited mobility for electrons and holes in silicon

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 10'” cm . Using Matthiessen’s rule:

1_1_ nn (144.54 x 10" n~0667) (2.39)
wo Mo 1.428 x 107

where y is the mobility at a carrier density of “n” per cm® and pq is the majority
carrier mobility (i.e., either u,, or u,,). 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
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Fig.2.17 Current transport at the interface between the oxide and the semiconductor in a MOSFET
structure

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 (Eyn) 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 A. 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.
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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
(ue) for carriers in the inversion or accumulation layers:

_Jo u(x) n(x).dx (2.40)
He = Jo n(x).dx '
where p(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 x; 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
(Ey) 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 (E.f) is given by:

1 /1
Eer = o <2Qinv + QB> (2.41)



46 2 Material Properties and Transport Physics
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where Qj,, is the inversion layer charge density per cm? and Qg is the bulk depletion
layer charge density per cm?. 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 10* 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:

Ec\’
He = He,max <E > (242)
eff

where pe max 18 the maximum effective mobility for a given background doping level
and fixed oxide charge density. The parameters E. and f§ 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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The parameter f 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:

Buet = 0.341 — 5.44 x 10 °log(N,) (2.43)

for wet oxidation conditions and

Bary = 0.313 = 6.05 x 10 log(N ) (2.44)

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, f = 0.25, i.e., the effective mobility decreases
inversely as the fourth power of the effective electric field.

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

Ec =2 x 107*N3P AP0 (2.45)

where N, is the background doping concentration and Qy is the fixed charge density.
The parameters A and B are dependent upon the oxide growth process conditions.
For wet oxidation conditions, A = 2.79 x 10* V/cm and B = 8.96 x 102 cmz, while
for dry oxidation conditions, A = 2.61 x 10* V/cm and B = 1.3 x 10" cm®. The
fixed charge density Oy is in units of 10'' 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 A in thickness, the number of ionized impurities is less
than 10'* per cm? for doping levels up to 10'® cm . 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 10'* to 10'” cm™ if
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Fig. 2.19 Effective inversion layer mobility for electrons in silicon

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:

Ho
=7 2.46
”e, max 1 =+ an ( )

where the parameters y, and «a are dependent upon the background doping concen-
tration (N,) per cm > as given by:

po = 3490 — 164.1og(N,) (2.47)

and

a = —0.104 + 0.0193.log(N ) (2.48)

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 (Qr) 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 x 10" cm ™2 by using Ec = 3 x 10* V/ecm and f = 0.28. The dependence
of these parameters on the doping concentration and fixed charge has not been
studied in detail.
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Fig. 2.20 Effective inversion layer mobility for holes in silicon

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:

4 (100) > po(111) > p (110) (2.49)

while for holes on silicon surfaces:
Hp(110) > p, (111) > p,(100) (2.50)

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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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—6.T (2.51)

i
Vsat,n

where vy is the saturated drift velocity at 0 K and T is the absolute temperature in K.
The values for vq for the different orientations are 8.9 x 10° cm/s for the (100)
orientation, 7.4 x 10° cm/s for the (111) orientation, and 6.2 x 10° cm/s for the (110)
orientation. A value of 7 x 10 cm/sec- K for the constant § 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 (p,) of the
semiconductor region is then governed by the transport of both carriers as given by:

1

(i + 1) (232

Pi

where u,, and u;, are the mobility for electrons and holes and n; is the intrinsic carrier
concentration. At room temperature, the intrinsic resistivity for silicon is 2.5 x 10°
Q-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:

p; = 175 x 1077708(7020/1) (2.53)

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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Fig. 2.21 Dopant diffusion coefficients in silicon

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 pm 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
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Fig. 2.22 Resistivity of n-type and p-type silicon

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:

3.75 x 105 4 N9

Si) =
P = T X 10 NI 4 8.15 x 10-TNp

(2.54)

where Np is the donor concentration per cm’. When the doping concentration
becomes less than 10" cm™, the mobility for electrons in silicon approaches a
constant value of about 1360 cm?/V-s. The resistivity then becomes inversely
proportional to the doping concentration:

4.6 x 10

Si) =
Pa(Si) Ny

(2.55)
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 10'* cm ™2, the mobil-
ity for electrons in silicon again approaches a constant value of about 90 cm?/V-s.
The resistivity then also becomes inversely proportional to the doping concentration:

694 x 10"
Pa(Si) = N (2.56)
D
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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:

5.86 x 10" + N§76

Si) =
P81 = 3 G X 10 NI + 464 x 107N,

(2.57)

where N, is the acceptor concentration per cm®. When the doping concentration
becomes less than 10" cm ™2, the mobility for holes in silicon approaches a constant
value of about 495 cm?/V-s. The resistivity then becomes inversely proportional to
the doping concentration:

1.26 x 10'°

Si) = 2.58
po(SD) == (2:58)
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 10'® cm >, the
mobility for holes in silicon again approaches a constant value of about 50 cm?/V-s.

The resistivity then also becomes inversely proportional to the doping concentration:

1.25 x 10V

pp(Si) = A

(2.59)
The resistivity for the starting material required for the fabrication of power
devices with breakdown voltages above 100 V exceeds 1 Q-cm for N-type silicon
and 3 Q-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 pm 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 +15% 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 Si*” isotope into phosphorus atoms by the absorption of thermal neutrons.
Naturally occurring silicon consists of three isotopes: the Si*® isotope has an
abundance of 92.27% in the lattice; the Si%¥ isotope has an abundance of 4.68% in
the lattice; and the Si*° 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:

Si®(n,y) Si¥ (2.60)
Si¥(n,y) Si*° (2.61)
Si¥n,y) Si' - P4 p (2.62)

The cross sections for the absorption of thermal neutrons for these reactions are 0.08,
0.28, and 0.13 barns (one barn equals 1072* cm?), 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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Fig. 2.23 Neutron transmutation doping of a silicon ingot

The phosphorus donor concentration created by the NTD process is given by:

Caonor = 2.06 x 107*.®.1 (2.63)

where @ is the thermal neutron flux density and ¢ is the irradiation time. Based upon
the homogeneous distribution of the Si*® 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:

O = Py’ (2.64)

where @ is the thermal neutron flux density at a position x in the ingot as indicated in
Fig. 2.23 and @, is the thermal neutron flux density at x = O (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
@, is created at one edge of the ingot, while a lower concentration (proportional to
®, ¢ ") is created at its opposite edge. This produces an inhomogeneous
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Fig. 2.24 Resistivity variation produced by the NTD process in a silicon ingot

distribution of phosphorus by the NTD process leading to a resistivity variation
given by +/— 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 +/— 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]:

®(Center) 16

®(Periphery) 1 (Z) ’ (2.65)

This produces a maximum resistivity variation of +/— [32(b/d)*~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



58 2 Material Properties and Transport Physics

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 +/— a percent, then the
resistivity variation after the NTD process will be given by +/— a(pg/p;) for N-type
starting material and by +/— a( un/pp)(pi/p;) for P-type starting material. Here, prand
p; are the final (or post) irradiation and initial (or pre) irradiation resistivity, respec-
tively. Typical values of the pre-irradiation resistivity variation are +/— 15%. In this
case, if the resistivity variation after the NTD process must be less than +/— 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 Q-cm enabling the production of very homogeneously doped silicon with
resistivity as high as 200 Q-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 (f 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 10> Q-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 ps. 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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Fig. 2.25 Recombination processes in a semiconductor

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:

on.py + 6p.ng + on.op
U=
Tp()(no + on + I’l]) + TnO(p() + 6p +p1)

(2.66)

where on and dp are the excess electron and hole concentrations, respectively, created
by the external stimulus; ny and p are the equilibrium concentrations for the electrons
and holes, respectively; 7, and Ty are the minority carrier lifetimes in heavily doped
N-type and P-type silicon, respectively; and n; and p; 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:
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ny = Nce(EriEc)/kT = }’lie(E'iEO/kT (267)
and

Ev=E)/KT _

P = Nve( e(E;*E,-)/kT (268)

where Nc and Ny are the density of states in the conduction and valence bands,
respectively; Ec, E,, and Ey are the conduction band, recombination level, and the
valence band energy levels, respectively; k is Boltzmann’s constant; and 7 is the
absolute temperature.

The recombination lifetime is defined as:

) ) )
= _ h0 Mo 1+ on 1100 Po T py t+on (2.69)
U ny + py + on ny + py + on

In deriving this relationship from Eq. (2.66), the excess electron (6n) and hole (6p)
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 (np) is much larger than the hole density (po). Taking this into account
together with the expressions in Egs. (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:

T 14 1
Tpo_ (l-l-h)

h 1
(E,—Er) /KT (2E;—E,—Ey) /KT 270
¢ ]+C{(l+h)+(l+h)e (2.70)

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

f="m0 (2.71)

Tp0
and h is the normalized injection level given by:

on
no

h (2.72)

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

1 1
B Cn]\]r B VTno—anr

(2.73)

Tno

and
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where vp, and v, are the thermal velocities for electrons and holes, respectively; 6.,
and o, are the capture cross sections for electrons and holes, respectively, at the
recombination center; and N, is the density of the recombination centers. Using these
expressions:

g= D0 _ Yo% _ () gy7 % (2.75)
Tp0 VTnOcn Ocn

It can be seen that the parameter { 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 x 10" cm™ at room temperature. In this figure, a range of
values for the recombination center location (E,) and the parameter { have been
considered.

At low injection levels (h <<1), the minority carrier lifetime asymptotes to a
constant value, called the low-level lifetime (r1;), which is independent of the
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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:

IR P e(Er*EF)/kT} i g{eaEi—E,—EF)/kT (2.76)
Tp0

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 {. 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 E. = 0.3 eV in the figure), the low-level lifetime becomes dependent on the
magnitude of the parameter { as well.

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

THL _

1+¢ (2.77)

Tp0

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 {. 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 {, 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 x 10'* cm ™.
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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Fig. 2.27 Low-level lifetime in silicon

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 . 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 {. 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
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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]:

[SC = qAWDUG (278)

where ¢ is the charge of an electron, A is the area of the P-N junction, Wp, 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 (pg and ng) in the depletion region to zero and the excess electron
and hole concentrations (én and p) to the intrinsic concentration (r;):

nj
n Py
<TP0 n; + Tno ni>

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

Ug = (2.79)

Tsc = 70 [E(E,fEi)/kT + é'_e(ErEr)/kT} (2.80)

The space-charge generation current is then given by:

ni

Isc = qAWDT (2.81)

SC

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 C.
An example of the variation of the space-charge generation lifetime with the position of
the recombination center is shown in Fig. 2.28 for the case of a doping concentration of
5 % 10" cm™ 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 of multiple 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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Fig. 2.28 Space-charge generation lifetime in silicon

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 {, 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
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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 Egs. (2.76 and 2.80):

(e e(Er*Ei)/kT + é’.e(EifE,)/kT

tiL |+ eEER/KT 4 ¢ o(E~Ex—E) /AT

(2.82)

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 (zgc/71 1)
ratio with recombination center location is shown in Fig. 2.29 for the case of silicon
with doping concentration of 5 x 10'> cm™>. The capture cross-sectional parameter
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 (rgc/7y ) 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 C. If the range is defined to extend to 10% below
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Fig. 2.29 Optimization of recombination center for silicon devices during turnoff
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Fig. 2.30 Optimization of recombination center for silicon devices during turnoff

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
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in the figure located above the mid-gap applies to all values of the capture cross-
sectional parameter {. 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 {. For example, for a doping concentration of 1 x 10" cm ™2,
the recombination center must be located within 0.15 eV from the valence band edge
if £ = 0.01 but can be located at up to 0.4 eV from the valence band edge if £ = 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 (zgc/71 ) 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 C.
From Eq. (2.82), it can be shown that the maximum value for the (zsc/7y ;) ratio is
given by:

TSC _ (Ee-E)/AT _ 10 (2.83)
TLL i

The variation of the maximum achievable value for the (zgc/71y) ratio with
doping concentration is shown in Fig. 2.31 at 300 K and 400 K. It is apparent that
the (zsc/rpr) 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

Lifetime Ratio (tgc/t;)

108 1014 108 106
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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 Egs. (2.76) and (2.77):

THL _ 1+¢
TLL 1 4 e(E—Ep)/KT | é"e(ZEi—Epr,)/kT

(2.84)

This (zyr/7r L) ratio can be maximized with respect to the recombination level
position (E;) by setting:

d (tHL
— ] =0 2.85
dE; (TLL> ( )

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

E. =E + ]%T In () (2.86)
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 { and the temperature. The optimum location for the recombination center
lies above the mid-gap when the cross-sectional parameter C 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 (7 /711)
ratio. For N-type silicon, this occurs when the capture cross-sectional parameter { is
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large. It becomes more difficult to achieve large values for the (7 /711 ) ratio at
lower doping concentrations for the drift region and at higher temperatures. This can
be illustrated by plotting the (zy; /7 1) ratio as a function of doping concentration as
shown in Fig. 2.33 for several values for the capture cross-sectional parameter  at
300 K and 400 K for the case of a recombination center located at 0.45 eV above the
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valence band edge. The temperature dependence of the (zy /711 ) 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 (dt
T

where 7 is the lifetime described by Eq. (2.70) and % 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 (zyr /71 1) ratio with the position of the recombination center. The variation of
the (zyp/rrr) 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
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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 x 107 cm ™ and 1 x 10" cm ™ for the case of three values for the capture cross-
sectional parameter . In the case of the higher doping level in the drift region, the
(ru /7L ratio exhibits a broad maxima for all three values of the capture cross-
sectional parameter {. Consequently, the recombination center can be located away
from the mid-gap position without suffering a significant reduction in the value for
the (g /7r ) 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 .

An optimum recombination center position that will provide a large value for
(tyr/t1L) 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 (ryy/71;) 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.
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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 Egs. (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 (zyy/711)
ratio remains high over a broad range of doping concentration levels.
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The change in the (g /711 ) 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 { 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 (zyy/711)
ratio when the recombination center is located below the mid-gap position (as shown
by the case of E. = 0.4 eV). The least reduction of the (zyy /71 ) 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 E. = 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.
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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 Co®° 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:

i:l—ﬁ-l(.(p (2.88)

Tt T
where 7; is the initial lifetime prior to electron irradiation and ¢ is the total fluence of
electrons per cm?. 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~® cm?/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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Fig. 2.38 Deep levels produced by typical lifetime control processes in silicon

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 (zy; /71 1) ratio can be calculated for each
of the dominant levels for the three cases. The variation of the (ryp/7iy) 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].
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Dominant Capture Capture Capture
Impuri Energy Level Cross-Section Cross-Section Cross-Section
purity Position for Holes for Electrons Parameter
V) (cm?) (em?) ©
Gold 0.56 6.08 x 1071 7.21x 10717 69.7
Platinum 0.42 2.70 x 10712 3.20x 10714 69.8
hﬂgf;f;‘n 0.71 8.66 x 1016 1.61x 10716 442

Fig. 2.39 Properties of the dominant deep level produced by the typical recombination centers in
silicon
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Fig. 2.40 High-level to low-level lifetime ratio for the typical recombination centers in silicon

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
(rsc/tyy) 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 (zgc/71 1) 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.
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Fig. 2.41 Space-charge generation to low-level lifetime ratio for the typical recombination centers
in silicon

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:



2.3 Recombination Lifetime 81

1 1
Cann? 2.8 x 10731 p2

N (2.89)

where 7 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:

O 1
AT Capp? 1.0x 1073 p2

(2.90)

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:

An 1 1

T = =
AT CaanAR? T 3.4 x 1073 An2

(2.91)

where An is the excess carrier concentration. The Auger coefficients (Cy) 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 x 10*° cm™>
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 x 10" cm ™ have an impact on the diffusion length given by:
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Fig. 2.42 Auger lifetime in silicon
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L=+Dz (2.92)
where D is the diffusion coefficient given by the Einstein relationship:

kT

where u 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 x 10" cm ™, 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 11
—_—=—t— (2.94)
Teff TSRH TA

where zsgry and 7 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 (¢y,,) and the doping
concentration (Np) as given by:
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2/ esm*
R = exp | Y5 (P (2.95)
h v/Np

where &g is the dielectric constant of the semiconductor, m* is the effective mass for
electrons, and 4 is Planck’s constant. Typically, specific contact resistances of less
than 1 x 107> Q-cm? 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 x 107> Q-cm? can be obtained for a doping concentration of 5 x 10" cm ™ 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 x 10" cm™ 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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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 galcula3te the bandgap narrowing in silicon at a doping concentration of 1 x 10

cm” .

2.4 Calculate the intrinsic carrier concentration in silicon at 300 K for a region with
doping concentration of 1 x 10" cm ™.

2.5 Calculate the built-in potential for silicon at 300, 400, and 500 K using a
doping concentration of 1 x 10'* cm ™ on the P-side and 1 x 10'® cm™> 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 x 10'* cm™ on the P-side and 1 x 10'® cm™> 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 x 10°> 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 x 10° 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 x 10'* cm™>. 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 x 10'* cm™>.

2.11 Determine the mobility for electrons and holes in silicon at 300 K for doping
concentrationsof 1 x 10 em™>,1 x 10"%em™3,1 x 107 cm™3,1 x 10"¥ em ™3,
and 1 x 10" em ™.
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2.12

2.13

2.14

2.15

2.16

2.17

2.18

2.19

2.20

221

222

Determine the mobility for electrons in 4H-SiC at 300 K for doping concen-
trations of 1 x 10" cm_3, 1 x 10'° cm_3, 1 x 10" cm_3, 1 x10'® cm_3, and
1 x 10" em ™.

Calculate the velocity for electrons in silicon at 300 K for electric field values of
1 x 10> V/em, 1 x 10° V/em, 1 x 10* V/em, and 1 x 10° V/em.

Calculate the velocity for electrons in 4H-SiC at 300 K for electric field values
of 1 x 10° V/em, 1 x 10° V/em, 1 x 10* V/em, 1 x 10° V/em, and 1 x 10°V/
cm.

Determine the mobility for electrons and holes in silicon at 300 K for injected
concentrationsof 1 x 10 em™>,1 x 10"%em™3,1 x 107 ecm™3,1 x 10"¥ em ™3,
and 1 x 10" cm™>. Assume that high-level injection conditions prevail in the
material.

Determine the intrinsic resistivity for silicon and 4H-SiC at 300 K.
Determine the resistivity for n- and P-type silicon at 300 K for doping
concentrations of 1 x 10 em™>,1 x 10 cm™,1 x 10 em™3, 1 x 10'°cm
1 x 107 em ™, 1 x 10 em ™, and 1 x 10" em >,

Determine the resistivity for N-type 4H-SiC at 300 K for doping concentrations
of 1 x 10”7 em 1 x 10%em ™, 1 x 10”em ™, 1 x 10"°em™, 1 x 107 cm ™
,1x10"™cm ™, and 1 x 10" cm ™.

Determine the low-level lifetime at 300 K in N-type silicon with doping
concentration of 1 x 10" cm™ 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 ps for Ty and 10 for the { parameter.

Determine the space-charge generation lifetime at 300 K in N-type silicon with
doping concentration of 1 x 10"* cm ™ 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 ps for 7,9 and 10 for the { parameter.

Determine the high-level lifetime at 300 K in N-type silicon with doping
concentration of 1 x 10'* cm ™ 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 ps for 7,9 and 10 for the { parameter.

Determine the Auger recombination lifetime at 300 K in n- and P-type silicon
with doping concentration of 1 x 10" cm™.
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Chapter 3 )
Breakdown Voltage s

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 x 107 cm/s when the electric field exceeds 1 x 10° V/em
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 (ag) that was
originally proposed for silicon [1] is given by:

ap(Si) = 1.8 x 107 ¥ E7

3.1
ag(Si) = 3.507 x 107 ¥ E7 S

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 (ap) 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:

ag(4H-SiC) = 3.9 x 107#E’ (3.2)
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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 [apdx] electron-hole
pairs when traversing a distance dx through the depletion region. Simultaneously,
the electron will create [a,dx] 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]:

anM (x)dx + J apM (x)dx (3.3)

X

-1 [

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

M(x) = M(0)exp UO (an — ap)dx] (3.4)

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 = 0 provides a solution for M(0):
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M(0) = {1 - LW apexp UO (on — ap)dx] dx} (3.5)

Using this expression in Eq. (3.4) gives:

exp[Jy (an — ap) ]
1= " apexp [y (an — ap)dx]dx

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 to M becoming equal to
infinity. This condition is attained by setting the denominator of Eq. (3.6) to zero:

{LW apexp U: (an — ap)dx} dx} =1 (3.7)

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:

M(x) = (3.6)

w
|| adx=1 (3.8)
0
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 IGBTSs, 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]:

1

~ T wsvr (3.9)

M,

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

1

/vy (3.10)

n
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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:

Fig. 3.2 Electric field and " - ) T
potential distribution for an P Depletion Region : N
abrupt parallel-plane P*N
junction Wp
> X
E(x)
Em
v
A
Va
V(x)
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dx® dx £s s .

where Q(x) is the charge within the depletion region due to the presence of ionized
donors, &g is the dielectric constant for the semiconductor, g is the electron charge,
and Np 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 x = Wp) provides the
electric field distribution:

E(x) = —%(WD — %) (3.12)

The electric field has a maximum value of E,, at the P*/N junction (x = 0) and
decreases linearly to zero at x = Wp. Integration of the electric field distribution
through the depletion region provides the potential distribution:

V() = Do (wa—x—z> (3.13)

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

By using the boundary condition:

V(Wp) =V, (3.14)

the thickness of the depletion region (Wp) can be related to the applied reverse bias
(Va):

285 Va
gNp

Wp = (3.15)

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

Ep = [ 24N0Ya (3.16)
£s

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:

w
J a.dx =1 (3.17)
0
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where a 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(Si) = 4.45 x 10N, (3.18)
and
Wpp(Si) = 2.404 x 10'°N"® (3.19)

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-SiC) = 3.0 x 10N "/* (3.20)

and
Wpp(4H-SiC) = 1.82 x 10" N,/ (3.21)
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
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Fig. 3.3 Breakdown voltage for abrupt parallel-plane junctions in Si and 4H-SiC
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Fig. 3.4 Maximum depletion width at breakdown in Si and 4H-SiC

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
Egs. (3.16) and (3.18), the critical electric field for breakdown in silicon is given by:

Ec(Si) = 3700NY® (3.22)
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Fig. 3.5 Critical electric field for breakdown in Si and 4H-SiC

while that for 4H-SiC is given by:

Ec(4H-SiC) = 33,000N/* (3.23)

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 8.92x 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
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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/°C in silicon power devices which corresponds to about 20%
increase from 300 to 500 °K [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:

4BV?

S— (3.24)
espnES

on,sp —

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:

Wep
qﬂnN D

(3.25)

on,sp —

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.
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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 MOSFETSs, 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:

By = En— 0Py (3.26)
€s
where E,, is the maximum electric field at the junction, Npp is the doping concen-
tration in the N-type drift region, and Wp, pr 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:

En+E
Ver = (“?‘) W, pr (3.27)
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Fig. 3.8 Breakdown voltages for the silicon P-i-N diodes with punch-through design

if the small voltage supported within the N* end region is neglected. The punch-
through diode undergoes avalanche breakdown when the maximum electric field
(E,,) 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:

qNppW3 pr

BVpr = E.-Wp pr — 2es

(3.28)

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 pm. In contrast, a drift
region thickness of 80 pm 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
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Fig. 3.9 Breakdown voltages for the 4H-SiC P-i-N diodes with punch-through design

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
(~10x) 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 pm in
4H-SiC. In contrast, a drift region thickness of 80 pm 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
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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
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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:

O(x) = qGx (3.29)

Applying this charge distribution to Poisson’s equation gives:

&’V dE —4G.
v _ _QW) _ —qGx (3.30)
dx dx £s £s

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

_ 4G
o 285

E(x) (= w?) (3.31)
The electric field varies parabolically with distance with its maximum value at the

junction given by:

_ gGW?

