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Preface

The book is targeted for the semiconductor process and device engineer, the circuit designer, ESD
engineers and latchup specialists. In this book, a balance is established between the theory, semiconductor
technology, circuits, testing and computer-aided design (CAD).

The first goal of this book is to teach the fundamentals of the latchup process and design discipline,
to teach the latchup methodology, latchup design practices and CMOS latchup discipline.

The second goal is to teach a general methodology of latchup design. This involves understanding
of the interrelationship between layout design and device physics, characterization, testing, and process
and circuit solutions. With the growing interest in semiconductor management and engineering
management, it is also important to understand the business side of CMOS latchup and how this
integrates into the business, technology methodology and strategy.

The third goal is to present the material that is relevant to many of today’s semiconductor
technologies. This book will provide a wide spectrum of technologies including CMOS, RF CMOS,
BiCMOS technology, BICMOS silicon germanium (SiGe) technology, BICMOS silicon germanium
carbon (SiGeC) technology, complementary Bipolar technology, and smart power and image proces-
sing technologys; it is valuable to see how the technologies influence the latchup results and solutions.

The fourth goal is to expose the reader to the literature in the field of CMOS latchup. An objective
of this book is to bridge the gap between the prior work of the 1970s and 1980s and the advanced
technologies that are being used in the 1990s, 2000 and beyond. In the early materials, the focus was on
semiconductor device physics, device simulation and analytical models. In recent years, the focus has
been on new semiconductor process features, CMOS scaling, commercial testing methods and standard
development, CAD methodology and tools, and circuit solutions.

The fifth goal is to demonstrate new failure analysis techniques and tools. In the last 20 years, a significant
number of failure analysis techniques and tools were developed that have been utilized to understand
and quantifty CMOS latchup; these tools include emission microscopes, CCD camera techniques, the
pico-current analysis (PICA) tool, quantum tool (e.g. SQUID) and other techniques. With these advance-
ments in the field of failure analysis, new issues in latchup can be visualized both spatially and temporally.

The sixth goal is to expose the reader to the growing number of latchup CAD methodologies. With
CMOS latchup, a number of new methods for extraction, checking and verification are being used.

The seventh goal is to expose the reader to the patent art in the CMOS field. A significant amount of
activity in the CMOS field is associated with process solutions, structures, circuit solutions and CAD
methodologies. A majority of the CAD checking and verification methodologies can be found by
reading the patent art.

This book also contains the following:

Chapter 1 introduces the reader to the fundamentals and concepts of CMOS latchup design. In
this chapter, the discussion addresses the uniqueness of the CMOS latchup design discipline and
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methodology. In this chapter, we discuss concepts of the parasitics, parasitic coupling, guard rings,
resistive shunting, recombination methods, power supply decoupling methods and others. The chapter
reviews key contributions, innovations and patents; this will serve as a reference and a resource. The
chapter covers event sources that initiate latchup from noise, to ionizing particles.

Chapter 2 reviews the basics of bipolar semiconductor device physics, with a unique twist. The
chapter will discuss the language of the bipolar transistor and physics relevant to the understanding of
lateral and vertical bipolar transistors. Although a standard semiconductor text will focus on vertical
transistors, this book will focus on lateral transistors, and primarily lateral parasitic bipolar transistors.
In Chapter 2, the early models will be extended to address nonuniform vertical profiles, lateral electric
fields, active guard rings and triple-well technology.

Chapter 3 focuses on CMOS latchup physics. This chapter will build on the basic concepts
discussed in Chapter 2, extending the understanding of the transistor and addressing the cross-coupled
pnp and npn. Latchup stability criteria will be discussed. These will be discussed in relevance to the
structural features in the CMOS technology. In this chapter, both dc transient latchup will be discussed,
connecting early work to present-day analysis.

Characterization, test structures, failure analysis tools and test equipment are looked at in
Chapter 4. The chapter addresses latchup test structures followed by failure analysis tools such as
photoemission tools, PICA tools and SQUID. For product qualification, CMOS latchup standards will
be discussed. Examples of commercial test equipment used today are also included.

Chapter 5 focuses on the influence of CMOS semiconductor process features on CMOS latchup
sensitivity. This chapter covers substrates, n-wells, p-wells, isolation and junctions in dual-well and
triple-well CMOS technology. In addition, Chapter 5 will discuss high-dose buried layer (HDBL)
concepts.

Chapter 6 covers the influence of semiconductor process features on CMOS derivative technologies,
such as bipolar to BICMOS. This chapter will build on the basic learning discussed in Chapter 5
and addresses the addition of high-resistance substrates, subcollectors, multiple subcollectors, trench
isolation, deep trench (DT) isolation, biased trench, subcollector isolated epitaxy and triple-well processes.
Chapter 6 will discuss the integration of many of these structural features and its influence on latchup.

Chapter 7 examines the latchup circuit solution discipline. First, we will address intradevice,
intracircuit, intercircuit and interfunction latchup in integrated chip design. As part of the CMOS
latchup design discipline, circuit solutions exist to address power-up, to circuits that determine the
onset of latchup. A key area of interest is sequence-independent circuits. The chapter will show
examples of active clamp networks and active guard ring networks. A connection is established
between the active guard ring concepts and the developments of Chapter 2 on lateral bipolar transistors.

Chapter 8 presents CMOS latchup CAD methodologies. The chapter looks at latchup design
checking rules and verification methods. Many concepts, creative techniques and different paths are
being taken to address latchup, and it is important to note the range of methods being used today. Some
methods address the extraction of pnpn structures, other methods focus on the design rule checking and
additional methods are focused on verification. The methods address all things from local to global
interactions in a semiconductor chip design.

In this book, the future trends and directions of CMOS latchup discipline are addressed connecting
the early work in the 1970s and 1980s to today’s technologies. New relevant test systems and tools are
provided.

Enjoy the text and enjoy the subject of CMOS Latchup. Although it was thought to be cured, it is
not. CMOS Latchup is back.

Steven H. Voldman
IEEE Fellow
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1.1 CMOS LATCHUP

Latchup!

In this chapter, a brief overview of latchup is provided. We will provide a first quick look on what
latchup is. As a starting point, this discussion will be followed by a summary of evolution, history, key
innovations and patents. This chapter discusses the key innovations, contributions and patents
associated with the process of understanding how to address the latchup issue in semiconductor
technology. In addition, this chapter will provide the reader what are the sources of latchup, from
pulses to particles; latchup issues associated with ionizing radiation events, as well as current and
voltage excursions outside of the native current and voltage conditions of a technology, will be shown.
In this discussion, the issue of technology scaling and how scaling leads to latchup concerns will be
reviewed. When this chapter is completed, the following chapters will spiral backward into more depth,
on each individual area from models, testing and tools.

1.1.1 CMOS Latchup-What is Latchup?

Latchup is a state where a semiconductor device undergoes a high-current state as a result of interaction
between a pnp and an npn bipolar transistor. The pnp and npn transistors can be natural to the
technology, or parasitic devices. In CMOS technology, these are typically parasitic devices. For each
p-channel MOSFET (metal oxide semiconductor field effect transistor) device, there is a corresponding
parasitic pnp element formed between the p-channel diffusion, the n-well and the substrate. For each
n-channel MOSFET (NMOS) device, there is a corresponding parasitic npn element formed between
the n-channel diffusion, the p— substrate and the n-well of the p-channel MOSFET. For each inverter
gate, there are corresponding pnp and npn parasitic bipolar elements. Figure 1.1 shows an example of a
cross section of a CMOS inverter circuit.

When interaction occurs between a pnp and an npn bipolar transistor, regenerative feedback
between the two transistors can lead to electrical instability. This interaction between a three-region
pnp and a three-region npn that share base and collector regions can be viewed as a four-region pnpn
device [1-3]. As a result of the feedback between the two transistors, there exist stable and unstable

Latchup Steven H. Voldman
© 2007 John Wiley & Sons, Ltd
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Figure 1.1 A cross section of a CMOS inverter structure in a CMOS technology highlighting the pnp and npn
parasitic bipolar transistors.

regions in the /-V characteristic. The /-V characteristic is an S-type I-V characteristic with both a low-
current/high-voltage state and a high-current/low-voltage state (Figure 1.2). In an S-type -V
characteristic, there are multiple current states for a given voltage level; the state it chooses is a
function of the circuit load line. It is ‘off” in normal operation and can be triggered ‘on’ in a high-
current state. In this state, it establishes a high current at a low-voltage, allowing a low impedance
shunt. When the two transistors are coupled, the combined device acts as a four-region device of
alternating p- and n-doped regions with three physical p—n metallurgical junctions, forming a pnpn
structure.

Why are we concerned about latchup? When these parasitic pnpn elements undergo a high-current
state, latchup can initiate thermal runaway and can be destructive [4]. Latchup events can lead to
destruction of a semiconductor chip, package or system. The current magnitude is such that typically
the semiconductor silicon, aluminum and copper metallization fails, and sometimes the package

Current (mA)

Holding point
Knee point

Turn-on voltage

v

Voltage (V)

Figure 1.2 The latchup /-V characteristic.
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pnp transistor

npn transistor

Figure 1.3 Two-transistor representation of the cross-coupled pnp and npn transistors.

materials melt. Note that another indicator of latchup is the package cracking, melting, delamination,
separation and outgassing. Another clear indicator, on a system level, is smoke. In these cases, it is
difficult to provide chip-level failure analysis due to the magnitude of the package and system damage.
When the card smoke is evident, the module package is melted and the silicon chip is molten, this is a
good indicator that latchup has occurred in your semiconductor chip.

Back to the semiconductor device level, conceptually the two transistors can be understood as a
cross-coupled pnp and npn bipolar junction transistor (BJT) device, where the base of the pnp BJT
device is the collector of the npn BJT device and the base of the npn is the collector of the pnp BJT
device. The two cross-coupled devices can be represented as a four-region pnpn (Figure 1.3). This pnp—
npn BJT coupling establishes regenerative feedback leading to the S-type I-V characteristic and
causing the electrical instability that is observed as a negative resistance state (d//dV < 0). It is this
feature that makes this interaction a danger and an enabler of latchup.

Application of a positive bias on the emitter of the pnp element and a ground potential on the
emitter of the npn element establishes a voltage across the pnpn. The positive voltage provides forward
biasing of the emitter—base junctions of the pnp and npn transistors. The base—collector junction of the
pnp (which is also the base—collector junction of the npn) is in a reverse-biased state. This prevents
current flow from the anode of the pnpn to the cathode. As the voltage is increased, the voltage across
the base—collector junction increases. This mode of operation is called the forward blocking state. In
order for current to flow efficiently from the pnpn anode to the cathode, the base—collector junction
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must allow current to flow. For current continuity at the cross-coupled nodes, the collector current of
the pnp transistor must equal the base current of the npn transistor, as well as the collector current of
the npn transistor must equal the base current of the pnp transistor. Mathematically, the coupling is
established through solving Kirchoff’s current law at the base—collector nodes. In this form, the
standard equations of bipolar transistors can be used to quantify the interaction and current in the pnpn
structure. Hence, the two nodal equations can be expressed as

Icp = Ibn,

Ien = Ibp,
where I, and I, are the collector currents of the pnp and npn bipolar junction transistors, respectively,
and likewise, Iy, and I, are the base currents of the npn and pnp bipolar junction transistors,
respectively. The total current through the pnpn structure is equal to the emitter current of the pnp or

npn bipolar transistor, /., and I, respectively. From Kirchoff’s current law in the transistor, the emitter
current must equal the sum of the base and collector currents:

I=1p =1Iep + Ip.
From the coupling relationships, the current can be expressed as

I:Iep:Icp+Ic11 :Ibp+Ibn =l +In=1In=1

Solving for the current as a function of the two collector current relationships, the collector current can
be represented as a function of the emitter current:

Icp = odep + Icp07
Ien = adey + Icn()7

where the collector current is equal to the product of the collector-to-emitter transport factor o and the
emitter current summed with the base—collector leakage. Solving for the current through the pnpn structure,

I — Ich +Icn0
1 —(on+op)

From this analysis, it is clear that the current is infinite, when the denominator is equal to zero. This
condition can be expressed as

op + oty = 1.

This expression shows that when the sum of the collector-to-emitter gains is equal to unity, the current
goes to infinity. This can also be expressed as a function of the bipolar transistor current gain f3,
substituting in for the collector—emitter transport,

Ich + IcnO

1= ,
_ ﬁn BP
! (ﬁn+1+ﬁp+1>

where
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In this form, when the denominator is equal to zero, the product of the bipolar current gains is equal to
unity:

BuBp = 1.

The pnpn current magnitude can be large given that the numerator is large, or if the denominator
approaches zero.

Hence, from a simple derivation, it can be observed that the regenerative feedback between
the parasitic pnp and the npn has a condition where a large current can be established between
the power supply and the ground rail in an inverter circuit through the parasitics associated with the
p- and the n-channel MOSFET transistor. The transport properties of the parasitic pnp and the npn
are also involved, which are influenced by the semiconductor process and the chip design layout. As
a result, latchup involves the chip architecture, the circuit layout, the circuit design and the
semiconductor process.

What is the frequency of these parasitics in a modern semiconductor design? Today, in an advanced
CMOS microprocessor with 200 million transistors, there are 100 million p-channel MOSFETs and
100 million n-channel MOSFETs. As a result, there are 100 million pnp and 100 million npn
transistors. Hence, there are on the order of 100 million pnpn elements in a CMOS logic chip that
contains 100 million inverter circuits.

Question: How many circuits does it take to initiate CMOS latchup? Answer: One.

As the number of circuits increases, the number of peripheral circuits and I/O circuits increases. In a
CMOS chip with 200 million transistors, there may be on the order of 1000—10 000 interface circuits. It
is likely that voltage and current events on the interface circuits can lead to latchup.

Question: How many peripheral circuits does it take to initiate CMOS latchup? Answer: One.

Yet, today, the number of products exhibiting latchup is a small minority of designs and
applications. Hence, there must be a method or methods to diagnose and discriminate which parasitic
pnpn structures are important, and which are not. Additionally, there are semiconductor process
solutions, circuit solutions and system solutions.

1.1.2 CMOS Latchup—-Why is Latchup Still an Issue ?

A key question on CMOS latchup is the following—Why is latchup still a concern? There are many
reasons why latchup is an issue in today’s semiconductor chips. The reasons why is is a concern in
some corporations differ based on the choices made in the semiconductor technology, latchup design
strategy as well as the latchup methodology. The following is a list of why this issue reoccurs
in semiconductor chips:

e lack of characterization of parasitic devices;

e lack of semiconductor process control of parasitic devices;

e lack of dc and ac models of parasitic devices;

e lack of parasitic devices in the circuit simulation;

e lack of extraction, checking and verification of parasitic devices;

e lack of tools addressing parasitic devices between devices, circuits and subfunctions;

e lack of ground rules that sufficiently provide 100 % coverage of design environment;
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e low business priority of addressing CMOS latchup, until it is a concern;

e lack of educational training on CMOS latchup in university and college course work for circuit and
layout design engineers and technicians;

e education focus on the understanding of bipolar transistors and parasitic transistors;
e lack of focus on latchup during semiconductor process and device design point definition;

e lack of preservation of dimensional and electrical similitude of the lateral and vertical dimensions in
the scaling of CMOS technology;

e lack of awareness of the CMOS latchup technology scaling and making CMOS latchup technology
part of the technology roadmap;

e lack of semiconductor device and CMOS latchup design point cosynthesis;

e isolation, well and substrate scaling;

e new design methodologies in digital, mixed signal and RF designs;

e nonnative voltages integrated into products well above the native-voltage CMOS latchup capability;

e introduction of high-voltage CMOS (HVCMOS) integrated with low-voltage CMOS (LVCMOS)
circuitry;

e new issues associated with subsystem and system integration;
e reversal of battery installation;
e negative polarity on pins;

e wire-bond mismatching in multichip power systems.

These are just some of the reasons why today CMOS latchup is not ‘cured’ and remains an issue in
today’s semiconductor chips. In this book, we will address many of these issues in the following
chapters.

1.1.3 Early CMOS Latchup History

The first transistor, invented at Bell Labs in 1947, was not a CMOS transistor, but was a bipolar
junction transistor device. At that time, an advantage of the bipolar junction transistor was the
ability to manufacture it, as well as the speed of the transistor. One of the early advantages of the
bipolar junction transistor was that it was not a surface device, but a bulk device. In 1955, Bell Labs
manufactured and demonstrated the first metal oxide semiconductor field effect transistor. The
MOSFET structure was proposed in 1930 by Lilienfeld [5] and Heil [6], but was not manufactured
successfully due to fixed and mobile positive charge issues. Fixed charge and mobile charge
problems also remained a large issue in p-channel transistors, leading to the early implementation of
n-channel MOSFET technology. CMOS had to wait for the p-channel MOSFET device to emerge
while the development and research community continued to look for a solution to the oxide charge
problem.