E
m 265

(3.32)
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Integration of the electric field distribution through the depletion region with the
boundary conditions that the potential is zero at x = — W on the P-side of the junction
yields:

V(%)

3 2 3
:E(l Wx x) (3.33)

€s

3 2 6

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

(Vo)
1/3
W= (3’;SGV‘1> (3.34)

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):

w G 7
J 1.8 x107% ["—(x2 - W2)} dx =1 (3.35)
—W 285

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

Wer = 9.1 x 10°.677/1 (3.36)

Using this depletion width in Eq. (3.34), the breakdown voltage for the linearly
graded junction is found to be given by:

BV. =9.2 x 10°.G™?/° (3.37)

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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Fig. 3.12 The planar
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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 ry. 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 rp. 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]:

li(dv> 1d O(r)  qNp

Z )= ——(r.E) = — = 3.38
rdr rdr rdr (rE) & £ ( )
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
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Fig. 3.13 The cylindrical p* Junction
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depletion region boundary (rp) in the N-type region provides the electric field
distribution:

E(r) = ‘IZNT;) (’2 - ’123) (3.39)

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

Ny (12 — 12
Em,CYL(rJ) = CIZT;) <Jl”—JD> (340)

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 (ry) is small
when compared with the depletion width and consequently the radius rp. Since ry is
much smaller than rp in this case, the maximum electric field is given by:

‘]ND”ZD

— 3.41
2857‘] ( )

Em,cyL(ry) =

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

gNpWp

(3.42)
€s

Empp = —

If the depletion widths for the two cases are assumed to be approximately equal at the
same reverse bias voltage (i.e., rp = Wp), 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:
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EncyL 1o
Enpp 21

(3.43)

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 pm and the depletion region has a
thickness of 30 pm, 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(r) = % K#) +721n (72)] (3.44)

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 V, 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:

_aNprp _ Ke

E(r) = (3.45)

2es 1 r

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 ry = 0.1 rp.
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:

679 17 gNpr3
Ko=) =722 3.46
¢ (3.507 x 1035> 2es (3.46)
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Fig. 3.14 Comparison of the electric field distribution for the hyperbolic approximation with the
exact case for a cylindrical junction

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:

(3.47)

1711 x 1035\ /7
ry

Ec,cyL = (

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:

Ecevi _ (3 WPP) 17

3.48
Ec pp 4ry (3.48)

In deriving this relationship, the critical electric field (Ecpp) for the parallel-plane
case was related to the depletion width (Wpp) by using Egs. (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.
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The breakdown voltage for the cylindrical junction can be obtained by using
r = rp in Eq. (3.44) with the value for rp 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:

WPP>8/7 < ry )6/7
(Y (AL R oy i
( ry Wep

(3.49)

BVCYL B 1

2 6/7
! <_J) N 2(L) In
BVpp 2| \Wpp Wep

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., ry/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
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Fig. 3.15 Breakdown voltages of cylindrical and spherical junctions normalized to the parallel-
plane case



112 3 Breakdown Voltage

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 pum is used with a background doping concentration of 1 x 10" cm™
corresponding to a depletion layer width of 18 pm, 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 x 10" cm™?
corresponding to a depletion layer width of 40 pm, 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 x 10" cm™> 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 pm for the
case of a P* region with a surface doping concentration of 1 x 10?° cm > and depth
of 5 pm. 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 x 10°> 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 pm. 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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Fig. 3.16 Breakdown voltages of cylindrical junctions: comparison of simulated results with
analytical model

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 pm 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 Vg = 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
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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:

1d av 1d o(r N,
S (#E) = = (PE) = —% - —‘IS—SD (3.50)
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 (rp) in the N-type region provides the electric field
distribution:

E(r) —W—D(r3 '%) (3.51)

3eg r2

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

N P
Ensp(ry) = 27: (%) (3.52)
J

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
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Fig. 3.18 Electric field profiles in cylindrical junctions with various junction depths

spherical junction whose radius of curvature (r;) is small when compared with the
depletion width and consequently the radius rp. Since ry is much smaller than rp in
this case, the maximum electric field is given by:

N7
Emsp(ry) = ~4'p'p

3.53
3esr? ( )

If the depletion widths for the spherical and cylindrical cases are assumed to be
approximately equal at the same reverse bias voltage (i.e., rp = Wp), then the
enhancement of the electric field at the spherical junction over that at the cylindrical
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junction can be obtained by taking the ratio of the maximum electric field for the two
cases:

Ensp  2rp
—msE _ ZD 3.54
EncyL 3 ( )

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 um and the depletion region has a thickness of 30 pm, 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:

o[ eal)] e

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 V, 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:

_aNorp _ Ks

E(r) = 3eg 2 2

(3.56)
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 ry = 0.1 rp. 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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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:

371 x 103\
Ecsp = (—) (3.58)

ry

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 = (13WPP)1/7 (3 59)

Ec,pp 8ry

In deriving this relationship, the critical electric field (Ecpp) for the parallel-plane
case was related to the depletion width (Wpp) by using Egs. (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
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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 = rp in Eq. (3.55) with the value for r 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:

2 6/7 3 13/771%/3

BVsp _ (L) +2.14(i> - l<i> +3(i) 1 (3.60)
BVpp Wep Wep Wep Wep

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., ri/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 Wy is obtained, the spacing
on the mask is given by:

W = Ws + 2x; (361)

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 Wy from the junction. Using the
potential distribution for the parallel-plane junction given by Eq. (3.13) with x = Wg
and a depletion width of Wp:

N W3
Vi = T2 (WDWS - S> (3.62)
£s 2

Replacing Wp, by using Eq. (3.15):

2gN,W3Va  gNpW3
Es 285

ViR = (3.63)

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 pm, 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 pm, 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 (Vgggr) must be equal to the
breakdown voltage of the cylindrical junction with the same radius of curvature and
doping concentration in the drift region:

VErR _ BVceyL
BVpp BVpp

(3.64)

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

(Vat — Vi) = VD K’?;Wé> +2.In (V;’S)] (3.65)

285 T

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

1 gN

BVep = S EcWer = 2,9: Wip (3.66)
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to normalize the solution, it can be shown that:
<BVFFR_BVCYL> _1< ry >2 096< ry )6/7
BVpp 2\ Wpp T\ Wpp

6/7 4/7
W
+1.92 <i> In [1.386 (ﬁ) 1
Wpp ry

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 Wy in Eq. (3.65)
with V) equal to BVggg and Vigr equal to BVeyp and eliminating Np by using
Eq. (3.66):
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Fig. 3.22 Breakdown voltages for cylindrical junctions with a single floating field ring
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BVErr
BVpp

Wi —2

BV,
WepWs + (ﬂ> W2 =0 (3.68)
BVpp

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:

/BVERR BVFFR BVCYL> (3.69)
WPP BVpp BVPP BVpp .
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 x 10'* cm™ (previously
used in the context of cylindrical junctions) and a junction depth of 5 pm, a
normalized radius of curvature of 0.11 is obtained because the depletion layer
width at breakdown is 47 pm. Using this value, an optimum spacing for the floating
field ring is found to be 12 pm by using the analytical solution corresponding to a
normalized value of 0.258.
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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 x 10" cm™ 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 pum for the case of a P* region with a
surface doping concentration of 1 x 10** cm ™ and depth of 5 pm 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 pm, and the width of the window for the floating
field ring was maintained at 20 pm.

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 pm providing credence to the model even
though it was based upon simple one-dimensional considerations.
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Fig. 3.25 Breakdown voltages of cylindrical junctions with a single floating field ring

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 pm. 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 pm, 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 um, the electric field increases more rapidly at the edge of the
floating field ring located at 90 um. 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 pum, the electric field increases more rapidly at the edge of the main
junction located at 55 pm. This results in breakdown occurring at the main junction
at a lower reverse bias voltage. For the optimum floating field ring spacing of 10 pm,
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. 3.26 Electric field profiles in cylindrical junctions with single floating field rings with various
spacing

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 pm 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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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 pm were
repeated after inclusion of an oxide charge of 1 x 10'"' 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
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Fig. 3.28 Impact of fixed
oxide charge on the
depletion boundary for a
cylindrical junction

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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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 10'' cm

-2
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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 pm. 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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It has been found [16] that the breakdown voltage of the diode with the field plate
(BVgp) is related to the magnitude of the negative bias (Vgp) applied to the field
plate:

BVFP = mVFp + K (370)

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:

ea
Xy = ( St )lox ~ 3tox (371)
0).¢
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The breakdown voltage at the field plate for a field oxide thickness of 1 pm would be
equivalent to the breakdown voltage of a cylindrical junction with a depth of 3 pm.
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 x 10'* cm™ 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 x 10" cm™ 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 pum for the case of a P* region
with a surface doping concentration of 1 x 10°° cm™* and depth of 5 pm. The
simulations of the field plate termination were performed with various lengths (Lgp)
of the field plate and different field oxide thickness (ox). 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 pm.

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 pum, 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 pm 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 pm and the field oxide thickness was
1 pm. The electric field in the semiconductor reaches a magnitude of about 3 x 10°
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 pm and a field plate length of 10 pm. A
field oxide thickness of 1 pm 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 pm, 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 pm
while maintaining the same field oxide thickness of 1 pm and field plate length of
10 pm, 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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Fig. 3.39 Multiple floating field ring termination with field plates

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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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 pm. 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.

Fig. 3.40 Power rectifier Cathode
with positive bevel edge
termination

Passivation

Anode
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Fig. 3.42 Positive bevel Cathode
edge termination: Model A
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The positive bevel edge termination with a bevel angle @ 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 (Wg) by:

Ws = si‘:l]?e) (3.72)
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Fig. 3.43 Positive bevel Cathode
edge termination: Model B
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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
(Eqpp) is related to the maximum electric field in the bulk (E,g) by:

EmpB = EmB (@) = EmB sin (9) (373)
Ws

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 Q; 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 O, which is equal to the
removed charge Q.

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 (Wg). The hypotenuse (labeled
“a” in the figure) of the two right-angled triangles for the charges Q; and O, 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 (Wg):

Wg
sin (0)

(3.74)
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and

— WB
~ tan ()

(3.75)

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

1 1

Wg = b=Wg|—== 3.76

s=at B(sin (@) + tan (6’)) (3.76)

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
(E.pB) is given by:

Eupp = Enm <‘3V/‘:> = Enp (%) = Eqp tan (g) (3.77)

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
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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 x 10'* cm™> 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 pm for the case of a P* region with a surface
doping concentration of 1 x 10" cm™ and depth of 50 pm. 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 x 10° 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 (W) is smaller than
the depletion width in the bulk (Wp) 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

Fig. 3.47 Negative bevel Cathode
edge termination
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o -

Anode
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Fig. 3.48 Negative bevel edge termination with graded doping profile on the diffused side of the
junction

[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:

Wp

Ws = Sin (0) (3.78)

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 (E,np) is given by:

EmNB = EmB <%> = EmB—N sin (9) (379)
Ws
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 Wy/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 Wyx/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. 3.49 Reduction of the maximum surface electric field with a negative bevel termination

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 x 10'* cm™ 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 pm 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 x 10'7 cm™ with a depth of 100 um. 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 pm. Thus, the simulated structure has a Wy/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
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Fig. 3.50 Surface electric field reduction with a negative bevel termination

Fig. 3.51 Electric field
profile in a negative bevel
termination

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
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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 (Eyay)
is larger than at the surface of the negative bevel (E,ng). This maximum electric
field is slightly larger than the maximum electric field observed in the bulk parallel-
plane portion of the P-N junction (Eg). 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

Fig. 3.52 Moat etch
termination

Moat
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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
Jjunction 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
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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:

w
0= J gN adx = gN\Wp = esE (3.80)
0

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 = ESEC ~ 2.07 x 1079C/Cm2 (381)

if a critical electric field of 2 x 10° V/cm is assumed for silicon. The corresponding
dopant dose is 1.3 x 10'% 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 (Lytg) 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 2x
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Fig. 3.55 Junction . . Variable Implant Window
termination extension with Main Junction
variable lateral doping

Variable JTE Dose

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 x 10" cm™ 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 pm 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 pm, 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 x 10'?
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 x 10'% 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 x 10'? cm 2. When a dose of 1.1
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x 102 cm~2is 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
x 10" em™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 x 10"* 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 x 10" 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 x 10" cm™2 and length of 40 pm with fixed oxide charge
of 1 x 10" cm™2. The breakdown voltage was found to be reduced from 465 V (89%
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Fig. 3.57 Electric field profiles within the JTE region for three values of the JTE dose

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 x 10" 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 x 10'"' cm 2 as shown in Fig. 3.59.
However, when the charge is increased to 3 x 10" 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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Fig. 3.58 Breakdown voltage obtained with the junction termination extension

oxide charge should be reduced to less than 1 x 10"" 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 J,, while junction J; becomes reverse biased. The reverse
biased junction J; 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 (Wy) of the N-base region is large, breakdown will occur when the maximum
electric field (E,,) 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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Fig. 3.59 Impact of fixed oxide charge on the electric field profiles within the JTE region

parallel-plane junction. This corresponds to the multiplication coefficient becoming
infinitely large.

When the width (Wy) 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
J, 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 (ygatlE) at the depletion
boundary and (apnplg) at the collector junction J;. Here, the emitter injection
efficiency (yg) is close to unity, and the base transport factor (at) is less than
unity, while the common emitter current gain (apnp) 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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Fig. 3.60 Open-base transistor breakdown analysis

addition, the current due to the generation of carriers in the depletion region and the
neutral region is indicated by the arrow labeled I in the figure. Using Kirchhoff’s
law:

Ic = apnp g+ 1L = IE (3.82)
leading to
IL
Ice=lg=7+""— 3.83
¢ : (1 — apxp) ( )

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:

apNp — }/EaTM =1 (384)

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 (Wy — Wp) and the minority carrier diffusion length (L,):
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L,

where Wp 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 pm. 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:

(3.85)

_ aNp Wi

BVkr 2es

(3.86)

where Np 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
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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 x 10" cm™ 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 x 10" cm™ 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 x 10" cm™> for this case with an N-base width of 200 pm. 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 ps, the highest open-base breakdown voltage is
1670 V at an N-base doping concentration of 7 x 10'> cm™ 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 pm 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 ps. The
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Fig. 3.62 Open-base transistor breakdown voltage for an N-base width of 200 pm
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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 x 10" cm™> with the simulations compared with 1380 V
obtained using the analytical model at a doping concentration of 7 x 10'* cm™>.
When the minority carrier lifetime was decreased to 1 ps in the simulations, the
breakdown voltage was found to increase to 1600 V at a doping concentration of 8 x
10"? cm™ compared with 1670 V obtained using the analytical model. When the
minority carrier lifetime was increased to 100 ps in the simulations, the breakdown
voltage was found to decrease to 1190 V at a doping concentration of 8 x 10'* cm ™
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 J; becomes reverse biased leading to the
extension of the depletion region downward toward junction J,. 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 J, becomes reverse biased leading to the extension of the
depletion region upward toward junction J;. This also results in open-base transistor

Cathode
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Depletion Boundary <

J2

Anode

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 J, becomes reverse biased leading to the extension of the depletion region
upward toward junction J;. 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

Cathode Cathode

P ! P
J-‘ J1

)

Anode Anode

Fig. 3.64 Double-positive bevel terminations



160 3 Breakdown Voltage
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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 um
with a doping concentration of 5 x 10'* cm . The diffused P* region had a junction
depth of 50 pm. When a minority carrier lifetime of 1 ps 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 x 10° V/cm located at the junction.
The electric field along the bevel edge has a much lower value of 0.85 x 10° 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].
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Fig. 3.66 Electric field profiles within the double-positive bevel termination

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 STPOS 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 x 10" cm™
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 (L4 in Fig. 3.67).
A length (Layz) 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.

Fig. 3.67 Argon-implanted Laiz
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Fig. 3.68 Multiple-floating-zone junction termination extension

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 + ) is kept constant while the width
of the zone (W) is reduced by a constant factor « 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 «a 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 x 10'® 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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Fig. 3.69 Hybrid junction termination extension

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 (S| < S, < S3....). An optimum dose of 1 x 10" 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 x 10'> cm ™ and thickness of
40 pm [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 (Ey;) 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 (Ecg) 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 (Vyy) by:

Vn = VM — (H(SEcsWS) (387)
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Fig. 3.70 Multiple floating field ring edge termination design

where Ecg is the electric field for impact ionization-induced breakdown at the
surface, 6 is desired reduction in the surface electric field, and Wy is the spacing
between the floating field rings. The device breaks down at a main junction voltage
of BVgpr when the last ring has a voltage equal to the breakdown voltage of a
cylindrical junction (BVcyy). Using Eq. (3.88):

BVErr = BVeyL + (n6EcsWs) (3-88)
The number of floating field rings obtained from this equation is:

_ BVErr — BVeyL

WeFes (3.89)

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 x 10° 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 pm between the rings.
The total width of the floating field ring edge termination is given by:

Werr = n(Ws + Wp) (3.90)

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 pm in this
case. This is much greater than the parallel-plane breakdown depletion width of
about 80 pm. Devices with 10 kV breakdown voltage have been reported using
100 floating field rings with a total width of 900 um for the termination region [39].
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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 N,O 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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1- Surface
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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 x 10° 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 x 10° V/cm.

3.3 Calculate the parallel-plane breakdown voltage for silicon abrupt P-N junc-
tions at drift region doping concentrations of 1 x 10> ecm ™, 1 x 10" em ™,
1 x 10" cm73, and 1 x 10" cm ™.

3.4 Calculate the parallel-plane breakdown voltage for 4H-SiC abrupt P-N junc-
tions at drift region doping concentrations of 1 x 10" ecm™, 1 x 10" cm ™,
1 x10°cem ™ and 1 x 10" em ™.

3.5 Calculate the maximum depletion layer width at breakdown for silicon abrupt
P-N junctions at drift region doping concentrations of 1 x 10'? ecm™, 1 x 10
14 cm73, 1 x 109 cm73, and 1 x 10"%cm™.

3.6 Calculate the maximum depletion layer width at breakdown for 4H-SiC
abrupt P-N junctions at drift region doping concentrations of 1 x 10'*cm ™3,
1 x10”cem ™, 1 x 10'°cm ™, and 1 x 10" cm ™.

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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3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

3 Breakdown Voltage

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
is2 x 10" em™.

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 x 10" cm™,

Calculate the breakdown voltage for a cylindrical junction termination with a
deptl31 of 3 pm for a silicon drift region with doping concentration of 1 x 10'*
cm” .

Calculate the breakdown voltage for a spherical junction termination with a
dept}; of 3 pm for a silicon drift region with doping concentration of 1 x 10"
cm™ .

Calculate the breakdown voltage for a junction termination using the single
optimally located floating field ring with a depth of 3 pm for a silicon drift
region with doping concentration of 1 x 10'* cm™>.

Determine the spacing for the single optimally located floating field ring in the
previous problem. What is the mask dimension required for this design?
Determine the normalized surface electric field for a positive bevel termination
with an angle of 45°.

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.

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

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

Calculate the breakdown voltage for an open-base silicon transistor with a drift
region doping concentration of 5 x 10'* cm™ and thickness of 300 pm if the
low-level lifetime is 10 ps. Compare this value to the avalanche breakdown
voltage and the reach-through breakdown voltage.

Determine the impact of changing the drift region doping concentration to 2 X
10" cm ™ in the previous problem.

References

—

. Fulop W (1967) Calculation of avalanche breakdown of silicon P-N junctions. Solid State

Electron 10:39-43

2. Baliga BJ (2010) Advanced power MOSFET concepts. Springer-Science, New York

3. Baliga BJ (2006) Silicon carbide power devices. World Scientific Publishing Company,
Singapore

4. Raghunathan R, Baliga BJ (1999) Temperature dependence of hole impact ionization coeffi-
cients in 4H and 6H SiC. Solid State Electron 43:199-211

5. McIntyre RJ (1966) Multiplication noise in uniform avalanche diodes. IEEE Transactions on
Electron Devices ED-13:164—-168



References 169

10.

11.

12.

13.
14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

. Ghandhi SK (1977) Semiconductor power devices. Wiley, New York, p 39
.Howard NR (1962) Avalanche multiplication in silicon junctions. J Electronic Control

13:537-544

. Bauer FD (2011) Compact high-precision models for silicon p-n step junction avalanche-

breakdown voltages. IEEE Transactions on Electron Devices 58:658—663

. Sze SM, Gibbons G (1966) Effect of junction curvature on breakdown voltage in semiconduc-

tors. Solid State Electron 9:831-845

Temple VAK, Adler MS (1975) Calculation of the diffusion curvature related avalanche
breakdown in high voltage planar P-N junctions. IEEE Trans Electron Dev ED-22:910-916
Baliga BJ, Ghandhi SK (1976) Analytical solutions for the breakdown voltage of abrupt
cylindrical and spherical junctions. Solid State Electron 19:739-744

Van Overstraeten R, DeMan H (1970) Measurements of the ionization rates in diffused silicon
P-N junctions. Solid State Electron 13:583-608

Koa YC, Wolley ED (1967) High voltage planar P-N junctions. Proc IEEE 55:1409-1414
Adler MS et al (1977) Theory and breakdown voltage of planar devices with a single field
limiting ring. IEEE Trans Electron Dev ED-24:107-113

Baliga BJ (1990) Closed form analytical solutions for the breakdown voltage of planar junctions
terminated with a single floating field ring. Solid State Electron 33:485-488

. Grove AS, Leistiko O, Hooper WW (1967) Effect of surface fields on the breakdown voltage of

planar silicon P-N junctions. IEEE Trans Electron Dev ED-14:157-162

Baliga BJ (1979) Deep planar gallium and aluminum diffusions in silicon. J Electrochem Soc
126:292-296

Cornu J (1973) Field distribution near the surface of beveled P-N junctions of high voltage
devices. IEEE Trans Electron Dev ED-20:347-352

Adler MS, Temple VAK (1978) Maximum surface and bulk electric fields at breakdown for
planar and beveled devices. IEEE Trans Electron Dev ED-25:1266—1270

Adler MS, Temple VAK (1976) A general method for predicting the avalanche breakdown
voltage of negative beveled devices. IEEE Trans Electron Dev ED-23:956-960

Temple VAK, Baliga BJ, Adler MS (1977) The planar junction etch for high voltage and low
surface fields in planar devices. IEEE Trans Electron Dev ED-24:1304-1310

Temple VAK (1977) Junction termination extension: a new technique for increasing avalanche
breakdown voltage and controlling surface electric fields at P-N junctions. IEEE International
Electron Devices Meeting, Abstract 20.4, pp 423-426

Stengle R, Gosele U (1985) Variation of lateral doping — a new concept to avoid high voltage
breakdown of planar junctions. IEEE International Electron Devices Meeting, Abstract 6.4, pp
154-157

Herlet A (1965) The maximum blocking capability of silicon Thyristors. Solid State Electron
8:655-671