By the late 1960s, many manufacturers offered integrated circuits based on either a p-channel or an
n-channel MOSFET device. CMOS was invented by RCA and was first demonstrated by Al Medwin at
RCA’s technology center in Somerville, New Jersey. The RCA Corporation called this technology
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COS/MOS, which stood for complementary symmetry metal oxide silicon. The first circuits using
COS/MOS included a circuit that contained 13 transistors with a 15-V power supply.

Early interest in CMOS was also due to the potential for military and space applications.
Publications in the 1960s by Kinoshita et al. [7], Poll and Leavy [8, 9] and Dennehy et al. [10]
focused on the initiation of CMOS latchup in radiation environments.

CMOS latchup became of growing interest in the early 1970s as interest increased in the usage of
CMOS for mainstream technology applications. Interest in CMOS continued in Sandia Laboratories
and RCA [11-16]. Gregory and Shafer [12-14], Gallace and Pujol [15] and Barnes et al. [16] of Sandia
Laboratories focused on latchup as an impediment to the mainstream integration of CMOS. During the
first development of RCA’s COS/MOS, CMOS latchup was discovered by Gallace and Pujol [15].
Ironically, the parasitic bipolar transistors unintentionally formed by the CMOS inverter switch
impacted the introduction of CMOS. With the early problems of CMOS technology, most corporations
began to focus on NMOS technology.

In this time frame, prior to mainstream introduction of CMOS, model development, guidelines and
radiation implications were analyzed. Alexander er al. evaluated MOS model implications [17].
Brucker evaluated the implications on CMOS and silicon-on-sapphire (SOS) memory [18]. Coppage
and Evans evaluated the characteristics of the destruction induced by CMOS latchup [19]. Total dose
characterization and other nuclear radiation effects were evaluated by London and Wang [20], Simons
[21] and Ricketts [22].

It was during the late 1970s that the focus on how to improve CMOS latchup using design
techniques and process solutions was first addressed. From a practical perspective, application
guidelines were released by Stephenson to address CMOS latchup guidelines [23]. The focus shifted
toward addressing CMOS latchup by screening, testing and selection processes. Sivo et al. focused on
methods of latchup screening [24]. Crowley et al. used radiation as a method of selection [25, 26]. In
this time frame, the use of neutron irradiation for the prevention of CMOS latchup was proposed by
Adams and Sokel [27]. In this time frame, the use of recombination centers (e.g. using gold dopants)
was demonstrated by Dawes and Derbenwick [28].

In many corporations, the first attempts to establish a mainstream CMOS technology for memory
and logic development discovered the problem of latchup. Early developers of CMOS were hindered
by the latchup problem, impeding the mainstream introduction of CMOS in the 1970s. In those time
frames, MOSFET-based static read access memory (SRAM) introduced resistor-load NMOS cells and
four-device NMOS cells, and avoided integration of p-channel MOSFET: into the network. As a result,
CMOS logic was delayed until solutions to latchup were resolved.

Early CMOS development generations addressed CMOS latchup with the introduction of epitaxial
wafers, guard rings and ground rules. In the late 1970s to early 1980s, early CMOS technologies had
low-doped substrate wafers, recessed oxide (ROX) or LOCOS isolation, and diffused n-wells. These
early CMOS technologies had strong lateral bipolar and vertical bipolar transistors and were latchup
prone. The early work of Estreich et al. [29-33] addressed the physics and modeling of CMOS latchup
to a level suitable for mainstream semiconductor manufacturing. Estreich studied the use of a heavily
doped masked well region, similar to the bipolar subcollector, to improve latchup tolerance.

In the early 1980s, the focus in the CMOS latchup discipline shifted toward the practical integration
of CMOS in manufacturing facilities and mainstream CMOS development. Many of the proposed
concepts prior to this were not acceptable for mainstream CMOS technology (e.g. neutron irradiation
and gold doping). For mainstream implementation of CMOS, it was necessary to understand guard ring
structures, guard ring efficiency, the role of the substrate, semiconductor device models, transient
latchup physics and model development, as well as new process features that could be integrated with
the evolution of CMOS technology.

The works by Dressendorfer and Armendariz [34], Schroder et al. [35], Payne et al. [36] and Raburn
[37] focused on the elimination of CMOS latchup in CMOS technology. Rung e? al. [38] and Combs
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[40] discussed the use of p-wells and scaleable p-wells for CMOS integration and for CMOS latchup
improvement. lizuka and Moll [41] initiated new figures of merit to quantify CMOS latchup. By 1981
and 1982, Dressendorfer and Ochoa [42, 43], Wieder et al. [44], Hu et al. [45], Rung and Momose [46]
and Huang et al. [48] focused on the model development, distribution effects, device simulation and
characterization of CMOS latchup. Troutman and Zappe [49, 50] and Rung and Momose [51] focused
on transient CMOS latchup associated with power-up conditions.

In 1983, the focus was on achieving two goals. Many developers focused on n-well and p-well
optimization for integration with mainstream CMOS. The second goal was to achieve CMOS latchup
‘immunity’. Schwabe et al. [52], Wollesen et al. [53], Goto et al. [54], Hu et al. [55] and the team of
Takacs et al. [56] focused on CMOS n-well and p-well engineering for CMOS technology that was
being cosynthesized with the CMOS latchup objectives for the future 1-um CMOS technology era.

By 1983, the goal of achieving ‘CMOS latchup immunity’ was being advertised and emphasized for
alleviation of fears of both technology management and customers. During this time frame, latchup
was still prevalent, and the quality of the technologies and the products did not have many of the
proposed solutions that were being proposed in the publications and literature. For example, Manoliu
et al. [57] and Wakeman [58], as well as many other authors, discussed the elimination of CMOS
latchup and CMOS latchup ‘immunity’.

In 1983, the focus continued on the modeling of CMOS latchup. At that time, the focus was on the
improved understanding of guard rings, transient latchup and distribution effects. Troutman focused on
an improved understanding of the guard ring and guard ring efficiency [59]. Niitsu et al. [60] and
Hamdy and Mohsen [61], and G. Hu [63] focused on transient latchup simulation and model
development. With the focus on substrate modeling, distribution effects and better latchup models,
Troutman and Hargrove developed a transmission line model for better quantification of the substrate
on a p— epitaxial/p++ substrate wafer [62]. Research continued in the understanding of CMOS latchup
current paths [64], characterization and test structure development [65] and temperature effects [66].

By 1984, while the research and development publications were being printed, CMOS latchup
technology solutions were being integrated into future semiconductor technologies. Troutman was
responsible for the manufacturing implementation in a 0.8-um CMOS technology; in this technology
generation, the first high-energy MeV implanter was used for a MeV retrograde well. (Note: it was
integrated into the technology flow prior to 1984, but qualification of the technology did not occur until
1988.) By 1984, the research and development continued toward improved model development [67-78]
as well as a shift in focus on the scaling implications of CMOS latchup [73-75]. Lewis [73], Schwabe
et al. [74] and Odanaka et al. [75] focused on the reduced dimensions and the scaling of the p+/n+
spacings and scaled CMOS.

In this time frame, semiconductor process solutions, characterization and cosynthesis were
integrated into commercial CMOS technologies with significant success. It was believed at this time
that the problem of CMOS latchup was understood and ‘cured’ [79].

It was at this junction that the beginning of the issues of process integration and cosynthesis into
CMOS memory and logic began. In the 1980s, CMOS logic was derived from a DRAM technology
base. In this time frame, the issues of cointegration of CMOS DRAM and logic in a common base led
to CMOS latchup optimization issues that needed to be addressed. In the CMOS IV 4-MB DRAM
technology, Cottrell and Voldman addressed the semiconductor device cointegration of trench DRAM
issues [80]. In this work, it was found that the integration issues associated with DRAM trench parasitic
devices, DRAM retention time and CMOS latchup were all influenced by the n-well design point. The
retrograde well provided a process optimization tool to enhance CMOS latchup immunity. n-well
compensation effects caused by p—/p+ substrate wafers in a LOCOS technology were first addressed
by Voldman in 1987 [80]. In 1987, Voldman and Fitzgerald evaluated transient latchup as a function of
retrograde well dose and energy to improve CMOS latchup. In 1991, Voldman evaluated the integration
of retrograde n-well, shallow trench isolation (STI) and epitaxial p—/p++ wafer optimization in



CMOS LATCHUP 9

mainstream 0.5-pm CMOS technology and 16-MB DRAM technology [82]. By 1993, the first 0.25-pum
2.5-V CMOS technology integrated solutions for STI and CMOS latchup. After this time frame,
CMOS DRAM development separated from CMOS logic development, leading to the separation of the
two different design points [81-83].

By 1994, the need to achieve good CMOS electrostatic discharge (ESD) protection in CMOS logic
and CMOS microprocessors took precedence over the CMOS latchup design point [82—85]. During this
time frame, the solutions for latchup provided significant CMOS latchup margins. It was found that
with the retrograde well implant process step both excellent ESD protection and latchup robustness
could be achieved as the microprocessors were scaled through successive CMOS technologies [82-86].
In this period, the mainstream technologies also introduced a p-well implant for the n-channel
MOSFET, which improved latchup technology margin.

Between 1995 and 2000, the latchup design point adequately prevented latchup in the majority of
semiconductor applications in memory and logic applications. But, during this time frame, CMOS
technology scaling of the fundamental parameters reduced the latchup margin [87]. Although the
technology latchup robustness prevented latchup from occurring, new computer-aided design (CAD)
methods were needed to integrate /0O design, CMOS latchup and ESD. A shift occurred toward better
design methods, anticipating integration issues in future designs. For example, Li addressed extraction
techniques, peripheral I/O integration and generalized substrate transfer resistance representations
[88, 89]. In this transition period, solutions to address latchup such as heavily doped buried layers
(HDBLs) were proposed, but no evidence of CMOS latchup concerns was evident [91, 92].

Since 2000, with the scaling of technologies from 0.25 um to 35 nm, mixed signal integration and
the growth of the system-on-chip (SOC), the focus on CMOS latchup has shifted again. During this
time, some of the focus remained on CMOS scaling issues [92, 93]. Morris quantified the scaling
implications of key latchup metrics and process variables for the prediction of future CMOS latchup
concerns [92]. With the increased focus on cost, density, foundry compatibility, mixed signal products,
RF technology and high-level integration (i.e. system-on-a-chip), the environment has significantly
shifted in CMOS integration. Today, advanced CMOS is primarily manufactured on lightly doped
p— substrate wafers. Multiple-well technologies require the optimization of isolation structures to
provide the maximum CMOS latchup tolerance. With multiple-well implants, lateral scattering of
implanted ions, multiple-circuit voltages and digital/analog mixed signal chips, the ability to provide a
robust latchup-free technology has once again become a challenge.

During this time, the focus shifted toward CMOS latchup propagation in semiconductor chips,
bipolar CMOS (BiCMOS) process solutions, triple-well CMOS, SOC integration latchup issues, smart
power, high-voltage CMOS and new CAD representations. Latchup propagation, also known as
‘latchup domino effect’ occurred in high-density CMOS chips [94-97]. Weger et al. demonstrated this
using animation techniques of the interaction between ESD networks and CMOS latchup, providing
both spatial and temporal understanding of the CMOS latchup propagation [94]. This work was
extended using CCD camera methods by Stellari [95]. Voldman developed the theory for CMOS
latchup domino effect—addressing both the primary trigger source and the secondary interactions [97].
In the BiCMOS technology, the integrated dense CMOS logic addressed new CMOS latchup process
solutions for wired and wireless applications. Watson and Voldman evaluated the utilization of deep
trench (DT) structures for CMOS latchup improvements as guard rings to bordered n-well structures
[98-102]. The first experimental work on the CMOS latchup robustness of a new low-cost isolation,
known as trench isolation (TI), was also explored for its CMOS latchup advantages [102, 103]. In this
period, triple-well CMOS became important in the technology. Analysis of CMOS ‘merged triple-well’
latchup, where the n-well was interconnected with the buried layer, was also addressed for the first time
[104, 105]. At this time, with the direction of higher substrate resistance, the understanding of the
substrate resistance issue on future technologies is a concern. Voldman demonstrated CMOS latchup in
ultrahigh resistive wafers of 1-5 k{2 cm CMOS substrates [106]. With integration, Salcedo-Suner et al.
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addressed latchup issues within new ESD circuit concepts [107]. With the SOC integration, Huh ez al.
addressed new CMOS latchup occurrences between power supplies and between circuits [108].
In addition, more sophisticated methods of CAD extraction and verification using model graph
(MG) representation were pursued by Zhan and Wang [109, 110].

In the background, the smart power technology engineers with bipolar, CMOS and DMOS (BCD)
technology were addressing unique issues in the smart power integration [172—-185]. Smart power has
introduced HVCMOS and LVCMOS technologies on a common substrate. HVCMOS technology has
introduced drain-extended NMOS and lateral diffused MOS (LDMOS) technologies at voltage levels
significantly above the CMOS native-voltage power supply. In each successive technology generation
node, the 25-V, 40-V, 100-V and 120-V applications do not scale, whereas LVCMOS continues to lower
its power supply voltage; this leads to a larger voltage difference between HVCMOS and CMOS in
each generation. With smart power and HVCMOS, a larger focus is on injection interaction between
the HVCMOS circuits and LVCMOS; HVCMOS LDMOS injection can lead to disturbing the CMOS
circuitry. As a result, new interdomain passive and active guard ring strategies have been implemented.

Additionally, new niche fields are established that must address CMOS latchup issues. Image
processing semiconductor chips have introduced core-limited designs with the introduction of CMOS
triple-well technology and reintroduction of the p—/p++ substrates and p—/n++ substrates. With the
growth of image chips in cell phones, this area will have growing interest.

It was once believed that latchup would cease to be an issue for advanced technologies as a result of
process solutions, model development, simulation and circuit solutions. Unfortunately, this has turned
out not to be the case. As a result, new latchup solutions from semiconductor process structures,
implants, design tools and circuit solutions still continue to be pursued. In the following chapters, this
will be discussed in more depth.

1.2 FUNDAMENTAL CONCEPTS OF LATCHUP DESIGN
PRACTICE

In semiconductor technology, a ‘latchup design practice’ is developed for the analysis of latchup from
semiconductor process to product design. For latchup, there are fundamental latchup design practices
that include semiconductor process, layout design and testing practices. The fundamental concepts and
objectives for the latchup discipline are as follows:

e Decoupling of parasitics — spatial separation;

e Decoupling of parasitics — physical isolation (triple well);

e Decoupling of parasitics — physical isolation (insulating regions);

e Recombination and trap states;

e Beta spoiling — placement of defects for parasitic bipolar current gain reduction;

e Semiconductor doping;

o Silicide design;

e [solation design;

e [solation beta spoiling;

e Decoupling of parasitics via virtual collector regions;
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e Decoupling of parasitics via integrated guard rings;
e Separated guard rings;
e Shunt well resistors;
e Shunt substrate resistors;
e Circuit design;
e Current-limiting circuit elements;
e Power application issues — sequence-independent circuits;
e Power application issues — power sequencing with sequence-dependent circuitry;
e Current-limiting circuit solutions — external current-limiting circuit elements;
e Use of on-chip ESD power clamp networks;
e Use of on-chip ESD rail-to-rail networks;
e Use of on-chip active clamp networks;
e Active guard rings — local substrate potential modulation;
e Active guard rings — introduction of substrate lateral electric field;
e Active guard rings — inversion of injection;
e Active and passive guard ring synthesis;
e Failure analysis — photoemission failure analysis techniques;
e Failure analysis — particle beam methodology;
o Computer-aided design — identification of parasitic elements;
e Computer-aided design — inclusion of parasitics in circuit analysis;
o Computer-aided design — guard ring implementation;
e Computer-aided design — well and contact spacing optimization;
e Computer-aided design — latchup contact placement cosynthesis using cost functionals;

e Chip architecture — floor planning based on parasitic pnpn.

Decoupling of parasitics — spatial separation: To avoid the interaction between the pnp and the
npn transistor, spatial separation of the parasitic transistors inherently increases the latchup robustness.

Decoupling of parasitics — physical isolation (triple well): To avoid interaction between the pnp and the
npn parasitic transistors, full decoupling can be achieved by physical separation using other structures
between the transistors. Using a triple-well region, one can fully isolate the npn and the pnp transistor
parasitic elements.

Decoupling of parasitics — physical isolation (insulating regions): To avoid interaction between the pnp
and the npn parasitic transistors, isolation can be placed in between. In this case, the isolation can
provide decoupling when the depth of the isolation is significant, and/or fully isolating on the edges as
well as below the structure.
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Recombination centers and trap states: To avoid interaction between the pnp and the npn parasitic
transistors, recombination centers and trap states can be added to the base region of the pnp and/or npn
transistor. Recombination centers and trap states can be generated in the bulk region (e.g. bulk
recombination centers) or on surfaces (e.g. surface recombination centers). Recombination centers can
be generated by implantation damage, implanted impurities or irradiation. Recombination centers can
be neutral or charged centers.

Beta spoiling — placement of defects for parasitic bipolar current gain reduction: To avoid interaction
between the pnp and the npn parasitic transistors, defects and trap states can be added to the base region of
the pnp and/or npn transistor. Defects can be generated in the bulk region (e.g. bulk recombination centers)
or on surfaces (e.g. surface recombination centers). Recombination centers can be generated by implanta-
tion damage, implanted impurities or irradiation. Recombination centers can be neutral or charged centers.

Semiconductor doping — high doping concentration: The semiconductor region can be doped in order
to reduce the bipolar current gain through reduction in the minority carrier diffusion length. This can be
achieved by reduction in both recombination time and minority carrier mobility.

Silicide design: The silicide design is established to introduce resistance in the emitter regions. Emitter
resistance leads to a reduction in the regenerative feedback and improves the latchup robustness. In the
latchup design practice, the introduction of emitter resistance is a technique to increase the latchup robustness.

Isolation design: The semiconductor isolation design can be optimized to improve the latchup
robustness of the semiconductor technology. Isolation structures can include STI, dual-depth (DD)
STI, TI and DT isolation structures.

Isolation beta spoiling: It is a latchup design practice for the degradation of the parasitic bipolar
transistors’ current gain by influencing the isolation surfaces. These can include surface state
generation, defect generation or channel stop implants. Additional methods under isolation are
provided to lower the bipolar current gain transport along the isolation edges.

Decoupling of parasitics via virtual collector regions: It is a latchup design practice to add a virtual
collector region. By the addition of a virtual collector region, minority carriers can be collected
lowering the regenerative feedback between the sources of the parasitic pnpn. With the introduction of
a virtual collector, the bipolar current gain of either the pnp or the npn is lowered, which improves the
latchup robustness. These virtual collector structures can be vertical or lateral elements.

Decoupling of parasitics via integrated guard rings: It is a latchup design practice to add an integrated
guard ring to serve as a virtual collector. Minority carriers can be collected lowering the regenerative
feedback between the sources of the parasitic pnpn.

Decoupling of parasitics via separated guard rings: It is a latchup design practice to add a separated guard
ring to serve as a virtual collector. By a separate region, minority carriers can be collected lowering the
regenerative feedback between the sources of the parasitic pnpn. The separate guard ring structures can be
placed lateral or vertical and lead to a loss of the current lowering the bipolar current gain.

Shunt well resistors: It is a latchup design practice to provide low-resistance well shunts in parallel with
the emitter—base metallurgical junction of the parasitic element contained within the well structure.
This prevents the forward bias of the parasitic transistor element contained within the well.

Shunt substrate resistors: It is a latchup design practice to provide low-resistance substrate shunts in
parallel with the emitter—base metallurgical junction of the parasitic element contained within the well
structure. This prevents the forward bias of the parasitic transistor element contained within the
substrate.
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Circuit design: It is a latchup design practice for the usage of circuit techniques to prevent latchup. The
methodology includes (a) current-limiting solutions, (b) decoupling of parasitics from substrate and
power connections and (c) sequence-independent power supplies and circuits.

Use of on-chip ESD power clamp networks: ESD power clamp networks can be used to prevent latchup. This
can be achieved by limiting voltage overshoot and undershoot, and by providing alternative current paths.
Given these occur prior to a latchup triggering condition, semiconductor chips are less vulnerable to latchup.

Use of on-chip ESD rail-to-rail networks: ESD rail-to-rail networks can be used to prevent latchup
between two independent power supply rails and between two ground rails. This can be achieved by limiting
voltage overshoot and undershoot, and by providing alternative current paths. Given these occur prior to a
latchup triggering condition, semiconductor chips are less vulnerable to interrail power supply latchup.

Use of on-chip active clamp networks: Active clamp networks are used in high-performance semiconductor
chips that are designed to limit overshoot and undershoot associated with chip-to-chip signal transfer in
multichip environments. The objective is to design the circuits to avoid reflections. These ‘active clamp’ circuit
networks provide clamping at the power supply value, preventing overshoot and undershoot excursions.

Active guard rings — local substrate potential modulation: Active guard rings collect minority carriers
and electrically reconnect to a soft grounded substrate contact to modulate the electrical potential of the
substrate for latchup advantages.

Active guard rings — introduction of substrate lateral electric field: Active guard rings collect minority
carriers and electrically reconnect to a soft grounded substrate contact to modulate the lateral electric
field in the substrate to reduce lateral carrier transport.

Active guard rings — inversion of injection: Active guard rings can sense the potential of the substrate
and using an inverting amplifier invert the potential response for latchup advantages.

Active and passive guard ring synthesis: Active and passive guard rings can be integrated and
synthesized to utilize the advantage of active guard rings and still provide a passive guard ring that
allows collection to the power grid. Active guard rings can be integrated with compensation networks
using multiplier—divider logic.

Current-limiting circuit elements: It is a latchup design practice to provide current-limiting elements
that can prevent CMOS latchup. For example, current-limiting elements can be placed in series with
the power or ground to prevent a high-current runaway state. In addition, this can be integrated with
power shutdown and restart circuit functions.

Power application issues — sequence-independent circuits: It is a latchup design practice to introduce
circuits that are independent of the power-up and power-down sequencing. These circuits may be
peripheral receivers, off-chip drivers (OCDs) or ESD networks that are not a function of the power
sequencing. This will lead to the prevention of forward biasing of junctions that can lead to latchup.

Power application issues — power sequencing with sequence-dependent circuitry: It is a design practice
to introduce circuits that are dependent on the power-up and power-down sequencing, by adding
additional elements to avoid forward biasing. This will lead to the prevention of forward biasing of
junctions that can lead to latchup.

Current-limiting circuit solutions — external current-limiting circuit elements: It is a latchup design
practice to provide current-limiting elements that can prevent latchup. For example, current-limiting
elements external to the semiconductor chip can be placed in series with the power or ground to prevent
thermal overload and semiconductor chip, board or system failure. Without the current-limiting
element, latchup can introduce chip, board or system failure.
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Use of off-chip clamping elements: It is a common latchup practice to have off-chip solutions to avoid
overshoot and undershoot phenomena from the board. Use of diode clamping elements or off-chip ESD
elements can minimize board- or card-level phenomenon that can trigger latchup.

Failure analysis — photoemission failure analysis techniques: Photoemission techniques are a latchup
design practice to determine the photon emissions associated with avalanche breakdown, recombina-
tion and latchup. Photoemissions provide both a temporal and a spatial dependence of the time
sequence, as well as the spatial location. With frequency filters, it is possible to determine whether the
phenomenon is avalanche breakdown or electron-hole pair (EHP) recombination.

Failure analysis — particle beam methodology: In latchup analysis, a design practice is the use of
particle beams as a diagnostic to identify potential locations of latchup. This can be used for the
evaluation of single event latchup (SEL) sensitivity or ‘weak spots’ in a given design.

Computer-aided design — identification of parasitic elements: A CMOS latchup design practice in
computer-aided design is the identification of parasitic pnpn that are potential latchup concerns. Using
latchup CAD tools, the parasitic pnp and npn elements are identified and classified according to their
likelihood to induce CMOS latchup.

Computer-aided design — inclusion of parasitics in circuit analysis: A CMOS latchup design practice in
CAD is the identification and inclusion of the parasitic pnpn in the circuit analysis. The latchup CAD
tool extracts the pnpn element, identifies its importance and includes the SCR circuit schematic into the
standard circuit. This postextraction process updates the circuit model with the additional element.

Computer-aided design — guard ring implementation: A CMOS latchup design practice is computer-
aided design methods that (a) autogenerate guard rings where required, (b) evaluate the guard ring
effectiveness and (c¢) modify the guard rings to improve the latchup robustness. CAD practices vary
from shape-based tools to parameterized guard ring cells. In addition, checking and verification CAD
methods exist that address the compliance to the CMOS latchup requirements.

Computer-aided design — well and contact placement and spacing optimization: A latchup design
practice is the placement of well and contacts for CMOS latchup optimization of the shunt resistances
and satisfying the checking and verification design rules. For external latchup injection function, tools
exist that modify the well and contact spacing based on the magnitude and distance from an injection
source.

Computer-aided design — latchup contact placement cosynthesis using cost functionals: Latchup
contact optimization can be achieved using cost functional optimization with placement and routing
using greedy algorithms. The latchup contact placement optimization can be integrated into the area,
density and routing calculations by minimizing analysis of the ‘zone of protection’ and ‘unprotected
zones’. A constraint of optimization algorithms is that ‘unprotected zone’ terms are driven to zero.

Chip Architecture — floor planning based on parasitic pnpn: A latchup design practice is the placement
of functional blocks based on the density and presence of parasitic pnpn elements. For example, given a
subfunction where there is no pnpn, elements can be placed next to injection sources (e.g. fill shapes
and decoupling capacitors can be placed near I/O circuitry).

1.3 BUILDING A CMOS LATCHUP STRATEGY

In the construction of a semiconductor business, there are many aspects to provide reliable
semiconductor components that are verified and qualified to not undergo latchup. Hence, there is a
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business strategy, as well as a technology strategy. In the following sections, these two issues are
separated as distinctly different list of considerations.

1.3.1 Building a CMOS Business Strategy — 18 Steps in Building
a CMOS Latchup Business Strategy

In the practical implementation of a quality and reliability engineering latchup program, there are a
number of steps to be taken in delivering semiconductor parts successfully. It is a key to develop a CMOS
latchup management program for building a latchup prevention strategy from the product to the customer.
The focus of this latchup program is the management of a facility and corporation in managing its staff,
tooling and establishing corporate objectives. These are the 18 steps to build a latchup business strategy:
e a full-time latchup coordinator;

e a full-time latchup technologist;

e semiconductor process technology definition for latchup prevention;

e latchup roadmap strategy for technology migration and evolution of technology;

e technology latchup design test structure and design methodology;

e technology design manual latchup rules for circuit designers;

e semiconductor chip designer latchup verification release process;

e latchup quality and reliability design tools for design release verification;

e latchup manufacturing in-line test and characterization strategy;

e latchup technology characterization strategy;

e latchup quality and reliability chip product test facility and equipment;

e latchup human factor engineering;

e customer application notes on power states and sequencing of chips and systems;

e customer strategy of integration from chip to system environment;

e latchup system test facility;

e system-level latchup prevention strategy;

e an awareness and avoidance procedures for latchup sensitivity of products;

e latchup system-level quality and reliability audit capability.

1.3.2 Building a CMOS Latchup Technology Strategy — 18 Steps
in Building a CMOS Latchup Technology Strategy

To address the latchup semiconductor technology design phase, there are a number of critical steps that
need to be taken. In order to avoid latchup in semiconductor design, these steps must be taken for
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ensuring consistent and acceptable latchup-resistant results. The following are the 18 steps needed to
ensure the establishment of a latchup prevention strategy:

e semiconductor process latchup robust process control and solutions;

e semiconductor process/device design latchup simulation design tools;

e latchup and semiconductor device design synthesis and optimization strategy;
e latchup test structure methodology and strategy;

e latchup characterization test equipment;

e latchup characterization test strategy;

e latchup design manual strategy;

e semiconductor device-to-circuit design synthesis integration strategy;

e semiconductor circuit-to-function design synthesis integration strategy;

e semiconductor function-to-function design synthesis integration strategy;

e latchup device and circuit simulation strategy;

e latchup CAD design implementation strategy;

e latchup CAD design rule checking (DRC) tools;

e latchup CAD parasitic extraction tools;

e latchup CAD chip-level verification tools;

e latchup design engagement, review and release process;

e latchup technology benchmarking strategy;

e latchup technology scaling strategy.

1.4 CMOS LATCHUP TECHNOLOGY MIGRATION STRATEGY

In the migration of semiconductors, it is important to have a technology strategy that prevents latchup
in successive generations. In each corporation, the integration of the semiconductor solutions for
latchup may differ depending on the semiconductor tooling, cost and other design point integration
issues. Table 1.1 is an example of a typical evolution of a corporate semiconductor technology latchup
strategy. In this table, in each successive technology generation, a clearly proactive path was chosen to
develop semiconductor process solutions that allowed for continuous scaling of CMOS technology. In
the earliest days of CMOS integration, prior to 1975, a CMOS technology was developed where CMOS
latchup was not addressed as part of the semiconductor design point process. No products were
developed with this technology. In the first CMOS technology generation, the CMOS latchup
sensitivity evaluation was regarded as part of the device design ‘CMOS design point’. To address
the latchup concerns, benchmark test structures were established, as well as CMOS latchup ground
rules (e.g. guard rings, n-well contact and p— substrate contact rules). In the next generation, device
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Table 1.1 Example of the history of a technology evolution with incorporated latchup semiconductor
process solutions.

Technology node Latchup semiconductor process solutions

2.5 um None

2.0 pm Guard rings

1.2 pm Diffused well optimization p— epitaxial integration
0.8 um (a) p++ substrate, p— epi

(b) Retrograde n-well implant
(c) Ground rule development
(d) Guard ring development

0.5 pm (a) Shallow trench isolation

(b) Retrograde well optimization
0.5 um (a) Epi thickness increase

(b) n-well dose control
0.25 pm (a) Increase of n-well dose

(b) Increase of n-well energy
0.22 pm (a) p-well integration

(b) Increase n-well dose
0.22 pm (a) Epitaxial buried layer implant

(b) STI scaling

design simulation and optimization of a diffused well technology were initiated. In this next technology
generation, a p— epitaxy was integrated on a p++ wafer — more aggressive latchup solutions were
pursued. Logic and DRAM were developed off a common base technology generation. For example,
trench DRAM capacitors as the base technology led the way to the integration of a scaled p— epitaxial
on a p++ heavily doped substrate [80]. Additionally, the epitaxial region was scaled significantly
compared to the prior technology generation. This 0.8-um LOCOS isolation-defined CMOS
technology introduced the first retrograde n-well using a commercial MeV implanter in a commercial
mainstream technology for the purpose of latchup improvements [80]. With the combination of
p+-+ substrate, scaled epitaxy, retrograde n-well and titanium salicide, a significant boost in the
latchup robustness was observed. In the next technology generation, STI was integrated into
the technology for the purpose of density and elimination of LOCOS isolation bird’s beak effects.
In the 0.5-pm technology, the combination of a p++ substrate, a scaled p— epitaxial region, a
retrograde n-well, silicide and finally shallow trench isolation provided a significant CMOS
latchup robustness improvement compared to the prior generation [81-85]. In the first commercial
2.5-V 0.25-um channel length technology, to address the p+/n+ scaling of the physical dimensions,
the n-well sheet resistance was lowered to provide ESD robustness improvements and at the same
time to reduce the vertical and lateral bipolar transistors. In the next generation, in a 0.22-pm
technology, dual-well CMOS optimized the p-well and n-well regions to higher doping concentrations
for latchup and ESD improvements. This technology was followed by another one, with a new
implant called a ‘buried epitaxial implant’ between the p-well and the p++ substrate for CMOS
latchup.

From this discussion on the semiconductor process technology evolution, a clear message is
evident; to improve or maintain latchup robustness, semiconductor process solutions are needed to be
added to avoid latchup. When the process solutions are not added, latchup sensitivity increases with
technology scaling; these can be compensated by increased spacing (e.g. descaling), more guard rings
and more restrictive ground rules.
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1.5 KEY METRICS OF LATCHUP DESIGN PRACTICE

For CMOS latchup, there are fundamental latchup design metrics that include semiconductor process,
layout design and testing practices:

e p-/n+ space;

e beta product;

e alpha sum;

e overshoot voltage and current;

e undershoot voltage and current;

e latchup specification;

e margin from latchup specification;

e radiation dose.

p+/n+ space: The spacing between the p+ anode and the n+ cathode is referred to as the ‘p+/n+
space’. This metric is a key measure of the scaling of the technology associated with latchup.