Cornu J, Schweitzer S, Kuhn O (1974) Double positive bevel: a better edge contour for high
voltage devices. IEEE Trans Electron Dev ED-21:181-184

Verderber RR et al (1970) Passivation of high power rectifiers. IEEE Trans Electron Dev
ED-17:797-799

Blaha RE, Fahrner WR (1976) Passivation of high breakdown voltage P-N-P structures by
thermal oxidation. J Electrochem Soc 123:515-518

Matsushita T et al (1976) Highly reliable high voltage transistors by use of the SIPOS process.
IEEE Trans Electron Dev ED-23:826-830

Bhatnagar M et al (1993) Edge terminations for SiC high voltage Schottky rectifiers. IEEE
International Symposium on Power Semiconductor Devices and ICs. pp 89-94

Palmour JW et al (1997) Silicon carbide for power devices. IEEE International Symposium on
Power Semiconductor Devices and ICs. pp 25-32

Alok D, Baliga BJ, McLarty PK (1994) A simple edge termination for silicon carbide with
nearly ideal breakdown voltage. IEEE Electron Dev Lett 15:394-395



170

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

3 Breakdown Voltage

Alok D, Raghunathan R, Baliga BJ (1996) Planar edge termination for 4H-SiC devices. IEEE
Trans Electron Dev 43:1315-1317

Alok D, Baliga BJ (1997) SiC device edge termination using finite area argon implantation.
IEEE Trans Electron Dev 44:1013-1017

Sheridan DC et al (2000) Simulation and fabrication of high voltage 4H-SiC diodes with
multiple floating guard ring termination. Silicon Carbide Relat Mater — 1999, Mater Sci
Forum 338-342:1339-1342

Li X et al (2000) Theoretical and experimental study of 4H-SiC junction edge termination.
Silicon Carbide Relat Mater — 1999, Mater Sci Forum 338-342:1375-1378

Perez R et al (2005) Planar edge termination design and technology considerations for 1.7 kV
4H-SiC PiN diodes. IEEE Trans Electron Dev 52:2309-2316

Sung W et al (2011) A new edge termination technique for high voltage devices in 4H-SiC —
multiple floating zone junction termination extension. IEEE Electron Dev Lett 32:880-882
Sung W et al (2016) A new ideal edge termination technique for 4500V 4H-SiC devices: the
hybrid junction termination extension. IEEE Electron Dev Lett 37:1609-1612

Ryu SH et al (2006) 10 kV, 5 A 4H-SiC Power DMOSFET. IEEE International Symposium on
Power Semiconductor Devices and ICs. p 14

Huang X et al (2013) SiC symmetric blocking terminations using orthogonal positive bevel
termination and junction termination extension. IEEE International Symposium on Power
Semiconductor Devices and ICs, Paper WB-P4. pp 179-182

Sung W et al (2015) The first demonstration of symmetric blocking SiC gate turn-off (GTO)
Thyristor. IEEE International Symposium on Power Semiconductor Devices and ICs. pp
257-260

Sung W, Huang AQ, Baliga BJ (2016) Bevel junction termination extension — a new edge
termination technique for 4H-SiC high voltage devices. IEEE Electron Dev Lett 36:594-596
Sung W, Baliga BJ, Huang AQ (2016) Area-efficient bevel-edge termination techniques for SiC
high-voltage devices. IEEE Trans Electron Dev 63:1630-1636



Chapter 4 )
Schottky Rectifiers e

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 IGBTSs 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

SCHOTTKY
CONTACT METAL

(ANODE) ELECTRIC FIELD

N-DRIFT REGION

OHMIC CONTACT
METAL

(CATHODE)

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 (¢by) is defined as the
energy required to move an electron from the Fermi level position in the metal (Egyp)
to a state of rest in free space outside the surface of the metal. In the same manner, the
work function for the semiconductor (¢s) is defined as the energy required to move
an electron from the Fermi level position in the semiconductor (Egs) 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 (ys) as the energy required to move an electron from

Fig. 4.2 Energy band Vacuum Vacuum
diagram for a metal and a
semiconductor in isolation
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the bottom of the conduction band in the semiconductor (E¢) 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:

(0N =xs+ (EC — Eps) (41)

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 = (EFS — EFM) = (I)M — (Ds = (I)M — ()(S + EC — Eps) (42)

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 (Vy,;) of the metal-
semiconductor contact.

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

®pn = Vi + (Ec — Ers) (4.3)
Another useful relationship for obtaining the Schottky barrier height is:

Py = Oy — x5 (4.4)
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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:

265V
Wo = | [Tt (4.5)
qNp

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
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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)

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 — AT2e~(a®sn/KT) [ewwm _ 1} (4.6)

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/cm>-°K? 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 Vin Eq. (4.6)), the first term in
the square brackets of the equation becomes dominant allowing calculation of the
forward current density using:

Jp = AT a®an/AT) (aVes /K1) (4.7)

where Vgs is the forward voltage drop across the Schottky contact.
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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 (V) occurs across this drift region
which increases the on-state voltage drop of the power Schottky rectifier beyond Vis.
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 pm) 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 (Rsyg) 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 (V) for the power Schottky rectifier, after including the
resistive voltage drop, is given by:

VeE=Vg +Vr = k;T In (52) + Rs,spJF (4.8)

where Jg is the forward (on-state) current density, Js is the saturation current density,
and Rgsp is the total series-specific resistance. In this expression, the saturation
current is given by:

Js = AT?e (@Pen/KT) (4.9)
and the total series-specific resistance is given by:

Rs,sp = Rp,sp + Rsu + Rcont (4.10)

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:

4BV?
Ron—ideat = —— 4.11
on—ideal 8SﬂnE3é ( )

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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Fig. 4.6 Saturation current density for silicon Schottky barrier rectifiers

Rp.sp = Ron-igeat (Si) = 8.4 x 107 BV*? (4.12)

and

Rp.sp = Ron-igea (4H — SiC) = 2.07 x 107 12BV?? (4.13)

if a constant mobility of 1360 cm?/V-s is used for silicon and 1140 cm*/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 mQ-cm are available. If the thickness of the substrate is 200 pm, the
specific resistance contributed by the N* substrate is 2 x 10~ Q-cm?. For silicon
carbide, the available resistivity of the N™ substrates is substantially larger. For the
available substrates with a typical resistivity of 0.02 Q-cm and thickness of 200 pm,
the substrate contribution is 4 x 10~* Q-cm?. The specific resistance of the ohmic
contact to the N* substrate can be reduced to less than 1 x 107° Q-cm® 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
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Fig. 4.7 Forward characteristics of silicon Schottky rectifiers

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/cm?®. 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 x 10~* Q-cm?. 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.
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Fig. 4.8 Forward characteristics of 4H-SiC Schottky rectifiers
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Fig. 4.9 Forward characteristics of silicon Schottky rectifiers

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 Eqgs. (4.8 and 4.9) and neglecting
the resistive voltage drop, the on-state voltage drop is given by:
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Fig. 4.10 Temperature dependence of the on-state voltage drop for silicon Schottky rectifiers

kT JE
Vi = Opx + — In (25 4.14
F BN + p n <AT2) (4.14)

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 x 10'° cm ™ and
thickness of 3 pm. 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 (7,
and 7,,9) were assigned a value of 10 ps 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
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density of 100 A/cm? 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/cm?. Tt 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 10'® cm ™2 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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Fig. 4.13 Energy band diagram for a metal-semiconductor junction after the application of a
reverse bias voltage

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:

Np = 1.577 x 108 (BVpp) /> (4.15)

and

Wp = 2.87 x 107 (BVpp)"/® (4.16)

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 Vg applied to the diode:

Jp = AT ®an/kT) | o= (aVi/KT) _ 1} (4.17)

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 = —AT2e @ /K — _ (4.18)

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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Fig. 4.14 Temperature dependence of the leakage current for silicon Schottky rectifiers

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:
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- 4reg(2x) (19)

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 (V7) is given by:

o0 2 00 2
q dx q
Vi=| Fljdy= - = 4.20
s Jx () l67es L x? 16mesx ( )

The negative image force potential combines with the positive potential due to the
Schottky barrier producing a maximum at a distance Xy, 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 (Eyy) at the
Schottky contact. The illustration exaggerates the change in barrier height and the
distance Xy, to clarify the physics. Equating the image force potential (V}) at location
X to the potential drop (Ep.Xy) in the depletion region:

q

———=EuX 4.21
167[83XM MAM ( )

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

Apgy = 2EmXm (4.22)

Using Eq. (4.21) to eliminate Xy, the barrier lowering is found to be determined by
the maximum electric field (E)) at the metal-semiconductor interface:
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Fig. 4.16 Schottky barrier lowering for silicon and 4H-SiC Schottky rectifiers

qE
Appn = A/ ﬁ (4.23)

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

2gN
Ev = \/ Z D (Vg + Vep) (4.24)

where Vy is the reverse bias voltage and Vp 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 — _ATZe—ll((/'BN—A’/’BN>/kT (425)

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.
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Fig. 4.17 Leakage current density for a 60V silicon Schottky rectifier

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 M,,,
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 a,, and a,,:

a, =66 x 10723 (4.26)
and
ap =23 x 1072E*" =0.344q, (4.27)

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



4.4 Reverse Blocking 189

(M,) is then determined from the maximum electric field (Ey;) at the metal-
semiconductor contact:

M, ={1-152[1—exp(-722 x 10 PE-Pwp)]}" (4.28)

where W, is the depletion layer width. The leakage current density for a silicon
Schottky rectifier with drift region doping concentration of 1 x 10'® cm ™ 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 x 10'® cm >, 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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Fig. 4.18 Leakage current density for a 3 kV 4H-SiC Schottky rectifier

electric field at the metal-semiconductor interface. When combined with the therm-
ionic emission model, the leakage current density can be written as:

A
Js = AT?exp (— q(]f;N> .exp (q ]:;BN> .exp (CTE%,[) (4.29)

where Cr is a tunneling coefficient. A tunneling coefficient of 8 x 10~"* cm*/V? 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/em? compared with an on-state power dissipation of 100 W/cm?. 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.
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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 (Wp)
is related to the applied reverse bias voltage (VR) by:

285
Wp =4/——(Vr + Vcp 4.30
225 (vt Var) (430

where Vcp is the contact potential. The specific capacitance (capacitance per unit
area) associated with this depletion region is given by:
s
CSBD,SP = WD (431)
where &g 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~® F/cm?.
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Fig. 4.19 Specific capacitance for silicon Schottky rectifiers
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Fig. 4.20 Specific capacitance for 4H-SiC Schottky rectifiers

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~° F/cm?.

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
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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 (V)
during current conduction in the forward direction. This results in power dissipation
per unit area in the on-state given by:

PL(OI'I) = 5]1: VF (432)

where Jg is the on-state current density. In this expression, d is referred to as the duty
cycle given by:

6= tON/T (433)

where foy 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:

where J is the leakage current exhibited by the device in its off-state due to
supporting a reverse bias (Vg). 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.
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The total power dissipation incurred in the diode is obtained by combining these
terms:

Py (total) = Pp (on) + Py (off) (4.35)

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/cm?® 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/cm? for these diodes. As the barrier height is increased from
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Fig. 4.22 Typical power dissipation for a silicon Schottky rectifier
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Fig. 4.23 Power dissipation for silicon Schottky rectifiers

0.5t0 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/cm?® 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:

dpPy
—==0 4.36

By using Egs. (4.14 and 4.17) for the on-state voltage drop and the leakage current,
this condition is defined by:
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kT JE 2 — kT
JF |:(pBN +;ln (ﬁ)} — AT?e (aban/ )VR =0 (437)

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:
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kT Jr
VE=®pgn+—In|—5 4.38

TR Ty (AT2> (438)
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 = Jg = AT?e~(a®n/kT) (4.39)

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:

J = Jpe 4Ve/KT) (4.40)

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
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Fig. 4.25 Fundamental trade-off curves for Schottky rectifiers



198 4 Schottky Rectifiers

1 mA/cm? 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

Fig. 4.27 Schottky barrier
heights for metal silicides on Metal-Silicide CrSi, | WSi, | MoSi, | PtSi,

silicon

Barrier Height

(V) 0.57 | 065 | 0.55 | 0.78
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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 x =0
to x = a is determined by the larger doping concentration of the surface layer while
that in the drift region from x = a to x = W is determined by its lower doping
concentration. It can be seen from the band diagram in Fig. 4.28 that a narrow
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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:

N
E(x) = —Ey + 2287 (4.41)
es
from x =0 to x = a and
N
E(x) = D (w —y) (4.42)
&s

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

4 [Nsa + Np(W — a)] (4.43)

Ey=—
£s

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:

g [aNs

The effective barrier height (¢gg) can be calculated by subtracting this barrier
reduction from the metal-semiconductor barrier height (¢gN).