Beta product: The beta product metric is a measure of the likelihood of the parasitic or network to
undergo latchup. The beta product refers to the product of the pnp parasitic bipolar current gain and
the npn parasitic bipolar current gain, f,,,B,,,- As the beta product decreases, the likelihood
of latchup decreases. (Note: This metric serves as a simplified or special case of the stability
criterion.)

Alpha sum: The ‘alpha sum’ metric is a measure of the likelihood of the parasitic or network to undergo
latchup. The alpha sum refers to the sum of the pnp and the npn parasitic bipolar collector-to-emitter
transport factor, appp + dnpn. As the alpha sum decreases, the likelihood of CMOS latchup decreases.
(Note: This metric serves as a simplified or special case of the stability criterion.)

Overshoot voltage and current: This metric determines the amount of voltage or current required to
initiate latchup in a circuit or chip from an overshoot event.

Undershoot voltage and current: This metric determines the amount of voltage or current required to
initiate latchup in a circuit or chip from an undershoot event.

Latchup specification: Latchup specifications satisfy the requirement of a given magnitude of
current required to ‘pass the latchup specification’. Given it ‘passes’ the latchup specification is a
measure of the integrity of the semiconductor chip to CMOS latchup events. Note that the
specification magnitude is an arbitrary value established in the industry and does not guarantee latchup
does not occur.

Margin from latchup specification: Latchup specifications are based on satisfying the requirement of a
given current without inducing CMOS latchup. The margin of current or voltage above this
specification is a metric for assurance that the semiconductor chip will survive a current or voltage
above the latchup specification.

Radiation dose: The magnitude of the radiation level for a given radiation type required to initiate
latchup can serve as a metric of the integrity of a semiconductor chip. The radiation dose level is a
function of the radiation type (e.g. photon, heavy ion and cosmic ray).
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1.6 CMOS LATCHUP TECHNOLOGY TRENDS AND SCALING

Latchup robustness and the latchup metrics are strongly influenced by technology scaling. With
MOSFET constant electric field scaling theory, the dimensions of semiconductors continue to be
decreased. With CMOS technology scaling, the following key CMOS latchup metrics and technology
variables have a strong influence on the trend of CMOS robustness:

e p+/n+ scaling;

e substrate resistance;

e isolation scaling;

e n-well and p-well design;
e power supply scaling;

e holding voltage.

As the lateral physical dimensions of semiconductor components are reduced from micron to nanometer
dimensions, a key latchup metric is the p+/n+ space. Figure 1.4 shows a plot of the p+/n+ space as a
function of technology generation. To achieve higher density of circuits in each technology generation, the
minimum dimension is scaled. From a latchup perspective, this requires a smaller isolation space between

the p+ diffusion in the n-well and the n+ diffusion in the p— substrate, leading to a decreased p+/n+ space.
Figure 1.4 shows the change in the p+/n+ spacing [87, 92]. Additionally, since there are semiconductor
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Figure 1.4 CMOS latchup metric p+/n+ space as a function of technology generation.
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Figure 1.5 Scaling of substrate wafer resistivity as a function of time and application frequency.

manufacturing limits on the isolation, the reduction of the isolation width leads to a decrease in the isolation
depth. This also impacts CMOS latchup. Finally, the reduction of the dimensions also leads to a more
stringent restriction of acceptable implantation dose and energies for the n-well and p-well due to scattering
phenomenon, MOSFET threshold modulation, MOSFET back-bias, leakage and physical alignment.
With future technology generations and the power supply scaling, noise reduction between digital,
analog and RF circuits becomes more critical. To reduce noise and junction capacitance, the substrate
wafer resistance is scaled to higher substrate doping concentrations. Figure 1.5 shows the scaling of the
substrate resistance with time, as a function of application frequency. Figure 1.5 shows that with scaling
the direction is toward higher substrate resistance. Substrate resistance will strongly influence the CMOS
latchup robustness. First, the substrate resistance is critical in the shunt substrate resistance (which will be
discussed in the following sections). Second, low doping concentration leads to long minority carrier
lifetimes. Finally, the ability to dissipate local and global self-heating becomes an increasing concern.
One of the key issues in CMOS latchup scaling is that the lateral scaling occurs at a much faster rate than
the vertical scaling. As a result, the scalings of the isolation, n-well, p-well and epitaxial regions are not
synchronous with lateral scaling issues. Hence, the geometric similitude is violated in the two-dimensional
cross section, leading to difficulty in the production of a scalable ‘model’. Hence, one of the issues associated
with CMOS latchup is the n-well and p-well design, which will be discussed in detail in the following sections.
To abide by MOSFET constant electric field scaling theory, the power supply voltage is reduced with
technology scaling. The scaling of the power supply voltage allows key CMOS latchup metrics to have
CMOS latchup conditions above the power supply voltage (e.g. holding voltage). In the case where the
latchup injection and voltage sources are also scaling, there is no concern. But, in the case where the latchup
source event is not scaling (e.g. cable discharge events (CDEs) and ionizing radiation), this can be an issue.
One of the key issues is the CMOS latchup holding voltage V. The holding voltage is the voltage at
the low-voltage/high-current state that occurs during latchup. A concern is the relative value of the
holding voltage versus the power supply voltage. As a technology is scaled, the holding voltage
decreases. Table 1.2 show an example of the trend of Vi and p+/n+ space as a function of technology

Table 1.2 Holding voltage and p+/n+ space as a function of technology generation.

Technology generation(um) p+/n+ space(pum) Holding voltage (V)
0.5 2.0 6

0.35 1.6 5.5

0.22 1.3 3.7

0.18 1.0 2.7

0.13 0.8 2.7
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generation. In each generation, the power supply voltage is also lowered. As a result, Vi and Vpp are
scaling with semiconductor device size reduction.

1.7 KEY DEVELOPMENTS

There are key developments that influenced the directions and solutions of semiconductor technology
and the art of the latchup discipline. In this section, a brief list of key innovations, contributions,
technical works and patents that influenced the direction of latchup is shown.

1.7.1 Key Innovations

Key innovations that significantly influenced latchup are primarily those associated with semiconductor
evolution and layout design directions. The semiconductor technology features that highly influenced
CMOS and BiCMOS latchup robustness are as follows:

e introduction of the implanted MeV retrograde well;

e introduction of STI;

e introduction of p++ substrates;

e introduction of p++ buried layers;

e introduction of DT isolation;

e introduction of subcollector implants.
The innovations that have had the greatest influence on the semiconductor design are the following:

e introduction of single and dual guard ring structures;
e introduction of n-well and substrate contact resistance design rules and verification systems;

e introduction of the JEDEC latchup specification and commercial qualification of semiconductor
components.

1.7.2 Key Contributions

In the latchup field, accomplishments to advance the field are in the form of development of experimental
discovery, analytical models, introduction of new semiconductor devices and circuits, test equipment and
test methods. Below is a short chronological list of key events that influenced the field of latchup:

e 1967: Poll and Leavy demonstrated ‘transient radiation induced CMOS latchup’ [8, 9]. This work
demonstrated that ‘single event latchup’ and other radiation environments can induce CMOS
latchup in space applications.

e 1973: Shafer and Gregory addressed commercial application usage of CMOS and CMOS latchup
implications [12-14].

e 1976: Dawes and Derbenwick demonstrated CMOS latchup improvements with gold doping [28].
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1978: Estreich et al. demonstrated latchup improvements using epitaxial buried layer process
[29-33].

1979: Adams and Sokel demonstrated usage of neutron irradiation to control CMOS latchup [27].
This work showed that nuclear irradiation modifies the parasitic bipolar current gains.

1980: Estreich’s thesis ‘The physics and modeling of latch-up in CMOS integrated circuits’
provided significant advancement on latchup theory [33]. This work significantly advanced
analytical models, characterization and latchup characterization structures of CMOS.

1982: Parillo demonstrated ‘dual-well CMOS’ advantages for CMOS latchup. The significance of this
work is the demonstration of the CMOS latchup advantages of an n-well and a p-well region [39].

1983: Takacs et al. demonstrated CMOS latchup in CMOS structures with and without epitaxy in a
field oxide (FOX) technology [56]. This work demonstrated that a two order of magnitude
improvement is achievable in the CMOS latchup critical current with epitaxial layers as well as
demonstrated that CMOS latchup critical voltage is surface induced due to field oxide scaling.

1982: Rung et al. demonstrated usage of deep trench isolation for CMOS technology. This work
demonstrated the advantage of deep trench structures for isolation of CMOS p-channel and
n-channel MOSFET devices [47]. Today, this work is significant for BICMOS and smart power
applications.

1983: Troutman demonstrated the improvement in guard ring efficiency utilizing p— epitaxial/p++
substrate wafers [59].

1983: Troutman and Zappe developed theory for transient latchup [49, 50]. From Zappe’s thesis,
significant progress was made in the understanding of transient latchup analysis.

1982: Troutman developed an automated latchup test system that varies substrate and well
resistances for the quantification of CMOS latchup design space as a function of well and
substrate resistances. This work established a design methodology for CMOS latchup design
point analysis.

1983: Troutman developed the generalized differential tetrode criterion for CMOS latchup. This work
provided a better analytical relationship for the ‘beta product’ and ‘alpha sum’ latchup criteria [79].

1984: Troutman integrated the retrograde well into IBM’s CMOS IV technology for a 0.8-um CMOS
DRAM and logic technology generation. The significance of this work was the first commercial
integration of an MeV retrograde well implanter into a commercial CMOS technology.

1984: Terrill and Hu developed a substrate resistance model for CMOS latchup modeling. The
significance of the work is that the model addresses spreading resistance in the substrate [71].

1985: Troutman wrote the first textbook on CMOS latchup, ‘CMOS Latchup: The Problem and the
Cure’ [79].

1985: Hargrove and Troutman developed a substrate transmission line model for CMOS latchup
[62]. This work was the initial step in providing a better substrate model for the understanding of
CMOS latchup in a p— epitaxial/p++ wafer.

1986: Voldman demonstrated retrograde well-substrate modulation leading to variations in the
CMOS latchup sensitivity in a 4-MB DRAM 0.8-um technology [80]. This work demonstrated the
need for cosynthesis of epitaxy thickness control, retrograde well energy and dose module in a
p— epitaxial/p++ heavily doped wafer [80-82].
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1986: Chern and Wu developed a new analytical three-dimensional model for substrate resistance in
CMOS latchup structures. The significance of this work is that it addresses the substrate spreading
resistance associated with majority carrier current during latchup events.

1991: Johnston et al. addressed the effect of temperature on single-particle latchup (e.g. SEL). The
significance is experimental verification of the temperature dependence relationship of the latchup
capture cross section and the linear energy transfer (LET) threshold [155]. This is critical to the
evaluation of SEL in space and terrestrial applications.

1992: Voldman demonstrated the issue of retrograde well—substrate modulation on both ESD and
CMOS latchup in a 0.5-pm technology. The first significance of the work was the cooptimization of
CMOS latchup and ESD networks. The second significant issue was the impact of the MeV
retrograde well implant energy and dose on CMOS latchup scaling and ESD scaling for scaled
CMOS technology. Finally, this work demonstrated how to develop semiconductor processes that
can achieve ESD robust diode networks and improved CMOS latchup in each technology
generation; this work influenced the commercial usage of MeV high-energy implanters for
advanced CMOS technology and future CMOS scaling [81-86].

1992: Borland proposed the ‘buried implant layer and lateral isolation’ (BILLI) semiconductor
process for the utilization of a blanket implant and LOCOS isolation technology. The significance
of the work is the utilization of buried layers for latchup improvement. This concept did not
integrate into the mainstream CMOS technology, instead chose the path of heavily doped retrograde
n-wells and p-wells, as well as triple well.

1993: SEMATECH established a ‘vertical modulated well (VMW)’ research effort on the
integration of retrograde well with scaled CMOS. During this time frame, only one corporation
was using retrograde well in standard offerings, and all other US corporations used diffused well
CMOS. This accelerated the integration of retrograde wells in many corporations today.

1993: Morris (at SEMATECH) focused on the utilization of heavily doped buried layers for
future scaled CMOS. This work demonstrated the value of HDBL for latchup in scaled CMOS
technology.

1995: Bafluer et al. addressed latchup concerns in smart power technology [172]. The significance
was highlighting the reverse-current problem and LDMOS devices’ latchup-related issues.

1996: Barak et al. addressed the relationship of single event upset (SEU) and SEL. This work
highlighted the interaction between circuit soft error rate, system disturbances and single event
latchup, as well as addressed global chip interactions [171].

1998: Li’s thesis ‘Design automation for reliable CMOS chip I/O circuits’ demonstrated advance-
ment in CAD concepts related to latchup [88-90]. This work (a) implemented Troutman’s transfer
resistance representation of the substrate to a full CAD tool implementation and (b) extracted
parasitic pnp or npn bipolar elements that are extracted, identified and added to its supported device
representation (e.g. associated with the parasitic transistor) [88-90].

2000: Winkler and Herzl focused on ‘active guard ring’ concepts for noise suppression in mixed
signal chip using on-chip driven guard rings. These concepts are presently being applied to smart
power applications for BCD technology [176].

2002: Vashenko and Concannon demonstrated the relationship between injection current magnitude
and distance between the injection source and the CMOS circuit. This work highlighted the
domains of CMOS latchup failure. This work is unpublished.
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2002: Rubin and Morris integrated heavily doped buried layers into technologies to demonstrate
CMOS latchup advantages versus technology trade-offs [91]. This work showed the CMOS latchup
improvement with the lower substrate shunt resistance in a p— substrate wafer.

2000: Parthasarathy et al. addressed the usage of deep trench for isolation in HVCMOS [181].

2003: Morris demonstrated CMOS scaling implications for future CMOS technologies [92]. The
significance of the work is the demonstration that CMOS latchup is predicted to be an issue in the
future, and new process solutions will be needed in the future.

2002: Voldman developed the concept of integration of the ‘transmission line pulse’ test
methodology with the picocurrent analysis (PICA) tool for visualization of CMOS latchup
propagation in space and time. This tool concept was first experimentally performed by the IBM
T. J. Watson team of Weger and Sanda [94]. This work demonstrated the ability to determine the
time delay between the injection phenomenon and the CMOS latchup event.

2003: Stellari demonstrated CMOS latchup propagation using CCD methodology [95]. This work
similarly to the work of Weger er al. showed the propagation of CMOS latchup within a dense
CMOS logic region.

2003: Boselli et al. evaluated through simulation the CMOS scaling in a 65-nm technology node
[93].

2003: Horn’s PhD thesis ‘On the reverse-current problem in integrated smart power circuits’
analyzed the effectiveness of ‘compensating active guard ring’ techniques for smart power circuits
[185].

2003: ESD Association released the Transient Latchup (TLU) standard practice (SP) document
ESD DSP5.4-2003 on power supply transient stimulation events. Key contributors included I.
Morgan (AMD), G. Weiss (AT&T) and C. O’Connor (UTI). The significance of the work was to
address power supply transients for both positive and negative events on power supply rails.

2004: Watson and Voldman evaluated the CMOS latchup characteristics of a BiCMOS silicon
germanium DT structure. The study extended the work of Rung ef al. by evaluating deep trench and
a subcollector for CMOS latchup improvements. This work demonstrated that the subcollector leads
to significant improvements when added to the deep trench; this has significant implications for
CMOS latchup robustness improvement for automotive and space applications [98—101].

2005: Voldman demonstrated the implications of ‘merged triple-well’ technology. This work demon-
strated that the merged triple-well implementation leads to undershoot CMOS latchup robustness
degradation and overshoot CMOS robustness enhancement [104,105].

2005: Voldman demonstrated the advantage of a ‘trench isolation’ technology utilized for a low-cost
BiCMOS silicon germanium technology [103]. The significance of this work is the evaluation of a
second trench concept — a new low-cost trench technology integrated with implanted subcollectors
demonstrating CMOS latchup robustness well above 0.22-, 0.18- and 0.13-um CMOS technologies
on low-doped substrate wafers [103].

2005: Huh ef al. demonstrated CMOS latchup issues associated with SOC integration (power supply
to power supply and I/O to I/O latchup events). This work has significant implications on CMOS
design integration and CAD methodologies [108].