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 10'* and 10'* 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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Fig. 4.29 Reduction of the Schottky barrier height with a thin, highly doped, N-type surface layer

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. 4.30 Edge terminations for Schottky barrier rectifiers

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.
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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 () of the anode voltage. The
reverse voltage across the device is then given by:

Vr(t) = (Vui + 61) (4.45)

where Vy,; is the built-in voltage of the Schottky contact. The reverse current
produced by this [dV/df] applied to the Schottky diode can be obtained using its
capacitance C(V):

av Es

Jr(t) = C(V) {E} = Vo 5 (4.46)

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

Wn(r) = \/288 [ng(\t/? Vi _ \/285 (;Sltv I Vi) (4.47)

where Np is the doping concentration of the drift region. Using this expression in

Eq. (4.46):
| gNpes&®
Jr(t) = m (4.48)

As an example, the reverse recovery current density is shown in Fig. 4.31 for case
of a drift region doping concentration of 1 x 10'® cm ™ corresponding to a Schottky
diode with breakdown voltage of about 50 V. A reverse voltage ramp rate of 1 x 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/cm?® 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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Fig. 4.31 Reverse recovery waveforms for Schottky barrier rectifiers

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 Alem?, (c) barrier
height of 0.8 eV, (d) operation at room temperature (300 °K), and (e) zero
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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 Alem?,
(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 Alem?, (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/cm”. Estimate the temperature at which minimum
power dissipation is observed.
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Chapter 5 )
P-i-N Rectifiers Gk

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
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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 V, 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™):

2
ny  qVy
np(0) = —Ler 5.1
p(0) = - (5.1
where #; is the intrinsic carrier concentration, N, is acceptor doping concentration,
q is the electron charge, k is Boltzmann’s constant, and 7 is the absolute temperature.
Consequently, the p-n product on the P-side of the junction is given by:

4Va

pp(0).np(0) = nizeﬁ (5.2)

because the majority carrier concentration [pp(0)] is equal to the doping concentra-
tion (N). 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]:
pn — ”12

U= ol m) + ¢+ p0)

(5.3)

where { is the ratio of the minority carrier lifetime in heavily doped P-type material
(7o) to the minority carrier lifetime in heavily doped N-type material (7p) and 1,
and p, 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 (n;) 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:

4Va

n=p =njex (54)

Using this concentration for the carriers in Eq. (5.3):
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2
4V 1an (5'5)
Tp0 {(niew + ni) + C(niew + nl)}

A
U=nled —n

Since the applied bias is much greater than the thermal voltage (k7/g), this equation
can be written as:

U Mg (5.6)
B, .
po[1 +¢]

From Egq. (2.80) with the recombination center located at the mid-gap position:

7sc = 7po[l + ] (5.7)
Thus, the recombination rate under forward current flow is given by:

U=" 4 (5.8)
7sc

The forward current density produced by this recombination process within the
depletion region of width Wy, is then given by:

nWp o
qn; Deﬁ

e

]FR :qUWD = (59)
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:

aVa
Pn(0) = poner (5.10)
where pgy 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 (Apy) at the edge of the
depletion region is then given by:
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aVa
Apx = pn(0) — pon :PON(eﬁ - 1) (5.11)

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:

Sp(x) = Apye ™ (5.12)

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:

do
x=0

where D, is the diffusion coefficient for holes. Using Egs. (5.11) and (5.12) to
describe the excess minority carrier distribution:

Jn e —1 (5.14)

_ gDypon ( v )
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 (Jy). 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 L, the total current flow due to injection on the
P-side of the junction can be shown to be given by:

D qVa
J1p :qL“ﬂ(e%— 1) (5.15)

n

where D, is the diffusion coefficient for electrons and ngp 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 (N4 ) on the P-side of the junction
in comparison to the doping concentration (Np) on the N-side, which serves as the
drift region. Consequently:

PoN Z—iD>> nop = -~ (5.16)

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 (J1y) 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:

qDypox A
J :—(ew —1) 5.17
™ Lotanh (W /L) 5-17)

where Wy 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 (Np) 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(x) = p(x) (5.18)

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]:

on n 0’n 0
EZ——ﬁ-DnW—i—una(nE) (5.19)

THL



5.1 One-Dimensional Structure 213

where D, and D,, are the diffusion coefficients for electrons and holes, respectively,
and 7y is the high-level lifetime in the drift region. Combining these equations after
multiplying Eq. (5.19) by (u,.p) and Eq. (5.20) by (u,.n) gives:

2
% n N (,uppDn +,unnDp> 0°n (5.21)

ot THL HpD + pynt Ox2

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:
kT
D=—u (5.22)
q

Since the carrier density for electrons and holes is equal in accordance with
Eqgs. (5.18), (5.21) can be written under steady-state conditions as:

2
o _g__" _ pon

ot THL aﬁ (523>

where 7y is the high-level lifetime in the drift region, and D, is the ambipolar
diffusion coefficient given by:

D. — pt+n 2D,D,
) = =
b+% Da+Dy

(5.24)

due to charge neutrality (See Eq. (5.18)). The general solution for the carrier
concentration governed by Eq. (5.23) is given by:

n(x) = Acosh (%) + Bsinh (%) (5.25)

with the constants A and B determined by the boundary conditions for the N-drift
region. The parameter L, in this equation, referred to as the ambipolar diffusion
length, is given by:

La =V DaTHL (526)

At the junction between the N-drift region and the N* cathode region (located at
x = +d in Fig. 5.2), the total current flow occurs exclusively by electron transport:
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Jr = Ju(+d) (5.27)
and

Jo(+d) =0 (5.28)
Similarly, at the junction between the N-drift region and the P* anode region (located
at x = —d in Fig. 5.2), the total current flow occurs exclusively by hole transport:

Jr = Jp(—d) (5.29)
and

Jo(=d)=0 (5.30)

Using Eq. (5.28), the hole current due to drift and diffusion can be written as:

Jp(+d) = qu,p(+d)E(+d) — gD, <j—[;> » =0 (5.31)

Combining this equation with Eq. (5.18) and the Einstein relationship:

kT dn
E(+d) = an(+d) (a)xw (5.32)

Equation (5.27) for the total current flow due to electron transport at this boundary
can be written as:

d
Jr = qun(+d)E(+d) + ¢D, (n) (5.33)
dx x=-+d

Using Eq. (5.32) for the electric field E(+d):

dn
Jr =2¢gD, | — 5.34
! 1 ! (dx) x=+d ( )
In the same manner:
dn
Jr=2gD_| — 5.35
! 1 P <dx) x=—d ( )

Based upon these equations:

d J di J
<”> _ S (”) _Jr (5.36)
dx) ... 2qD, dx)._ 4 29D,
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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:

_ tmJt [cosh(x/Ly)  Bsinh(x/La)
~ 2gL, [sinh(d/L,)  cosh(d/L,)

p(x) (5.37)
The value for B is given by [(un + pp)/(n — pp)]. 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 pm. 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:

+d
Jr = J L]de
—d

(5.38)

where U is the recombination rate (see Sect. 2.3) given by:
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Fig. 5.3 Carrier distribution under high-level injection conditions for a P-i-N rectifier with various
high-level lifetime values

y="% (5.39)

Using an average carrier density (n,) within the drift region, these equations can be
combined to yield:

2gn,d
Jp = 24 (5.40)
THL
The average carrier density in the drift region is then given by:
JrTHL
2= 541
"ta 2qd ( )

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/cm” and a drift region thickness (2d) of
200 um with a high-level lifetime of 1 ps, the average carrier concentration obtained
by using the above equation is 3 x 10'® cm ™, 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:
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2d

Risp=—F——+— (5.42)
S g + )
Using Eq. (5.41) for the average carrier density:
4d°
Risp=——""—— (5.43)
(un + #p)JTTHL
The voltage drop across the drift region (middle region) is then given by:
4d°
VMm =Jr.Risp = (5.44)

(4 + ﬂp) THL

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:

kTdp
J, = E — 5.45
b = Ay (p . dx) (5.45)
and
kTdn
Jnh = E 5.46
= a8+ ) (5.46)
The total current at any location in the drift region is constant and given by:
JT:Jp+Jn (547)
Combining these relationships:
J kT d
E(x) = T - (5.48)

q(py +pp)n 2gndx

Here, the charge neutrality condition n(x) = 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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Fig. 5.4 Normalized voltage drop in the drift (middle) region of a P-i-N rectifier

The integration of the electric field distribution given in Eq. (5.48) yields the
voltage drop across the drift (or middle) region [5-7]:

8b sinh(d/L,)
Va _J(b+1)? V1 - Btanh(d/L,)
i .arctan [\/1 — B’tanh’ (d/La)sinh(d/La)} (5.49)
1 + Btanh?(d/L,)
+BIn [1 - Btanhz(d/La)}

where b = (uy/up) and B = (u, — pp)/(un + pp). This complex equation can be
approximated by using two asymptotes as illustrated in Fig. 5.4. For d/L, ratios of up
to 2, the asymptote A given by:

2T (d\?

Vy =— (—) (5.50)
q \La

provides a good fit. For d/L, ratios of greater than 2, the asymptote B given by:

_ 3zkT

(d/La) 551
e (551)

M
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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/
L, 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/L, ratio of unity and becomes
0.7 V when the d/L, 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:

9py
p(—d) = poxe ™ (5.52)
where poy 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 Np, in the drift region:

Vp,y — %T In {”(“?ND} (5.53)

n

Similarly, applying the “Law of the Junction” on the cathode side:

VN4

n(+d) = none 7 (5.54)
where ngy is the majority carrier density in the N-type drift region in equilibrium and

V. 18 the voltage drop across the N*/N junction. Since the majority carrier concen-
tration in equilibrium is equal to the doping level Ny, in the drift region:

Vi = %T In {"(NL?} (5.55)

The voltage drop associated with the two end regions is therefore given by:

Vp+ + VN+ = ; In 5 (556)

ny

kT {n(—f—d)n(—d)}

In deriving this expression, the charge neutrality condition n(x) = 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
(J1) and the total on-state voltage drop (Vo) for the P-i-N rectifier [5-7]:
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Fig. 5.5 Function F(d/L,) for a silicon and 4H-SiC P-i-N rectifier

2¢D . n; d\ vox
Jr = qdaan(L—>eZko"' (5.57)
a
where
F(%) __ (d/L)tanh(d/L) o (5.58)
a \/1—0.25tanh4(d/La)

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/L,) is large.