2005: Voldman further developed analytical development of CMOS latchup domino theory. A
significant result is the extension of the theory of the differential generalized latchup criterion
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(developed by Troutman) including the external injection source. This criterion can be applied for
external latchup processes [97].

e 2005: Voldman demonstrated CMOS latchup in ultrahigh resistive wafers of 1-5 k{2 cm CMOS
substrates. This work demonstrated that the p-well region has a significant influence on the CMOS
latchup; this work demonstrated that ultrahigh resistivity wafers will be suitable in the future for RF
CMOS, RF BiCMOS, RF BiCMOS silicon germanium, and other SOC and NOC applications that
require high performance and low noise [106].

e 2005: Zhan and Wang provided a ‘model graph’ representation of the extraction of a parasitic pnpn.
The significance of the work was utilization of model graph representation applied to CMOS
latchup extraction, checking and verification CAD tool development [109, 110].

e 2006: ESD Association Work Group 14 (WG14) released system-level CDE measurement standard
practice document. The significance of this work is associated with the growing problem of
CMOS latchup events due to cable discharge in systems, boards and chips in advanced CMOS
technologies.

1.7.3 Key Patents

CMOS latchup was a concern in CMOS technology, as the interest increased for commercial
applications. As a result, there were a significant number of patents to address the semiconductor
process, circuit and CAD solutions. In the early 1980s, CMOS latchup focus was on circuit solutions
and semiconductor processes that integrated latchup solutions with single-well CMOS technology.
Early patents addressed CMOS isolation methods and the integration of guard rings with CMOS
technology for CMOS latchup. This was followed by dual-well CMOS technology patents. In this time
frame, high-energy implanters were developed, leading to a focus on retrograde well implantation as
well as high-energy MeV implantation buried layers. In the 1980s, focus also began on circuit solutions
for CMOS latchup. In the 1990s and more recently in 2000, the focus has been on CAD tools for
extraction, checking and verification, new process features, novel processes and novel failure analysis
techniques. With CMOS scaling, patents have focused on quantifying CMOS latchup and design
integration into high-density CMOS technology. Additionally, the cosynthesis of CMOS scaling, noise
and latchup for RF applications and SOC environments has led to an interest in BICMOS solutions
from process, circuit and integration perspectives for improved CMOS latchup robustness.

1.8 LATCHUP FAILURE MECHANISMS

Latchup failure mechanisms can occur on both a local and a global level in chip, board and system
environments. Table 1.3 contains failure mechanisms observed in CMOS latchup events. For latchup
events that occur in a signal pad, the failure mechanism is typically observed in CMOS inverter
circuits. In CMOS inverter circuits, latchup is observed in the parasitic pnpn formed between the p- and
the n-channel MOSFET. The failures typically occur near the insulators and metallurgical junction
regions. These failures are evident for contact, silicide and metallurgical junction failures.

At the power pads, typically latchup is evident from a signature of metallization failure of Vpp and
Vss power rails. Power rail failure of the metallurgy can also occur from HBM (human body model),
MM (machine model) and CDM (charged device model) events; in the case of latchup, there is most
likely evidence of logic circuitry failure.



Table 1.3 CMOS latchup failure mechanisms.

Structure

Failure
location

Failure
mechanism

Signature

Input pad

Power pad

ESD networks

Chip level
Chip and system level

Chip and system level

Single event latchup

CMOS inverter

Dual diode

pnpn

RC-triggered power clamp

Field oxide device (FOD)

Analog and digital circuits

(a) p-channel MOSFET
(b) n-channel MOSFET

Aluminum interconnects

(a) n-well diode
(b) Inverter circuit

(a) pnpn

(a) Interaction between
RC trigger and the
p-channel output device

(a) Interaction between
a dual diode ESD device
and a FOD power clamp
Power bus

Wire bond

Packaging

Analog and digital
functional blocks

(a) Aluminum

(a) Negative current injection

(a) Triggering of the ESD
pnpn device

(a) Parasitic pnpn formed
between n-resistor of
RC trigger network
and p-channel ESD
clamp element

(a) Silicon damage

(a) Interconnect failure
(a) Wire-bond failure
(a) Plastic explosion

(b) Delaminated package
(c) Molten package

Metallurgy failure of aluminum
interconnects and insulators

(a) Contact failure

(b) Silicide failure

(c) Metallurgical junction failure

(a) Molten aluminum

(b) Insulator cracking

(a) Molten silicon

(b) Contact damage

(c) silicide damage

(a) Metallurgical junction

(b) LOCOS or STI failure

(a) n-channel resistor diffusion
and contact failure

(a) p+/n-well diode
(b) FOD power clamp

(a) Cracked insulators

(b) Molten metal

(a) Wire-bond displacement

(b) Bond-pad failure

(a) Package discoloration

(b) Package displacement

(c) Package material
separation

(d) Smoke

(a) Molten aluminum

(b) Insulator cracking

(c) Spherical extrusions
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ESD networks can also be a participant in the initiation of latchup. Thyristors, also known as
silicon-controlled rectifiers (SCRs), are intentionally utilized for ESD protection networks. One of the
issues with the ESD SCR network is that utilization of these networks can lead to CMOS latchup on
input pins or on power supply rails. When an ESD SCR network is used on a power rail, overvoltage
conditions can lead to ‘false triggering’ from CdV/dt transient states of the ESD network. This can lead
to CMOS latchup. The failure mechanism typically observed is silicon failure of the ESD SCR
structure.

The second latchup mechanism observed is in ESD power clamp networks that utilize RC-triggered
MOSFET networks. Ker demonstrated that latchup can occur in RC-triggered p-channel MOSFET
power clamps between the p-channel MOSFET and an n-type resistor (used in the RC discriminator
circuit).

On a global level, CMOS latchup failure mechanisms can be observed in the chip power bus. At
high current, the metal power bus can be observed to be either melted or displaced. Insulator cracking
of the interlevel dielectric material is also evident lateral to the power bus interconnects.

On a package level, CMOS latchup can lead to failure of wire bonds. Wire bonds that have undergone
high current stress can be displaced after a CMOS latchup event. This is evident from pre- and postlatchup
stress. In addition, bond-pad integrity may also show evidence of the CMOS latchup failure.

On the physical package level, plastic package has demonstrated evidence from plastic delamina-
tion, material discoloration, to plastic package separation and displacement from CMOS latchup
events. In the process of the package failure, a signature of latchup is molten plastic, burning smell and
smoke. Historically, evidence of plastic separation and decapsulation has occurred in early CMOS
development. In the case of package failure, it is hard to distinguish CMOS latchup from overvoltage
events without an electrical signature and temporal history.

For SEL accelerated testing, it was found that latchup failures do not occur on the peripheral I/O
circuits but occur internal to the chip. In analog—digital converter semiconductor chips, accelerated
testing shows that the SEL failure leads to latent mechanisms in the interconnects. The failure
mechanism was similar to the failures observed in ESD testing, with a few unique features. Becker
et al. noted that SEL failure occurred in the digital and the analog functional circuit blocks in the
interior but not in the peripheral circuits. A spherical metal extrusion was also noted significantly
different from that observed in ESD metal failure mechanisms [154].

Table 1.4 shows a CMOS failure mechanism in complementary bipolar CMOS (C-BiCMOS)
technology. In complementary BiCMOS technology, the pnp transistor can interact with an npn transistor
leading to latchup. In CMOS technology, latchup typically occurs from parasitic transistors of both the
p-channel and n-channel MOSFETs; in this technology, a vertical pnp transistor can interact with a
parasitic lateral npn element between the pnp region and a subcollector of an npn bipolar transistor.

Smart power technology today consists of HVCMOS integrated with LVCMOS. Application
voltages vary with the product. In the 80-120 V application range, products consists of automotive,
telecommunication and power supplies. In the 20-80 V application range, products consists of
automotive displays, inkjet printers, dc/dc converters, to controllers. Below 20 V application voltages,

Table 1.4 Bipolar technology latchup failure mechanisms.

Bipolar Structure Failure location Failure mechanism Signature

Complementary BiCMOS Bipolar pnp and Parasitic pnpn formed Silicon failure between
BiCMOS inverter bipolar npn between the the pnp and the npn
technology bipolar pnp and transistor

the bipolar npn
transistor




28 CMOS LATCHUP

Table 1.5 Smart power latchup failure mechanisms.

Smart power Structure Failure location Failure mechanism Signature
LDMOS and Low-voltage External electron Silicon failure between
CMOS logic CMOS logic injection from the PFET and NFET
LDMOS of CMOS logic
triggering circuit

low-voltage
CMOS circuitry
LDMOS to LDMOS Lateral npn Silicon failure
LDMOS bipolar transistor

Table 1.6 Multichip power system latchup failure mechanisms.

Power systems Structure Failure location Failure mechanism Signature
Chip and system IGBT Wire-bond (a) Wire-bond (a) Wire-bond

level packaging failure displacement

(b) IGBT failure

Chip and system IGBT Wire-bond IGBT (a)Wire-bond inductive  (a) IGBT failure

level packaging differences

(b) Nonuniform current
conduction

products consist of controllers, cell phones, to standard low-voltage electronics. SOC integration can
include a mixture of high-voltage CMOS, digital and analog circuitry; these systems can include
voltage regulators, interface networks, digital-to-analog converters, analog-to-digital converters,
current references, oscillators, current references, filters, to power management supervisors. Crosstalk,
noise and latchup are common concerns in these products. Table 1.5 is an example of a smart power
latchup event. During inductive load dumps, the LDMOS transistor can discharge electrons into the
substrate of an SOC product. Electron injection into the substrate can lead to disruption and triggering
of the low-voltage CMOS logic circuitry.

In high-power systems that address power levels in the 1-10kV range and 1-10 kA range, small
variations can lead to nonuniform distribution of current and power. Table 1.6 shows examples of
CMOS latchup in power systems. From overcurrent or mechanical stress, bond-wire failure can occur.
With a bond-wire failure, a nonuniform current can occur in parallel devices. The nonuniform current
can lead to nonideal thermal distribution, leading to both IGBT failure and system thermal destruction.
The second issue is regarding nonuniform inductances. In a system, given the inductive lead frames are
nonidentical, a differential voltage can establish during a current transient. In that case, the differential
voltage can lead to CMOS latchup across the two components, or nonuniform current distribution.

1.9 CMOS LATCHUP EVENTS

CMOS latchup events can occur from different types of electrical and current responses on both signal
pins and power pins. In the following sections, these different conditions and configurations will be
highlighted. These different conditions are important because they influence the test procedure and the
understanding of how a semiconductor chip can initiate a latchup condition.
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1.9.1 Power-Up Sequence Initiated Latchup
Latchup can be initiated from power-up sequence conditions. Missequencing of the power supplies,
ground rails and input signals can lead to latchup.
This can occur from the following conditions:
e power-up sequencing of the power rail;
e power-up sequencing of the ground rail;
e power-up sequencing of the input signal.

In addition, these conditions can occur due to undershoot and overshoot phenomena on the power rails
and the signal pins.

1.9.2 Input Pin Overshoot and Power-Up Sequence Initiated
Latchup

Latchup can be initiated at a signal pad from an applied pulse, missequencing or during a transient. In
the case where a positive pulse is applied to a signal pad, p-type devices can forward bias and initiate
latchup. Figure 1.6 shows a circuit schematic highlighting a positive event on a signal pad. In this
figure, the power supply Vpp and the ground power supply rail Vgg are at a fixed voltage. The input

Voo Input pin
signal pad
n-well
shunt
resistor

pnp transistor

Input pin

G E{t)
voltage excitation

npn transistor

Substrate
resistance
VSS VSS

Figure 1.6 Input signal pin CMOS latchup.



30 CMOS LATCHUP
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Figure 1.7 Input signal pin undershoot initiated CMOS latchup.

node is represented as a p+ diffusion that undergoes a positive pulse event. In this event, the
p+ diffusion forward biases leading to the parasitic pnp transistor become forward active. Note that
this condition is similar to the condition that the signal pad rises faster than the Vpp power supply.

1.9.3 Input Pin Undershoot and Power-Up Sequence Initiated
Latchup

Latchup can be initiated at a signal pad from an applied pulse, missequencing or during a transient. In
the case where a negative pulse is applied to a signal pad, n-type devices can forward bias and initiate
latchup. Figure 1.7 shows a circuit schematic highlighting a negative pulse event on a signal pad. In this
figure, the power supply Vpp and the ground power supply rail Vgg are at a fixed voltage. The input
node is represented as an n+ diffusion that undergoes a negative pulse event. In this event, the
n+ diffusion forward biases leading to the parasitic npn transistor become forward active. Note that
this condition is similar to the condition that the signal pad rises faster than the Vsg power supply.

1.9.4 Multiple Power Supply Power-Up Sequence Initiated
Latchup

Latchup can occur by the missequencing in a multiple power supply system or a multiple power supply
chip. In systems, there exist multiple power supplies that require sequencing to power up or power
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down a system. With improper sequencing, networks can forward bias leading to CMOS latchup. In
mixed voltage interface semiconductor chips, there can be chip ‘sectors’ that are at different power
supply voltages. For example, peripheral circuits can be placed on a power supply voltage above the
native power supply voltage of a semiconductor technology. In this case, the peripheral power rail Vpp
(I/0) will be separate from the core Vpp power supply rail. In the power-up condition (and power-down
condition) of a multiple power supply chip, given the power supplies do not rise at the same rate (e.g.
which occurs due to the size of the different capacitance loading), semiconductor devices can forward
bias leading to latchup. In addition, ESD elements may also exist between the power supply rails that
can also forward bias and lead to CMOS latchup.

1.9.5 Power Supply Overshoot Initiated Latchup

Latchup can occur when a pulse occurs on the power supply rail. During this event, a positive polarity
pulse occurs on the Vpp power supply rail. Latchup can be initiated by an applied pulse, missequencing
or during a transient. In this case, a positive pulse is applied to the Vpp power rail, as well as the n-well
and p-type devices. Figure 1.8 shows a circuit schematic highlighting a positive event on a power
supply pad. In this figure, the ground power supply rail Vsg is at a fixed voltage. Latchup occurs if the
p-type device becomes forward active. In this case, it is a function of the n-well shunt resistance.

Power supply
pad Power rail
resistance

W

n-well
shunt é
resistor
Power supply
excitation pnp transistor

2 f) /\

npn transistor

Substrate
resistance

] ]

Vss Vss

Figure 1.8 Power supply overshoot initiated CMOS latchup.
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Figure 1.9 Power supply undershoot initiated CMOS latchup.

1.9.6 Power Supply Undershoot Initiated Latchup

Latchup can occur when a negative pulse occurs on the power supply rail. During this event, a negative
polarity pulse occurs on the Vpp power supply rail. Latchup can be initiated by an applied pulse or an
oscillating signal. In the case where a negative pulse is applied to the Vpp power rail, when the Vpp
power rail goes below the Vgg power supply rail, the n-well forward biases leading to injection into the
substrate. Figure 1.9 shows a circuit schematic highlighting a negative event on a power supply pad. In
this figure, the ground power supply rail Vg is at a fixed voltage. Latchup occurs if the negative signal
is followed by a positive rising signal leading to the p-type device become forward active.

1.9.7 Power Supply (Ground Rail) Undershoot Initiated Latchup

Latchup can occur when a pulse occurs on the ground power supply rail. During this event, a negative
polarity pulse occurs on the Vgg power supply rail. Latchup can be initiated by an applied pulse,
missequencing or during a transient. In this case, a negative pulse is applied to the Vgg power rail, as
well as the p— substrate and n-type devices. Figure 1.10 shows a circuit schematic highlighting a
negative event. In this figure, the power supply rail Vpp is at a fixed voltage. Latchup occurs if the
n-type device becomes forward active. In this case, it is a function of the p— substrate shunt resistance.
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Figure 1.10 Ground power supply undershoot initiated CMOS latchup.

1.10 ELECTROSTATIC DISCHARGE SOURCES

ESD events and latchup have interrelations in the semiconductor physics, circuits, and events. First,
latchup and ESD can occur on both signal pins and power pins. Second, CMOS latchup and ESD
concerns can occur at the signal pin circuits. Third, the ESD and CMOS latchup damage in the
electronics can occur at the same location, or different. Finally, ESD events can initiate CMOS latchup
when a chip is powered. For example, ESD events on semiconductor chips can consist of HBM, MM
and CDM. On a board, card or system level, other system-level events can also occur. In the following
section, the commonality and distinction of some of these events will be briefly discussed.

1.10.1 Human Body Model ESD Event

HBM events are high-current events that can initiate latchup. These events typically are single polarity
events. HBM events affect semiconductor chips by inducing a impulse on signal pins and power pads.
HBM events are represented as a 100-pF charged capacitor and a 1500-Q2 resistor [111]. In the
discharge process, the HBM pulse has a 17-22-ns rise time and a 150-ns decay time. HBM events can
range from low voltage to 35000 V. The magnitude of the event is a function of the triboelectric
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charging, the charging process and the humidity. There are a few reasons why HBM events do not
cause CMOS latchup:

e HBM events occur when the semiconductor chip is unpowered.

e HBM events’ total charge is small (small capacitance and short time event).

But what if the chip was powered when an HBM was applied?
How does one distinguish damage from an HBM event from CMOS latchup?

e Damage patterns of HBM events are restricted typically to peripheral circuits, ESD networks and
interconnect wiring (input wires and bussing).

e HBM time response is a faster event; hence, the material motion (e.g. electromigration) is typically
not observed.

e Damage patterns of latchup events can involve semiconductor devices, circuits, bussing and
packaging. Typical HBM events do not demonstrate package damage.

1.10.2 Machine Model ESD Event

MM events are high-current events that can initiate latchup. Machine models are oscillatory polarity
events that are more likely to induce latchup events [112]. MM events are represented as a 200-pF
charged capacitor and no resistor. In the discharge process, the rise time is faster than that for an HBM
event. There are a few reasons why MM events do not typically cause CMOS latchup:

e MM events occur when the semiconductor chip is unpowered.

Although MM events are not typically observed, they do induce an oscillating transient that can lead to
latchup given a system was powered. When the signal pad or power pad undergoes a negative transient,
electrons can be discharged into the substrate potentially initiating the npn parasitic devices. With the
positive polarity transition, the pnp transistor is also initiated. The primary reason that this is not a
concern is these events occur during an unpowered chip state. But, what if the chip or system is
powered? How does one distinguish damage from an MM event from latchup?

e Damage patterns of MM events are restricted typically to peripheral circuits, ESD networks and
interconnect wiring (input wires and bussing).

e MM events are faster events, and hence do not involve significant material motion (e.g. electro-
migration).

e Damage patterns of latchup events can involve semiconductor devices, circuits, bussing and
packaging. Typical MM events do not demonstrate package damage.

1.10.3 Cable Discharge Event Source

CDE is a growing source of latchup events that occur on a card or system level [113-127]. Electrical
discharge from charged cables has been a concern in electrical systems. An electrical cable behaves as
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Figure 1.11 CDE waveform.

a transmission line having both capacitive and inductive characteristics. The charge stored in an
electrical cable can be evaluated according to the stored capacitance per unit length. As the length of
the cable increases, the amount of stored charge in the cable increases. In an ‘unsocketed’ cable, the
charge is stored between the center and outer conductors across the insulator region. When the voltage
across the insulator exceeds the insulator breakdown voltage, an electrical discharge occurs between
the outer and inner conductors. In the case where the voltage remains below the breakdown voltage, the
stored charge remains in the cable, leaving the cable as a charged cable. When the charged cable center
conductor approaches a system, an electrical arc occurs between the center conductor and the electrical
system input signals. With the cable discharge event to the system-level inputs, a significant current can
discharge to the signal pin leading to latchup in the semiconductor chips integrated into the system
components. Given a system that is unpowered, no latchup event can occur. But if the CDE occurs
while a system is powered, the current event can lead to CMOS latchup. With the integration of wide
area network (WAN) and local area network (LAN), the Ethernet is playing a larger role. When a
charged twisted pair cable connects to an Ethernet port with a lower electrical potential, CDE can occur
in LAN systems. Figure 1.11 shows an example of a typical CDE waveform. In the past, standards (e.g.
IEEE 802.3 Section 14.7.2) have noted the potential for CDE processes in LAN cables. As the number
of electronic circuits increases, the number of I/O ports also increases (e.g. Rent’s Rule). As the number
of I/O ports increases, there is an increase in the number of electrical cable connections. As a result,
future systems have an increasing number of electrical cable connections. This increases the likelihood
of a charged cable connection leading to CMOS latchup. Hence, with both system and technology
evolution, the reasons for the increased concern for this issue are the following:

e WAN and LAN integration;
e category 5 and 6 LAN cabling;
e higher level incidents of disconnection;

e high level incidents of reconnections;
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e CMOS technology migration to p— substrates;

o CMOS technology scaling of p+/n+ scaling;

e CMOS technology scaling of shallow trench isolation;

e competitive focus on cost reduction and the elimination of future latchup solutions.
The primary reasons that CDEs are a latchup concern are as follows:
e The systems that are experiencing cable discharge events are powered systems where the cable is

inserted.

e The total charge and current magnitude from many cable discharge events exceed the CMOS
latchup design specification (e.g. JEDEC specification).

e The CDEs are occurring on high data rate transfer ports that have interface circuits consisting of
advanced CMOS technology with low CMOS latchup robustness.

1.11 SINGLE EVENT LATCHUP

SEL is an event where a single-particle interaction with a semiconductor chip or system can lead to
latchup and destruction of the data transfer, semiconductor chip or system failure [128—171]. SEL can
be initiated by a wide range of particle types and events. SEL can be initiated by the following set of
particles:

e high-energy photons;

e alpha particles;

e cosmic rays;

e heavy ions.
The primary reasons why CMOS latchup is a concern in space applications are the following:

e wide spectrum of particle types (e.g. neutrons, protons and muons);

e wide energy spectrum and environments (e.g. space and terrestrial);

e single event source does not scale with technology generation (e.g. nonscalable source);

e destructive nature of CMOS latchup events (e.g. device damage and system-level damage);
e inability to repair or introduce redundant functions in space applications;

e cost of the space application.

1.11.1 High-Energy Photon Emissions

High-energy photons can lead to photocurrent generation in a metallurgical junction. The two
processes of the current collection at a metallurgical junction are associated with photogeneration
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within the metallurgical junction and the photogenerated carriers that diffuse to the metallurgical
junction. These carriers can lead to latchup given the photogeneration current is significant enough.
Additionally, by linear superposition, the photon emissions can contribute photocurrent in addition to
already existing currents. A time-dependent volumetric generation rate g(¢) is defined as follows:

g(t) = goy(1),

where go is the volumetric generation rate per ‘rad’ per unit volume, and y(¢) is the dose rate. The
volumetric generation rate per unit volume can be expressed as the number of electron—hole pairs
generated per rad per unit volume. The y(¢) dose rate can be expressed as rad/s. (Note: 1 rad equals 100
ergs of energy within 1 g of material.) For silicon this can be expressed as [128]

g0 =4 x 10PEHP/(rad cm®).

1.11.2 Alpha Particle lonizing Source

Alpha particle emissions occur due to the radioactive decay of atomic species [130]. Alpha particle
emissions are a result of the natural radioactive decay process of elements. There are three major series,
known as the uranium series, the actinium series and the thorium series. In these processes, a
successive cascade of alpha emissions occur in sequence from one isotope to another, until radioactive
stability occurs in the element (Figures 1.12 and 1.13). In the uranium series (also known as the
‘4n + 2’ series), the nuclide ,U?® decays to ooTh? through an alpha particle emission, as well as
other beta emission processes; this process produces a 4.20-MeV alpha emission. The second alpha
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Figure 1.12 Uranium nuclide series.
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Figure 1.13 Thorium nuclide series.

emission in the uranium series occurs from o,U?* to ooTh?* with an energy of 4.768 MeV; this is
followed by another cascade from 00Th?% to ggRa%?, then gEm>%2, then g4P0*'® and alternative paths
to 54P0?'* and g,Po*!°. This uranium series ends at a stable nuclide of g,Pb>*®. As a result, a spectrum
of discrete alpha particle energies exists with energy levels of 4.20, 4.768, 4.68, 4.77, 5.3 5.486, 5.998
and 7.683 MeV. Hence, the largest energy of an alpha particle of the uranium series is 7.683 MeV
[130]. In the thorium series (also known as the 4n series), the decay process begins with the decay of
nuclide ooTh*** to a mesothorium nuclide gsRa>*® with an alpha particle emission energy of 4.007
MeV. The second alpha emission occurs from 00Th?*? to ggRa%?* with a 5.423-MeV emission, followed
by a second alpha emission of 6.280 MeV from s6Em?°. Additional alpha emission processes continue
with the alpha particle emissions from g4Po*'®, gsAt?'¢, ¢3Bi*'? and g4P0*'? of 6.774, 7.79, 6.086 and
8.78 MeV, respectively. The thorium series becomes stable at the end of the alpha particle decay
process with a final stable nuclide of $:Pb?%. In the thorium series, the highest energy alpha particle
emission is the 8.78-MeV emission [130].

Lead, used in solder balls, also undergoes natural radioactive decay processes; this lead decay
process is a source of alpha particle emissions. Lead isotopes undergo a beta decay process from the
isotope 5Pb?19 10 ¢3Bi%'0, to g4P0?'°. The isotope ¢4P0%'° then decays to ¢>Pb?%® with a 5.3-MeV alpha
particle emission [130]:

82PbZI() + ﬂ N 83BiZ]() + ﬂ N 84POZI() _ 82Pb206 + o

Lead has a high variation of alpha particle fluence rates, which is dependent on the source of the lead
materials. Alpha particle flux rate for deposited aluminum can be on the order of 10-30 «/(mm? kh).
All materials contain some small percentage (e.g. ppm) of atoms that generate alpha emissions.
Ceramic substrates, used for flip-chip package technology, can have a high alpha particle flux rate. The
alpha particle emission occurs in metallurgy and materials used in semiconductor components, such as
aluminum wiring. For example, alpha particle flux rate for deposited aluminum can be on the order of
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Table 1.7 Typical alpha particle sources in semiconductor materials.

Source Emission type Flux rate (2/(cm? h))
Solder balls Pb/Sn 1

Ceramic substrates Uranium/thorium 0.1

Plastic package Uranium/thorium 0.04

Silicon wafer Uranium/thorium Less than 0.004

0.02 o/(mm? kh). Table 1.7 contains a short list of alpha particle sources, emission spectrum type and
flux rates.

Figure 1.14 shows an alpha particle penetration into a silicon chip. As the a-particle penetrates through
the silicon region, EHPs are generated along the entire track length [131-140]. As the particle energy
decreases, the generation rate of EHPs increases. The EHPs diffuse from the initial track, recombine or
are collected by the metallurgical junctions. EHPs are generated in all physical regions (e.g. n+ diffusion,
p—+ diffusion, n-well, p-well and p— substrate). Figure 1.15 shows an a-particle event through a retrograde
n-well and a p++ substrate. Figure 1.16 shows the electrical potential of the a-particle event through a
retrograde n-well and p++ substrate technology. As the EHPs are generated, they influence the electric
potential in the region of the particle. As the particle penetrates the n-well and p— substrate, the
metallurgical junctions and the bulk regions are influenced. When the particle extends through the
metallurgical junctions, the depletion regions extend into the n-well and substrate regions. EHPs
generated within this extended depletion region (e.g. also known as a ‘funnel’) are swept into the
junctions by the electric field. As the metallurgical junctions and the electric field relax, the other minority
carriers diffuse to the junctions. One of the primary reasons that a-particles do not introduce latchup is
that in today’s circuits the total amount of charge collected is not enough to trigger the latchup event.

1.11.3 Cosmic Ray Source

Cosmic rays can lead to single event latchup (SEL). There are two types of cosmic rays: galactic and
solar cosmic rays. Solar cosmic rays are cosmic rays associated with our Sun, whereas galactic cosmic
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Figure 1.14 Alpha particle interaction with CMOS latchup structure.
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Figure 1.15 Alpha particle simulation electrostatic potential distribution results through a CMOS structure
consisting of a retrograde n-well and p++ substrate.

rays are from a source beyond our solar system. These cosmic rays are classified into three groups —
primary cosmic rays, cascade cosmic rays and sea-level cosmic rays. Primary cosmic rays are cosmic
rays that exist outside of our Earth’s atmosphere, which have not undergone collision processes. The
‘cascade cosmic rays’ are the cosmic rays that are generated after a primary cosmic ray enters the
Earth’s atmosphere. When a primary cosmic ray enters the Earth’s atmosphere, it undergoes a series of
particle collisions leading to a plethora of particle events. Sea-level cosmic rays are the cosmic rays
observed on the Earth.

Galactic particles consist of protons, alpha particles and heavy ions. Galactic particles are 92 %
protons, 6 % alpha particles and 2 % heavy ions. Heavy ions consist of O, N, C, B, Be, Li and He. The
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Figure 1.16 Alpha particle simulation electrostatic potential distribution time sequence through a CMOS
structure consisting of a retrograde n-well and p++ substrate.
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energy spectrum of the galactic particles extends from 10 to 10 000 MeV. Hence, these particles can
induce SEL in satellites and space applications. Very few of these particles can reach the sea level, and
hence do not induce SEL in ground-based applications — in today’s electronics.

Cascade cosmic rays in the atmosphere are the result of the collisions of the galactic or solar cosmic
rays. In the collision of primary incident cosmic rays with the Earth’s atmosphere, elementary particles
are generated such as pions, muons, neutrons, protons, electrons, positrons and gamma rays. In the case
of the charged particles, as they pass through the atmosphere, they lose energy through both
electrostatic interaction and nuclear forces. Neutrons and protons have a wide energy distribution
and significant fluence rate in space and in the Earth’s atmosphere. As protons enter the Earth’s
atmosphere, the particles lose energy. Hence, the flux density and the energy spectrum change with
altitude.

Sea-level cosmic rays consist of elementary particles that are dominated by neutrons and protons.
Due to the electric and nuclear force interactions, proton flux rates are significantly lower than neutron
flux rates for particle energies below 10-100 MeV. At the very high energy of the spectrum, protons,
muons and pions are a significant part of the sea-level cosmic ray population. Neutrons are at high
densities at very low energy ranges, sometimes referred to as ‘thermal neutrons’. As neutrons enter the
silicon, collisions can occur between the neutron and the silicon lattice. Neutrons that collide with the
silicon nucleus can lead to fission events and silicon recoil events. In the case of fission events, multiple
tracks emanate from the point of the neutron—silicon nucleus. Figure 1.17 shows an example of a
fission fragmentation and the multiple tracks formed from the location of the neutron—Si nucleus
collision.

A distinction of terrestrial alpha particles and neutron cosmic ray events is that in the range and
energy of these particles in the silicon wafer. Alpha particles generated from uranium and thorium
series radioactive decay have less than 10-MeV energy levels, where the cosmic ray spectrum is a broad
energy spectrum to well over 100-1000 MeV. As a result, the alpha particle events occur only near the
surface of the devices (except those generated from the silicon wafer itself). In the case of neutron
events, no carriers are generated in the wafer until a collision event occurs with the silicon lattice.
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Figure 1.17 Cosmic ray interaction with CMOS latchup structure.
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When the cosmic ray—silicon lattice event occurs, it can occur anywhere in the silicon wafer volume,
interlevel dielectrics or back-end-of-line materials. During these collision events, multiple fission
fragment tracks can occur. In each collision, the fission fragment type can be different depending on the
energy of the event. As a result, the charge generation from cosmic rays can occur at the device surface
or deep in the substrate region. When the events occur deep in the lattice or the tracks do not extend
toward the device surface, electron-hole pair recombination can lead to the recombination prior to
influencing the semiconductor structures. As a result, the wafer doping concentration, thickness and
recombination centers can highly influence SEL from cosmic rays for deep events.

For charged fission fragments or other generated particles, the linear energy transfer associated with
the generation of the electron—hole pairs will differ. As a result, the range and energy transfer from the
particle fragments are significantly different from alpha particle events.

The similarity of these events to alpha particle events is that the generation of electron—hole pairs in
the silicon can lead to perturbation of the various nodes of the pnpn structure as the minority carriers
are collected at the metallurgical junctions. Hence, the charge transport within the pnpn can be
diagnosed similarly.

1.11.4 Heavy lon Source

Heavy ions can be an SEL concern in space applications. First, these heavy ions have a wide variety of
potential elements. Heavy ions can consist of O, N, C, B, Li and He. Second, the energy spectrum of
these events can be wide leading to the difficulty in preventing SEL latchup through semiconductor
process solutions; the energy spectrum of these galactic particles extends from 10 to 10 000 MeV. At
these energies, it is difficult to design advanced technology that is immune to such events.