The variation of the function F(d/L,) with increasing (d/L,) ratio is plotted in
Fig. 5.5. It can be seen that this function has a maximum value when d/L, = 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/L,) change due to the difference in electron and hole mobility and
the peak for the function shifts to a (d/L,) 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/L,) decrease very rapidly when the (d/L,) 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:
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The calculated on-state voltage drop for a silicon P-i-N rectifier with a drift region
width of 200 pum is shown in Fig. 5.6 at an on-state current density of 100 A/cm?.
As expected, the on-state voltage drop exhibits a minimum at a (d/L,) ratio of unity
for silicon devices and increases rapidly when the (d/L,) 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/cm?>.
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:JP+ +JM +JN+ (560)

Consequently, the current density associated with the middle region (Jyy) 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



222 5 P-i-N Rectifiers

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:

gDy Mop+ ey aVpi
er = Jgp e F 5.61
an+ tanh(WP+ /an+) * ( )

Jpy =

where Wp, is the width of the P* region, L,p. is the minority carrier diffusion length
in the P* region, D,p, is the minority carrier diffusion coefficient in the P* region,
ngp. 1s the minority carrier concentration in the P* region, and Vp, is the voltage drop
at the P*/N junction. In a similar manner:

qDpn+Pon+ LNy N
= e = Jonye (5.62)
Lynytanh (Wi /Lpny ) ’

where Wy, is the width of the N* region, L, is the minority carrier diffusion length
in the N* region, D, is the minority carrier diffusion coefficient in the N region,
Pon is the minority carrier concentration in the N* region, and Vy, is the voltage drop
at the N*/N interface. In these equations, Jsp, and Jgn, 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 x 107" to 4 x 10™"* A/cm? for silicon
devices.

The injected carrier concentrations on the two sides of the P*/N junction are
related under quasi-equilibrium conditions by:

IN+

Pp (—d).nps (—d) = p(—d).n(~d) (5.63)
Under low-level injection conditions within the P* anode region:
ppi(—d) = pop (5.64)
and
aVpy
npy(—d) = nopye 7 (5.65)

Using these relationships in Eq. (5.63):

Vpy VP4

p(—=d).n(—d) = pop, nopye & = nigp, € 7 (5.66)
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where ni.p,. 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) = n(—d), leading to:

VP4 - 2
P [M} (5.67)
Niep+

Using this expression in Eq. (5.61):

2
n(—d
]P+ = JSP+ |: ( ):| (568)
Niep+
A similar derivation performed for the N* cathode side yields:
n(+d)]*
Int = JIsnt (5-69)
NieN+

where nien 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= %XL) + Cagn-[n(x)] (5.70)

where Caay 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):

’n n(x) ’

A solution for this differential equation is:

n(x) = n(x) [cn( —on |m)} o (5.72)

where cn(u/m) is a Jacobian elliptic function of argument u. In this equation, xg is the
value for x at which dn/dx = 0. The parameter m is given by:

_ O.SCAA,,THL[l’l(x())}2 +1

Canntup[n(xo)]* + 1

(5.73)

and

L= DaTHL(2m — 1) (574)

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/L,) 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/L,) 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 (gVon/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 x 10" cm™> was used with
a thickness of 300 pm. The P* and N* end regions had a surface concentration of 1 x
10" cm ™ and a depth of about 5 pm. The on-state characteristics were obtained for
various values for the lifetime (7,0 and 7,0). In all cases, it was assumed that 7,0 = 7.
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 (7, and 7,9) of 10 ps in the drift region. Several
distinct regimes of operation are apparent in the shape of the characteristics. At
current densities ranging between 10~ and 10™> A/cm?, the device operates in the
low-level injection regime. Here, the slope of the i-v characteristic exhibits the
expected (gVon/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> and 10" A/cm?, the device operates in the high-level
injection regime. Here, the slope of the i-v characteristic exhibits the expected
(g@Von/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 (79 and 7,,0) of 1 ps in the drift region at an on-state current density of
100 A/cm?>. 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 x 10'® cm ™) 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 um is shown in Fig. 5.10. It can be seen that the on-state
voltage drop is low for a lifetime of 100 ps. This is consistent with the small value of
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about 0.3 for the (d/L,) ratio. When the lifetime is reduced to 10 ps, the on-state
voltage drop increases only slightly because the (d/L,) ratio is still close to unity.
However, the on-state voltage drop increases substantially when the lifetime is
reduced to 1 ps because the (d/L,) 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 pm 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 pm when 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 10° A/cm? and greater). Auger recombi-
nation has its greatest impact at current densities in excess of 10* A/cm?.

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 ps was used in the drift region during the
simulations. As discussed in the previous sections, these phenomena enhance the
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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 2x.

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 (79 and 7o) of 1 ps
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 (L,) is held
constant. The drift region widths used during these simulations were 36, 81,
183, 294, 530, and 1200 pm 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/L,)
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 ps 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 ps as
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shown in Fig. 5.15. With adequate conductivity modulation with a lifetime of
100 ps, 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/em?.
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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 rectifier with drift region thickness of 300 pm for the case of a lifetime (7,0
and 7,0) of 10 ps in the drift region. The on-state voltage drop at a forward current
density of 100 A/cm? 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/cm? 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.
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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:

kT {n(ﬂi)n(—d)} (5.75)

VP++VN+:;1I1 3

ny

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 x 107'° ecm™* at 300 °K, due to its larger
energy bandgap, when compared with 1.4 x 10'° cm ™ 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 x 10" em ™. 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 pm when compared with
1200 pm required for the silicon structure. The drift region also has relatively high
doping level of 2 x 10" cm™>. Due to the smaller thickness, good conductivity
modulation of the drift region is observed even for a very small lifetime (7,0 and 7y,0)
value of 100 ns as shown in Fig. 5.19. However, poor conductivity modulation
occurs for a typical lifetime (7,0 and 7,,0) 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
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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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Fig. 5.22 Leakage current components in a P-N junction (electrons, circles; holes, squares)
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(5.76)

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:

n;

U =

(5.77)
7sc

where 7gc 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:

_ gWpni

Jsc (5.78)

7sc
where Wp, 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:
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D qVa
Jin = —q pPoN (6‘% - 1) (5-79)
LP

for the hole current component in the N-region and

D v,
Jrp =T (G 1) (5.80)
L,
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:

aDypon gDy}
JIN=——=
L LMo

(5.81)

and

2
Jip = = i (5.82)

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:

by g aDy
LnNAP+ 7sc LpNDN+

Jir (5.83)

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 pm and a space-charge generation lifetime of 10 ps. 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 x 10" cm™ 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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Fig. 5.24 Leakage current in a 3 kV silicon P-i-N rectifier

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
(7po and 7p) value of 10 ps was used in the drift region. The end regions had a
Gaussian doping profile with a surface concentration of 1 x 10'* cm™ and depth of
about 10 pm. A leakage current density obtained using the simulations is compared
with that calculated using the model in Fig. 5.24. The excellent agreement between
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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 (én)
injected into the drift region is governed by the continuity equation:
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oon 10J, On
B g ox o (5:84)

If the current flow is dominated by diffusion, the electron current density is given by:

0én

leading to the diffusion equation [10] for electrons:

oon 0%on B @

o P (5-:86)

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:

oén(x,t 0*on(x,t
(x ):Dn (2’ ) (5.87)
ot Ox
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:

Sn(x, 1) = A(r)e” (/V3Dn1) (5.88)

where the term A(f) 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 x = 0) under
high-level injection conditions is given by (see derivation for Eq. (5.34)):

doéon
— 7,(0) = 24D, (22" .
7= 1,(0) qn(ﬂ)xo (5.89)

Using the carrier distribution in Eq. (5.88):

J = 2an% = gA(t) % (5.90)

During the forward recovery transient, the current density increases at a constant
rate (a). Thus:

J=at (5.91)
From these equations, the coefficient A(?) is obtained:

arl?
Al) = (5.92)
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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(t) = /4Dyt (5.93)

The evolution of the excess electron concentration within the drift region is then
given by:

a3?

q9v/Da

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:

on(x,t) = ¢ (¥/VAD) (5.94)

Clt3/2
qv/'Dn

This total electron concentration is plotted in Fig. 5.25 for three instances of time in
the case of a ramp rate of 1 x 10'° A/(cmz.s). This P-i-N rectifier structure had a drift
region thickness of 60 um with a doping concentration of 5 x 10"* cm™>. As time
progresses from 3 to 6 to 9 ns, the electron concentration at the P-N junction (x = 0)
increases due to the increase in the current density from 30 to 60 to 90 A/cm>.

n(x,t) = én(x,t) + Np = ¢~ (x/4Dx) + Np (5.95)

1 |
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Fig. 5.25 Electron concentration in a silicon P-i-N rectifier during the forward recovery process



5.4 Switching Performance 243

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:

dx

R = pl)dy = D)

(5.96)

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:

Wp W dx
Rotn) = | “ar= | PRETIEY) 5:97)

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” (Ny) 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 xy; as shown in the figure. This distance can be obtained
by using Eq. (5.95):

Fig. 5.26 Electron
concentration in a silicon P- - N- Drift (i) Region
i-N rectifier during the A
forward recovery process
n(0,t)
Electron
Density
Nm
-Non =Np
X
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Fig. 5.27 Growth of the conductivity-modulated region during the forward recovery process

N D] (5.98)

xm(t) = \/4Dyt. 1n {%
M

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 x 10" cm ™3 was used for the “modulation concentration” (Ny). 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 pm with a doping concentration of 5 x 10"* cm ™
resulting in an unmodulated specific resistance of 0.55 Q-cm?. The voltage drop
across the drift region [vp(7)] can be obtained by multiplying the specific resistance
of the unmodulated region and the current density pertaining to each time instant:

vp(f) = Rp(t).J (1) (5.99)

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
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Fig. 5.29 Voltage drop across the P-i-N rectifier during the forward recovery process

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
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forward voltage drop increases from 4.6 V t0 6.6 V to 17.4 V as the ramp rate increases
from 1 x 10° A/(cmz.s) to2 x 10° A/(cmz.s) to1 x 10" A/(cmz.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 pm with
a doping concentration of 5 X 10" cm™3. The lifetime (7po and 7,0) in the drift
region was 1 ps. The cathode current was ramped from zero to a steady-state value of
100 A/cm? using ramp rates of 1 x 10°,2 x 10%and 1 x 10'° A/(cmz.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 x 107, 2 x 10°
and 1 x 10" A/(cm®.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 x 10'° A/(cm?.s).
The electron concentration exhibits an exponential decrease when proceeding away
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Fig. 5.31 Carrier Silicon PiN Rectifier: BY = 1000V
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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 ps 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 ps. 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 #;. 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 (Jpgr) at time 7, 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 (t.;). 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 = 0 to the average concentration
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of n, at a distance x = b. These carrier concentrations can be obtained from
Egs. (5.37) and (5.41):

- THLJF COSh(—d/La) sinh(—d/La)

—d) = - 5.100
M=) = 5 o | Sinh(d/L.) ~ 2cosh(d/Ly) (5.100)
and
JrTHL
_ 101
Ny 2qd (5 0 )

where Jg 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:

dn
Jg =2gD,[ — 5.102
=2 ( d) (5.102)

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 (Jg) to zero at time #,. The distance ‘b’ in
Fig. 5.34 can be obtained by relating the charge Q; removed during the first phase to
the current flow. At the end of the first phase, the carrier profile becomes flat at time
to, 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 Q;, in the figure:

b
0, = % [n(—d) — n,] (5.103)
This charge can be related to the current flow during the turn-off transient from ¢ = 0

tot = ty:

Iy ty atZ
0, = J J(t)dt = J (Jg — at)dt = Jpty — 70 (5.104)
0 0

The time #, at which the current crosses zero is given by:

Jg
ty =— 5.105
o= (5.105)

Combining the above relationships:
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b= L (5.106)
qaln(—d) — n,|
The carrier concentration n(—d) in Eq. (5.100) can be written as:
n(—d) = L g (5.107)

- 2qL,
where

_ [cosh(—d/L,) sinh(—d/L,)
k= sinh(d/L,)  2cosh(d/L,) (5.108)

Using Eq. (5.107), in conjunction with Eq. (5.101), in Eq. (5.106):

2dL,Jk

= 5.109
aTHL(Kd — La) ( )

The distance “b” can therefore be calculated from the device parameters (d and 7y ),
the on-state current density, and the ramp rate “a.”

The second phase of the turn-off process occurs from the time f#, at which the
current crosses zero up to the time #; when the P*/N junction can begin to support
voltage. The carrier profile at time #, is shown in Fig. 5.34 as extending from a zero
concentration at the junction (located at x = 0) and the average concentration n, at a
distance “b” from the junction. After time #,, a depletion region forms at the P*/N
junction with the zero carrier concentration at some distance away from the junction.
The time #; can be obtained by analysis of the charge removal during the turn-off
transient from ¢ = #, to t = #;. In Fig. 5.34, the charge removed during this time
interval is indicated by the green area marked Q,. This area is given by:

1
0, = Eqnab (5.110)
This charge can be related the current flow during the turn-off transient from ¢ = #, to

t=1

(Jp — at)dt = = (1, — 1p)* (5.111)
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Combining Egs. (5.110) and (5.112):
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b U
f o= L2 F (5.113)
a a

Making use of the Eq. (5.101) for the average carrier concentration n, and
Eq. (5.106) for the distance “b”:

JE L,

"=\ ka1

+1 (5.114)

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 7 = 0 until time ¢ = ¢,, 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,?)] is above the equilibrium minority carrier concentra-
tion (pon)- Under the assumptions of high-level injection conditions in the drift
region, the minority carrier density [p(—d,?)] is equal to the majority carrier density
[n(—d.?)] that is illustrated in Fig. 5.34. Based upon Eq. (5.102), the current density
at any point in time is given by:

dn

s =2n, () =2p, M)

(5.115)

The carrier concentration in the drift region at the junction is therefore related to the
current density by:

Wb,  Ur—a)b (5.116)

P =0l =t ap, 24D,

This expression is valid for both positive and negative values for the current density
during the turn-off transient until time ¢;. The voltage drop across the forward-biased
junction during this time interval can be obtained using the Boltzmann relationship:

k—Tln[p(d)}—kT [M n]

=—1n
q q 2gD,pox Pon

Ve(t) = (5.117)

Pon

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(?) 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 ;. 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 ¢, after the P*/N junction is reverse
biased at time #;, is indicated by the pink area marked Q5. The area of this
parallelogram is given by:

Q3 = qn,Wsc(t) (5.118)

This charge can be related the current flow during the turn-off transient from time #,
to time #:

t

0, = Jt J(t)dt = J (Jr — ar)dt = Jp(t — 11) — g (7 —1) (5.119)

Combining these relationships for the charge Q5 provides an expression for the
growth of the space-charge region as a function of time:

Wsc(l) =

a (2 2 JF
r—-1)— r—t 5.120
o (7= 11) = (= 1) (5.120)
The voltage supported across this space-charge region can be obtained by solving
Poisson’s equation:

&’V dE 0(x)
ar_ & 121
d® dx €s (5.121)

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 (v, p). The concentration of the holes within the space-
charge region is then related to the current density (JR) by:

Jr(t at — Jg
psc(t) = 0 _( ) (5.122)
QVsat,p QVsat,p

The voltage supported by the space-charge region is then given by:

V(o) = 20 sl oy (5.123)

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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Fig. 5.35 Stored charge
within the P-i-N rectifier
after the end of the third
phase

Carrier Concentration

Distance from P*/N Junction

after time #,. 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 #, (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 = 1), the peak reverse recovery current Jpy is flowing through the structure. This
current can be related to the free carrier profile by:

di a
Tor = ZqDa—z = 2qDa% (5.124)

where the dimension “A” is shown in the Fig. 5.35. Using this equation:

2¢D,n,
[ (5.125)
Jrr
The stored charge remaining in the drift region at time 7, is then given by:
Q4 = qna[2d — Wsce (lz) — h] (5126)

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/df]g in Fig. 5.33, over a time period g extending from time 7, to f3.
The charge removed due to the current flow during this time is given by:

1
Or = EJPRIB (5127)

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 (¢g) for the
reduction of the reverse current is then obtained:

ana[
PR

g = (l3 — l2) = 2d — Wsc(lz) — /’l] (5128)
The reverse ramp rate is obtained by dividing the peak reverse recovery current by
this time interval:

dJ JpRr I3
T = 5.129
|:dl:| R 157 2qna[2d — Wsc(lz) — h} ( )

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 pm and
doping concentration of 5 x 10"* cm™> 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/cm?.

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 ps. With this lifetime, the average
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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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Fig. 5.37 Analytically calculated current waveforms for a 1000 V P-i-N rectifier during the reverse
recovery process using various ramp rates

free carrier concentration in the drift region was found to be 5.2 x 10'® cm > for this
structure at the on-state current density of 100 A/cm?. According to the analytical
model (see Eq. (5.114), the time #; at which the junction becomes reverse biased
increases from 51 ns to 80 ns to 134 ns as the ramp rate decreases from 4 x 10° A/cm
25102 x 10° A/lem®s to 1 x 10° A/em>-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/cm?, 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 (), during which the reverse current reduces to zero, becomes smaller with
a reduction in the ramp rate. The values for g predicted by the analytical model
decrease from 70 to 60 to 28 ns as the ramp rate decreases from 4 x 10° A/cm?-s to
2 x 10° Alem®ss to 1 x 10° A/em?-s. These combinations of the peak reverse
recovery current and period #5 produce a reverse [dJ/df] ranging from 6 t0 9.5 x 10°
Alcm?-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/cm?
at a ramp rate of 2 x 10° A/em>-s. The voltage waveforms predicted by the analytical
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Fig. 5.38 Analytically calculated voltage waveforms for a 1000 V P-i-N rectifier during the reverse
recovery process for various lifetime values

model for the reverse recovery process with lifetime values of 0.25, 0.5, and 1 ps in
the drift region are shown in Fig. 5.38. The model predicts no change in the time t;
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/cm?, respectively, when the
lifetime is reduced from 1 to 0.5 to 0.25 ps as can be observed in Fig. 5.39. The time
duration (g) for the fourth phase, during which the reverse current reduces to zero,
also becomes smaller with a reduction in the lifetime. The values for tg predicted by
the analytical model are 38 ns, 60 ns, and 84 ns for lifetime values of 0.25 ps, 0.5 ps,
and 1 ps, respectively. These combinations of the peak reverse recovery current and
period t5 produce a reverse [dJ/df] ranging from 5.4 to 7.6 x 10° A/em>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/em? at a ramp rate of 2 x 10° A/em>-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 tg resulting in very high reverse [dJ/df] as
observed in the figure.
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Fig. 5.39 Analytically calculated current waveforms for a 1000 V P-i-N rectifier during the reverse
recovery process for various lifetime values
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Fig. 5.40 Analytically calculated voltage waveforms for a 1000 V P-i-N rectifier during the reverse
recovery process for various supply voltages

The peak reverse recovery current density predicted by the analytical model
increases from 280 to 360 to 420 A/cmz, when the voltage is increased from 90 to
300 to 600 V, respectively, as can be observed in Fig. 5.41. The time duration (¢g) for
the fourth phase, during which the reverse current reduces to zero, also becomes
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Fig. 5.41 Analytically calculated current waveforms for a 1000 V P-i-N rectifier during the reverse
recovery process for various supply voltages

smaller with an increase in the reverse voltage. The values for tg 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 g 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 tg produce a drastic increase in the reverse [dJ/df] ranging from 1.8 to 6 to
440 x 10° A/cm>-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 um with
a doping concentration of 5 x 10'* cm ™. The cathode current was ramped from
100 A/cm? 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 x 10° to 2 x 10°
to 4 x 10° A/cm®-s. For these cases, a lifetime (7po and 7,0) value of 1 us 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/cm?
was found to be about 5 x 10'® cm ™ as shown in Fig. 5.42. This value is obtained
by using a high-level lifetime of 0.5 ps in Eq. (5.101) indicating that end-region
recombination currents are significant in this structure. The carrier concentration
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profile exhibits a zero slope at time ¢ = 40 ns, corresponding to time ¢ = #; in the
analytical model (see Fig. 5.34]. The slope of the carrier profile then becomes
positive, as shown for the time # = 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 ¢ = 140 ns, the carrier concentration at the junction
becomes close to zero, corresponding to the time ¢ = ¢, in the analytical model (see
Fig. 5.33). The value for #; 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 pm, 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 f, = 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 x 10° A/cm’-s as predicted by the analytical model.
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Fig. 5.43 Voltage waveforms for a 1000 V silicon P-i-N rectifier during the reverse recovery
transient with various ramp rates
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Fig. 5.44 Current waveforms for a 1000 V silicon P-i-N rectifier during the reverse recovery
transient with various ramp rates
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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 2x from a
value of 1 ps while performing the reverse recovery at ramp rate of 2 x 10° A/cm?-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 t; 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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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 x 10° A/cm*-
s and lifetime of 1 ps. 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/df] 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/df] while
increasing the on-state voltage drop due to the increase in the thickness of the drift
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Fig. 5.50 P-i-N rectifier
structure with buffer layer
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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/df] 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/df] 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
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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 [6p(x,f)] during the fourth phase is then governed
by the following equation:

06p(x,t 0*5p(x,t
pa(f )=Dp gg ) (5.130)

A solution for this excess charge distribution is of the form:

_ 2 2
Sp(x,t) = Ae "' + Be™v (5.131)
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:

1
L= 5 [Zd — Wsc(lz)] (5132)
then the maximum excess concentration lies at:

XM = WSC(IZ) + L= % [2d + Wsc(lz)] (5133)

The carrier concentration at the maximum value is given by:

(. 1) = <4g:t3) (5.134)

where the term Ap can be obtained using the excess carrier concentration at x = xyy at
the beginning of the fourth phase. If the excess concentration at this location at the
beginning of the fourth phase (time 7 = 1,) is assumed to be equal to average carrier
concentration n,, then:

Ap = 4D,Bn, (5.135)
and
1) 3
p(axm, 12) = (—) M (5.136)

Using this boundary condition together with:
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Fig. 5.51 Analytically calculated decay of stored charge during the fourth phase for the non-
punch-through structure

5p[Wsc(l‘2),l‘} =0 (5137)

} (5.138)

where Ax is measured from the position x = x; and time ¢ extends beyond the end of
the third phase at t = t,.

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 x 10'* cm ™ and a thickness of 90 pm.
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 pm resulting in an un-depleted
region of about 60 um. The peak of the excess carrier distribution resides at about
60 pm from the P*/N-drift junction. The excess carriers are extracted by diffusion to
the edge of the depletion region within about 0.4 ps after phase 3. This time frame is
shorter than the high-level recombination lifetime of 0.8 ps 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:

yields the free carrier distribution in the un-depleted region:

t\3[ 22 2 |sinh(Ax*/4D,t
Sp(x,t) = n, (—2) b — ¢t —( 5 /4Dy )
t cosh(L?/4D,t)
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Fig. 5.52 Analytically calculated reverse recovery current waveforms for the non-punch-through
P-i-N rectifier structure

5
Jr(t) = —qué—Z et (5.139)

By using the excess charge distribution in Eq. (5.138) in this equation, the reverse
recovery current is obtained:

Jr(?) (5.140)

_qnL (2)36% . cosh(L?/4D,t)
2t sinh(L? /4D,t)

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 pm with a doping concentration of 2 x 10'* cm™>. 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/cm? for the case of a lifetime (7po and 7p0) of 1 s, which is slightly larger than
the 0.86 V observed for the punch-through 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/cm? using negative ramp rate of 2 x 10° A/cm?-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 ps. 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/df] 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 pm when compared with 38 pm 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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Fig. 5.56 Current
waveforms for a 1000 V
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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 2x while
performing the reverse recovery at ramp rate of 2 x 10° A/cm*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/df] 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 (#,,) 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 74
and g as defined on the waveform in Fig. 5.57. A larger [#a/fg] 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 ps to achieve a reverse recovery time of less than 0.1 ps. 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 ps.

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 (Q,,). The reverse recovery charge can be extracted by i