Figure 1.18 shows an example of a heavy ion event. In a heavy ion event, the heavy ion can interact
with a silicon lattice inducing silicon nucleus—atom collision, as well as silicon fission events. In an
event known as ‘silicon nuclear recoil’, the energy is transferred to the Si atom through collision. In the
silicon nuclear recoil event, the lattice atom is displaced, and electron-hole pairs are generated in
the process. In this case, only a single electron—hole pair track is formed. In a silicon fission event, the
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Figure 1.18 Heavy ion SEL event.
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silicon nucleus disintegrates into fission fragments, and each fission fragment introduces a separate
track. In the case of Si fission, there are many different cases of fragmentation, and hence a wide variety
of events occur in the Si fragment range and energy. As a result, multiple tracks of various lengths and
energies occur. Each track generates electron—hole pairs along the track.

Latchup can occur from both tracks contained within the parasitic pnpn (e.g. within the n-well
region or triple-well isolated epitaxial region) or from the minority carrier diffusion to the n-well or
p-well regions. In these events, it is expected that there is a fast time constant associated with EHP
collection in the metallurgical junctions, ‘funnel regions’ and within the pnpn regions, as well as a
slower time constant associated with the time to diffuse to the semiconductor junctions.

SEL from particle event is evaluated from a statistical probability perspective. For the prediction of
the single event effect (SEE), calculations evaluate the following:

e distribution of particles;
e critical charge, sensitive area and sensitive volume for the single event effect;

e device cross section.

For the evaluation of the particle distribution, a distribution of flux versus the linear energy transfer is
used for rate calculation; the distribution used for galactic cosmic rays is known as the Heinrich curve.

The linear energy transfer is a measure of the energy transferred to the material from the particle.
The LET threshold is the minimum LET value that can cause a latchup event. Typically, the definition
is for the case of a particle fluence of 107 ions/cm?. Single event effect ‘immunity’ is when the LET
threshold exceeds 100 MeV cmz/rng.

Table 1.8 shows examples of ions that are used in accelerators to simulate single event latchup.
Table 1.7 contains the linear energy transfer for a specific ion at a given energy. Note that as the atomic
number and energy increase, the LET also increases. As a result, for SEL testing, it is desirable to use
ions with high atomic number. In simulation of single event latchup, it is essential to have the effective
range of the ions penetrate into the substrate region. As a result, an ion penetration range of above
40 pm is suitable.

A ‘latchup capture cross section’ can be defined as a function of area. The latchup capture cross
section can be plotted as a function of the linear energy transfer. Figure 1.19 shows an example of the
relationship of latchup capture cross section and the linear energy transfer as a function of temperature.
Johnston showed that as temperature increases, the threshold linear energy transfer decreases and the
latchup capture cross section increases [155]. As temperature increases, the pnp and npn bipolar current
gains of the parasitic transistors, as well as the well and substrate shunt resistances, increase.

A key distinction between latchup initiation from ESD events (e.g. HBM, MM, CDM and CDE) is
that the source of latchup involves the signal pads and peripheral circuits. Simulated testing of mixed
signal chips demonstrates that the latchup events occur within the digital and analog core networks, and
do not involve the peripheral circuitry.

Table 1.8 Examples of linear energy transfer for different ions.

Ion Energy (MeV) LET (MeV crnzlmg)
B3 108.2 0.89
s0Art!H 400 9.88
6sCut!® 659.2 21.6

136Xe ™7 1330 53.7
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Figure 1.19 Latchup capture cross section versus linear energy transfer as a function of temperature.

1.12 SUMMARY AND CLOSING COMMENTS

This chapter provided an overview of the CMOS latchup discipline. This chapter discussed the history,
key innovations, key contributions and patents associated with the process of understanding how to
address the latchup issue in semiconductor technology. Both issues associated with ionizing radiation
events and current and voltage excursions outside of the native current and voltage conditions of a
technology were discussed. The issue of technology scaling and how scaling leads to CMOS latchup
concerns should provide insight into future technology trends.

In Chapter 2, we begin from a bottom-up approach from fundamentals of the transistor, and build
toward the understanding of CMOS latchup theory in Chapter 3. In Chapter 2, the fundamentals of
bipolar transistor models associated with CMOS latchup will be shown, with a focus on recombination
physics, transport and the models of vertical and lateral components.

PROBLEMS

1. Plot the trend of technology scaling dimension as a function of time (year) from 1980 to 2015.
Extend the data from 2.0 um to sub-35nm. Plot the following semiconductor variables as a
function of time:

a. junction depth;

b. epitaxial thickness;
c. n-well depth;

d. p-well depth.

2. Plot the trend of epitaxial thickness, p-well depth, n-well depth, junction depth and p+/n+ space as a
function of the technology generation from 2.0-um to 35-nm technology. What do you observe?
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. Given a metric of the ‘beta product’, derive the scaling of the beta product as a function of the

scaling variable o.. Assume an original beta product value of (B,5n)0(Bpnp)o- Assume MOSFET
constant electric field scaling theory. How does it scale?

. Given that a technology must maintain the ‘beta product’ equal to unity, how would one provide a

‘constant latchup robustness scaling’ value as a technology is scaled according to MOSFET
constant electric field scaling theory. By constant latchup robustness scaling, the latchup
robustness is preserved as a constant as the technology is scaled as scaling parameter o. (Hint:
Invent a second scaling parameter to offset the natural scaling and show the relationship of the new
scaling parameter as a function of the MOSFET constant electric field scaling parameter.)

. Plot the trend of substrate resistance as a function of technology generation from 2.0 pum to 35 nm.

Define a relationship of the trend. Assuming that a constant substrate resistance must be
maintained between a p+ substrate contact and an n-channel transistor, show the derivation for
the spacing between the substrate contact and the transistor.

. Given a standard industry cable (category 5 or 6 LAN cable), provide an estimate of the range

of typical capacitance per unit length values. Plot total capacitance of a cable as a function of
the cable length from 1 to 300 ft (in pF). Given these cables are charged through triboelectric
charging to 100 V, what is the total stored charge in the cable for 1, 10, 20, 50, 100, 200 and
300 ft lengths.

. Given a charged cable, the width of a pulse from the cable is proportional to the length of the cable.

Calculate the pulse width from a category 5 or 6 cable for cables in the range of 1-300 ft.

. Given a JEDEC latchup specification of 100 mA current, derive the relationship of a cable that

provides a pulse of this magnitude as a function of capacitance per unit length, cable length and
predischarge voltage.

. The range of an alpha particle in silicon can be calculated as a function of the particle:

R =1353E",

where E is the energy in MeV and R is the range in microns. Plot the range as a function of the
energy from 1 to 10 MeV. Given a uranium series, the maximum energy is 8.8 MeV. Calculate the
range of the highest energy alpha particle. Given all the charge along the range is collected at a
given junction (e.g. an n-well-to-substrate junction), what is the number of electron-hole pairs
generated and what is the total charge?

The range of an alpha particle in silicon can be calculated as a function of the particle:

R = 1.53E"%7,

where E is the energy in MeV and R is the range in microns. Plot the range as a function of the
energy from 1 to 10 MeV. Given a lead solder ball, the maximum energy is 5.5 MeV. Calculate the
maximum range of the alpha particle emission. What is the range of energy emitted? Why? Given
all the charge along the range is collected at a given junction (e.g. an n-well-to-substrate junction),
what is the number of electron—hole pairs generated and what is the total charge?

Given an ionizing radiation source generates electron—hole pairs in the base region of a bipolar
transistor. Explain the transport and the collection processes of both the electron and the hole.
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Show the difference in the interaction from alpha particles, cosmic ray events and heavy ion
events. Where does the interaction occur? How does the time response and spatial dependencies
differ? How does this affect the time response of the drift and diffusion processes? Which
processes have ‘funneling’ and why?
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2 Bipolar Transistors

2.1 THE BIPOLAR TRANSISTOR AND CMOS LATCHUP

Bipolar junction transistors (BJTs) were invented in the 1940s and continued to have substantial focus in
technology through the 1980s for a wide range of applications [1-11]. In this chapter, our interest is the
bipolar transistor and its relationship to latchup. Latchup involves the interaction of bipolar transistors that
either are native to the technology or are parasitic transistors. Parasitic bipolar transistors are formed
naturally with the placement of features or circuits adjacent to each other. These elements can have
vertical or lateral components. The chapter will first address bipolar fundamental variables and concepts
that are important for the understanding of latchup.

2.1.1 Fundamental Equations of Semiconductors and the
Drift-Diffusion Current Constitutive Relationships

In latchup, the analysis of the semiconductor drift and diffusion properties of the minority and majority
carriers is important to understand the current flow in the parasitic elements. The fundamental
equations in the semiconductor formulation include the Poisson equation,

V- (eV{) = —q(p — n -+ Np + Na),

where ¢ is the dielectric constant, p is the hole concentration, n is the electron concentration, Np is the
donor concentration and Ny is the acceptor concentration. The current continuity equations for the
electron and the hole concentration can be expressed as

0
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where J,, is the electron current density, J, is the hole current density, G is the generation rate and R is
the recombination rate. In any given volume, the first term in the equations is associated with the local
change in the concentration in time within that physical volume and the second term is associated with
the flow of carriers in and out of the physical volume. The right-hand side (RHS) is associated with the
net rate of increase of the carriers. In latchup, considerable focus is placed on the recombination rate of
excess minority carriers. The drift—diffusion constitutive relationship for electrons and holes, with
temperature variation, can be expressed as

Jo = —qu,nE + qD,Vin + anI{VT7
Jo = —qu,PE — gDy Vp + gpDy VT

For example, the drift—diffusion constitutive relationship for electrons contains an electron drift term
and an electron diffusion term, and an additional current drive term is present when there is a gradient
in the lattice temperature. The drift term is most significant inside the metallurgical junction, and the
diffusion terms are typically dominant in the emitter, base and collector volumes outside of the
metallurgical junctions. In a CMOS process with a p— substrate and an n-well region, the hole is
transported between the p+ diffusion and the p— substrate. The minority carrier hole diffusion term is
important in the understanding of the transport between the emitter and collector of the parasitic pnp.
Also note that electric fields and thermal gradients also can influence the hole carrier transport. During
latchup events, the heat flow in the regions of the latchup event can influence the latchup failure. The
heat energy flow is

Jo = —K(T)VT,

where K(T) is temperature-dependent thermal conductivity. The thermal conduction equation can be
expressed as

V- (K(T.))VTL = J - E + Ey(R - G).

2.1.2 Diode Forward Bias Conditions

A latchup condition is that the bipolar transistors involved in the pnpn structure are in a forward active
bias state. For a BJT to become ‘forward active’, the emitter—base (E-B) metallurgical junction diode
must establish an E-B voltage that leads to a forward current flow. Hence, an understanding of the
‘forward active’ condition of diodes is important for understanding latchup. A key condition for
latchup is the forward active initiation of both a pnp and an npn transistor.

The second issue of interest in CMOS latchup is when the diode element is an injection source.
For example, an n+ diffusion in a p— substrate can inject minority carrier current into the
p— substrate region. These minority carriers can be collected at an adjacent n-well region, serving
as a perturbation of CMOS logic circuits or as a virtual source of minority carriers. As a result, the
understanding of the high-level injection of diode structures is also important in the understanding of
‘external latchup’.

The diode current equation can be obtained by the evaluation of the total current through a p—n
metallurgical junction. The current flowing through the diode is expressed as a function of the excess
minority electron and hole populations at the p—n metallurgical junction,

D D
I=gA{ 2 Ap, + A
q {Lp Pot np},
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where

Apy = P, — Pros

)
Anp—np Tpo-

The variable A is the area of the metallurgical junction where the minority carrier injection occurs. This
expression reduces to the ideal diode case when the excess minority carrier injection is small compared
to the doping concentrations. The hole population can be expressed as

Ap, = Pnoevf/kT = Pno;

Ap, = I’nO{er/kT -1},
and the excess electron population can be expressed as
Anp = npoevf/kT

Any = nyo{e"/T —1}.

- npO?

The ideal diode model is expressed as [8—11]

I = I{exp(i—‘;j) — 1},

where [ is the diode current and I is the reverse saturation current,

D, D,
Iy = qA{fipnO + f:npo}~

As the voltage across the metallurgical junction increases above the thermal voltage (Vo = kT/q), the
injection current increases exponentially. Given this is associated with latchup initiation, the linear
change in the electrical voltage associated with forward biasing leads to an exponential increase in the
current. In addition, the linear decrease in electrical voltage leads to an exponential decrease in the
current (e.g. ‘de-biasing’).

2.1.3 Diode Forward Bias Conditions and High-level Injection
Under high-level injection, the excess minority carrier populations can be expressed as

Ap. — Pa(€AT —1)(1 + (na/pp)ed Vi $I/KT)

e 1 — (Vb /AT :

np(eVi/kT _ 1)(1 + (pp/nn)e‘/(vj*d’ﬂ/kT)
(1 — e2a(V—d)/KT) :

An, =

From this expression, the diode current equation in high-level injection can be expressed as

(evr/kT _ ])(] + ne‘](vJ*d’i)/kT)

I=1Is [ 24— /KT )
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where

and for a p+/n diode is

and for a n+/p diode

=N
This expression reduces to the ideal diode case when the excess minority carrier injection is small
compared to the doping concentrations. The ideal diode model is expressed as

I:IS{exp(KI]C—‘;j) — 1},

where I is the diode current and I is the reverse saturation current.

It is also assumed that all the terminal voltage occurs across the metallurgical junction. Resistance
in the physical regions of the diode region can also limit the total current through the structure. When
the anode is an emitter of a bipolar transistor, the emitter resistance will play a role in the latchup
initiation. During the latchup event, the emitter resistance is a function of the contacts resistance,
silicide film and the diffusion sheet resistance. On the emitter, the total resistance can be expressed as a
function of the metal resistance, the salicide and the diffusion,

R = Rm + (Rsal)egr + (Ra)ef-

From the diode equation, the voltage across the diode can be expressed as the sum of the voltage drops
across the series resistance and the metallurgical junction,

Vb — > IpR;
ID:IS{exp(%) 71}.

The resistance can also be obtained from the derivative of the voltage with respect to current,

% d(VJ + VR) dv;

=——F =—+Ry.
dlp dlp an, T
Solving for the resistance,
_dVp  dV;
Tl dip

From the high-level injection relationship,

\7
Ip = Isexp (gk—]{)
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and
av, %71
dID a q ID‘

From this expression, diode series resistance term can be expressed as

dVp 24T 1
Ry=—2 22 7
dlp q Ip

During latchup events, the diode structures can undergo high-level injection and self-heating. The
diode current equation in high-level injection can be expressed as

(evr/kT — ])(1 + ne‘](‘//*‘pi)/kT)

I=1 1= V=9 /iT )

where

and for an abrupt p+/n diode is

— Na
n= Ny

and for an abrupt n+/p diode
n= N,

In addition, the self-heating influences the forward bias state of the metallurgical junction. Let
the rise in the junction temperature be equal to the product of the thermal impedance and the
input power,

Ty = Oy Pp.
The power consumption can be estimated as the power consumption in the diode region,
Pp =IpVp.
Hence,
Ty = Otu(lpVp)

The junction temperature can influence the diode forward bias condition as well as the bipolar current
gain, influencing the latchup condition. The junction temperature is proportional to the power
consumption in the diode region. Hence, for latchup, the second key issue is that the junction
temperature is a function of the thermal impedance. The thermal impedance is a strong function of the
substrate wafer material and doping concentration. When the junction temperature reaches the
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intrinsic temperature, or melting temperature (e.g. aluminum, copper and silicon), thermal failure
can occur.

2.2 BIPOLAR TRANSISTOR

In the following sections, the focus will be on key aspects of the bipolar transistor that shed light on
latchup analysis. With the understanding of the diode operation as a two-terminal device, the bipolar
transistor can be understood as a three-terminal device. The pnp bipolar transistor can be understood as
two two-terminal p—n semiconductor devices that are coupled. As we progress to latchup analysis, the
pnpn can be understood as two three-terminal devices (e.g. a pnp and an npn).

2.2.1 Bipolar Current Gain

In bipolar transistors, the bipolar transistor collector current is a function of the bipolar current gain f3
and the base current /g. The bipolar current gain can be defined as a function of the collector
current [1-11],

Ic

b=

The bipolar current gain is a metric of the efficiency of how much base current is required to transport
current from the emitter to the collector. Hence, the higher the value of the bipolar current gain f3, the
better the device’s ability to transport current. Hence, the complimentary case of using a large base
current to transport current from emitter to collector is the case when f tends to zero; this case
improves the latchup immunity. Hence, the lower the bipolar current gain, the higher the latchup
immunity.

2.2.2 Bipolar Collector-to-Emitter Transport Factor

In bipolar transistors, the bipolar transistor collector current is a function of the bipolar collector-to-
emitter transport factor o and the emitter current /. The bipolar collector-to-emitter transport factor
o can be defined as the ratio of the collector current and the emitter current [1-11]:

Ic

oczIE

The collector-to-emitter transport factor is a metric of the efficiency of transporting the minority carrier
from the emitter to the collector. Hence, the highest value of the collector-to-emitter transport factor
o is unity. Hence, the complimentary case of the inability to transport current lowers the collector-to-
emitter transport factor toward zero; this case improves the latchup immunity.

From this definition, dividing both terms by the base current, the collector-to-emitter transport
factor is

o ‘{IC/IB}
{Ie/1s}
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From the Kirchoff current law, the current flowing is the sum of the currents flowing into a the three
transistor terminals and can be expressed as

2 4=0

EB.C

or
I +1Ig +Ic =0.

These terminal relationships can be substituted into the collector-to-emitter transport factor
expression,

Ig = —(Ig + Ic),

hence

)

a:’ {Ic/Is}
{Is +1Ic/Is}
__ Hic/1s}

L+ {Ic/Is}|

Substituting the definition of bipolar current gain,

we P
B+1°

From a current amplification perspective, the term « is also referred to as the collector-to-emitter
amplification factor. The term f is also known as the base-to-collector current amplification factor. In
latchup, current amplification is fundamentally related to the regenerative feedback and how latchup
occurs.

The collector-to-emitter current amplification factor is a product of two terms. The first term is
associated with the efficiency at which the emitter injects current, known as the emitter injection
efficiency ). The second term is associated with, given the current is injected, the likelihood of the
current reaching the collector prior to recombination. The emitter injection efficiency for a pnp
transistor is the efficiency at which the emitter injects the hole currents toward the collector region. The
total emitter current is the sum of the hole current /g, and the electron current Ig,.

- )

y=—"T=_"2
Ig  Igp + Ign

The second term is the proportion of the injected carriers that can reach the collector. This is referred to
as the base transport factor B. For a pnp transistor
1
B=-°.
Igp
Hence, it is clear that the emitter-co-collector current amplification factor can be expressed as a product
of the two amplification variables,
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2.2.3 Bipolar Current Characteristics

In bipolar transistors, the bipolar transistor collector current is a function of the bipolar current gain f8
and the base current /3. From the bipolar current gain definition,

the bipolar collector current /¢ can simply be expressed as
Ic = Plg.

The bipolar current—voltage characteristics are typically expressed as the collector current Ic versus
collector-to-emitter voltage Vg (Ic versus Vg characteristics) [8—11]. Figure 2.1 shows the collector
current /¢ versus collector-to-emitter voltage Vcg. In this plot, the base current /g is a parameter that is
generated to produce the family of the Ic versus Vg characteristics. Using a bipolar curve tracer, the I¢
versus Vg characteristics are generated by utilizing an established base step generator. Experimentally,
from the bipolar base current steps on a bipolar transistor curve tracer, the bipolar current gain f§ can be
evaluated as a function of the base current by using the above equation for collector current.

Two regions exist in the bipolar current—voltage characteristics prior to the onset of avalanche
multiplication. The first is the linear region and the second is the saturation region. At low collector-to-
emitter voltages, the current is a function of the Vg voltage. At high collector-to-emitter voltages, the
collector current characteristics are a constant with voltage.

In this chapter, the focus will be on parasitic bipolar transistors. Figure 2.2 shows examples of
parasitic pnp bipolar Ic versus Vg characteristics for three different semiconductor process cases.
Figure 2.2 includes the following cases: (1) nonretrograde n-well, (2) a retrograde n-well and (3) a
second retrograde n-well with double the dose of case 2.

Base
current

Collector current (mA)

v

Collector to emitter voltage (V)

Figure 2.1 Bipolar collector current versus collector-to-emitter voltage (Ic versus Vcg) characteristics.
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Figure 2.2 Parasitic pnp bipolar transistor collector current versus collector-to-emitter voltage (Ic versus Vcg)
characteristics for three different well profiles.
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2.2.4 Bipolar Model Gummel Plot

A means of electrical characterization of the bipolar base current and the bipolar collector current as a
function of forward bias is known as the Gummel plot. Figure 2.3 shows an example of a Gummel plot.
The Gummel plot shows the logarithm of the base current as a function of the emitter—base voltage.
From the slope of the base current characteristics, the ideality of the diode response can be quantified.
Additionally, on the Gummel plot, the logarithm of the collector current is a function of the emitter—
base voltage. From the ratio of the collector current and bipolar current for any given base—emitter
voltage, the dc bipolar current gain can be understood.

Note that in the diode equation, it was assumed that the diode characteristics are ideal. In actuality, a
nonideality term can be placed in the exponential expression, and experimentally this can be extracted
from the Gummel plot. The presence of this nonideality is indicative of volumetric or surface
recombination states in the metallurgical junction. Note that from a latchup perspective, nonideality of
the forward bias diode lowers the forward bias current, leading to improvement in the latchup immunity
of the technology.

2.2.5 Bipolar Current Model-Ebers—Moll Model

The bipolar transistor is a three-region device, where current injection can flow from emitter to
collector or from collector to emitter. The flow of current is a function of the bias conditions of the
emitter-to-base junction and the base-to-collector junction. As a result, the current transport can be
understood as two diodes that are electrically interacting through common physical region. The bipolar
transistor can then be expressed as a ‘coupled diode model’ where the diodes are a function of the
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Figure 2.3 Bipolar transistor Gummel plot.
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emitter—base and the collector—base voltages:

Iz = Ie(Ves, VeB),
Ic = Ic(Ves, Ves)-

Ebers and Moll developed a ‘coupled diode representation’ of the bipolar transistor, which can be

expressed as [6]
qVEB qVcB
Ig = I — 13 — oyl -1
e —tes{exp (2) < 1}~ otes fexp(2) -1},

V Vi
Ic = O(ngs{exp(qk;B) — 1} —Ics{exp(qk;B) — 1}.

The emitter saturation current /gg is the emitter saturation current (in normal mode of operation) with
the collector junction short circuited (Vg = 0). The collector saturation current Ics is the collector
saturation current (in the inverse mode of operation) with the emitter junction short circuited
(Veg = 0). Ebers and Moll were able to apply linear superposition by having the boundary conditions
such that this could be applied.

From this form, it is clear that emitter is represented as a diode current representation as a function
of the emitter—base voltage. In addition, a secondary term is represented for the inverse injection from
the collector—base region. From this form, it is also clear that the collector is represented as a diode
current as a function of the collector-base voltage. In addition, a secondary term is represented for the
forward injection from the emitter—base region. These terms can be placed in other forms. Multiplying
the first emitter equation by the collector-to-emitter transport factor [11],

V Vi
anlg = ocNIEs{exp (qk;:B) — l} — ocNoqICS{exp (qk;B) — 1}.
This expression can be substituted into the collector current expression,
qVEeB qVcs
Ic = ol — 17— -1
C = 0N Es{exp( kT ) } cs{exp( T ) }7
resulting in the form of the collector current relationship as a function of the emitter current,

Vi
Ic = onlg — (1 — aNoq)ICS{exp (quC,B> — 1}.

For the other emitter current relationship, the above expression for the collector current is multiplied by
the inverse collector-to-emitter transport factor,

Vi V.
ule = O‘1"‘NIES{€XP (qk;B) - 1} - oqlcs{exp(qk;B) - 1},

where this is substituted into the emitter current expression below,

\% Vi
IE = IES{exp <qk;B> — 1} — oqlcs{exp (qk;B) - 1},
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where the collector current is expressed as a function of the emitter current,

Vi
Ic = onlg — (1 — aNoq)Ics{exp (qk;B> — 1}.

Hence, the emitter and collector currents can be represented as transport factors,

Vi
Ig = oqlc + (1 — OCNOCI)[ES{eXp (qk;B) — 1},

Vi
Ic = onlg — (1 — ozNoq)Ics{exp (qk;B) — 1},

and the set of the equations can also be shown in the form of

qVeB
Iz = oyl I -1
E=olc + Eo{exp< T ) }7
qVce
Ic = anlg — I —1
c = UNIE co{exp( T ) }7

Igo = (1 — anou)lgs,
ICO = (1 — OCNO(I)[CS-

where

In this expression, a reciprocity relationship can be derived, where it can be shown that [6,11]
antes = oulcs.

Figure 2.4 shows an example of the circuit representation for the bipolar model in the Ebers—Moll
representation.

Latchup is both a dc and a transient phenomenon. The Ebers—Moll bipolar current model is relevant
to latchup since it addresses large signal variations that can occur during CMOS latchup event. In the

leo(exp(q Ve kT)—1 ole
e e
E O0—e¢ & —o0C
o le l leo(exp(gVee/kT )1
B

Figure 2.4 Equivalent circuit associated with the Ebers—Moll model representation.
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next section, the focus will be on investigating from a more physical perspective the source of the
bipolar current gain and collector-to-emitter transport factors.

2.2.6 Bipolar Transistor Base Defect

In the base region of a bipolar transistor for forward injection, minority carriers are transported from
the emitter to the collector. In this process, two base current terms exist in the bipolar transistor. The
first process that is of interest is the EHP recombination in the base region. As the minority carriers
flow from the emitter to the collector, majority carriers recombine with the minority carriers. This base
current term is proportional to the total number of excess carriers in the base region. The total charge in
the base region from forward injection can be expressed as [10]

1
gr = qA{EP{)(O) Wb},

where g is the charge of an electron, A is the area of the emitter—base metallurgical junction, py (0) is
the minority carrier hole magnitude at the emitter—base junction edge and W, is the base width. This
expression assumes a triangular distribution within the base region.

The base current component is the rate at which these carriers recombine within the base region.
Hence, the current is equal to the total excess charge divided by the recombination time in the base
region,

where base current component can be expressed as

qAW,
]

where the injection condition at the junction can be expressed as

Pp(0) :Pbo{exp (QZ;B) - 1}-

The collector current is approximately the current injected at the emitter—base metallurgical junction.
At the edge of the junction, this term is dominated by the carrier diffusion term. Hence, the collector
current can also be expressed as a function of the slope of the carrier injected into the base region,

dp'(x)
IC = qAD b ’
dx x=0
as above, this can be approximated as
P4(0)
Ic = —gADy—=—
C q. W )
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From this analysis, a term known as the ‘base defect’ can be defined as the ratio of the base recombination
current and the collector current [10].

op = —.
B Ic

Substituting the relationships, for /g, and I, where

gAWy |
Iy = —
o =-{ 20

and
Py(0)
Ic = —gADy 22
C q. b Wb )
gAWy |
5 b, { 2t }”b(o) W
= — = 7 = .
0
"0 2(Du)

We

From the relationship of the diffusion length and the recombination time,

Ly = {Dy1}'?,
s LW 2
Sk
where W, is the base width and L, is the diffusion length of the minority carrier in the base region. In
this case, the base defect is defined as a function of two physical scale lengths. As a result, one can view
the base defect metric as a measure of the physical competition of diffusion transport versus
recombination physics.

From a length-scale perspective, as the ratio of the base width and diffusion length increases, the
base defect increases. For a fixed base width, as the diffusion length decreases, the base defect
increases. Hence, as the recombination increases within the base region, the base defect increases and
the net collector current decreases.

For a fixed diffusion length, as the base width decreases (e.g. dimensional scaling), the base defect
decreases. Hence, as a bipolar transistor base width is scaled, the parameter of the base defect will
decrease for a fixed diffusion length.

A diffusion transit time can be defined as the amount of time needed for a carrier to diffuse across a
base region of width W;,. Hence, we can define a diffusion transit time of

we

{tdaiee = 2Dy’

From the definition of the diffusion transit time to cross the base region, this can be expressed as

o = {7} ainr '
T

In this representation, as the ratio of two time constants, it is clear that the base defect is a measure of
the competition of the minority carrier diffusion transport time versus the recombination time.



BIPOLAR TRANSISTOR 69

From a latchup perspective, the base defect term is an important metric associated with latchup. The
base defect term influences the regenerative feedback response of the pnpn network.
As a latchup design practice, the following can be stated:

e The base defect term is a measure of the recombination current divided by the collected current.

e The base defect term is a measure of the physical competition between diffusion transport and
recombination within the base region of a transistor.

e The base defect term of a bipolar transistor can be used as a metric to evaluate the latchup
sensitivity of a semiconductor parasitic transistor.

2.2.7 Bipolar Transistor Emitter Defect

In the evaluation of the bipolar transistor, there is also a second base current term associated with the
reverse carrier injection from the base to the emitter [§—10]. In the base region of a bipolar transistor for
forward injection, minority carriers are transported from the emitter to the collector. In this process,
two base current terms exist in the bipolar transistor. The first process, associated with the ‘base
defect’, is recombination. The second process is associated with the back injection from the base to the
emitter. The population of carrier at the edge of the emitter—base junction associated with the injection
of carriers to the emitter can be expressed as

n(0) = neo{exp (qZ;B) - 1}.

At the edge of the junction, this term is dominated by the carrier diffusion term. Hence, the base current
can also be expressed as a function of the slope of the carrier injected into the emitter region,

dn’(x)
Iy, = gAD: ;
dx x=0
as above, this can be approximated as
n,(0)
Iy, = —gAD; ;V_e7

2.(0) = neo{exp ("]‘:;B) _ 1}

Neo qVes
Iy, = quDCWie{exp( T ) - 1}.

From the relationship of the collector current, it is known that

Py(0)
Wy

or

Ic = —qADy,

where
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Poo qVEB
Ic = —gADy— —15.
e = -aap e {exp () 1}

From these two expressions of /g, and Ic, the following can be expressed:

or

Iy, _ Ic
{Deneo/We}  {Dopro/Wo}t'

From this analysis, a term known as the ‘emitter defect’ can be defined as the ratio of the base current
injected from the base to the emitter and the collector current:

.
bE = ﬁ>
Ic
where
Su — DeWyneo
E=———".
DyWepro
From the relationship
np = nl.z,

the carrier concentrations can be approximated at low-level injection as a function of the majority
doping concentration. Applying the above relationship twice, it can be shown that

neo _ No
poo Na’

and hence, the emitter defect term can be expressed as [10]

D.WyNp

0p = ——.

Dy WeNa
From this expression, it can be observed that the emitter defect term is a function of the doping
concentration and the diffusion coefficient on both sides of the emitter—base junction. In addition, it is a
function of the ratio of the base and the emitter width. As the ratio of the base width and the emitter
width increases, the emitter defect increases (leading to higher base current). As the base width scales
to smaller dimensions for a given emitter width, the emitter defect decreases. Hence, the geometric
ratio of the base width and the emitter width influences the base current injection characteristics. From
a latchup perspective, the base defect term is an important metric associated with latchup. The larger
the emitter defect metric, the lower the current transported to the collector.

As a latchup design practice, the following can be stated:

e The emitter defect term is a measure of the base current divided by the collected current associated
with back injection into the emitter.

e The emitter defect term is a function of the ratio of the doping concentrations, diffusion coefficients
and emitter and base widths within a transistor.



BIPOLAR TRANSISTOR 71

e The emitter defect term of a bipolar transistor can be used as a metric to evaluate the latchup
sensitivity of a semiconductor parasitic transistor.

2.2.8 Bipolar Base Current-Base Defect and Emitter Defect
Relation to Bipolar Current Gain

The bipolar current gain can be expressed as a function of base defect term and the emitter defect term.
For the base defect term, where the base current is the recombination current term,

_ e

0
B IC’

where

and from the emitter defect definition,

where
_ DeWyneo

5E - )
Dy Wepno

or the emitter defect term can be expressed as

_ DWyNp

o = .
Dy WeNa

Restating these expressions, the base current can be expressed as the sum of the two terms,
Iy = Iy, +1,.
Substituting the terms as a function of the base and emitter defect terms,
Iz = dplc + dplc = {dg + de}Hc.

Defining the bipolar forward current gain as
Ic
ﬁf - g ’

it can be shown that

1

g =,
/f 5B+5E

or another form of the forward bipolar current gain can be expressed as

1

- |
C LW/ (D) (DL WN )}
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For the discussion of bipolar transistors, in advanced technologies, the base width is very narrow and
the diffusion lengths are significant. As technologies are scaled, the recombination in the base region is
very insignificant. In the limit that the base defect is much smaller than the emitter defect, the bipolar
current gain can be approximated as follows:

1
_5B+(5E

Bs R~ 5L

SE>0p E

For latchup, the parasitic bipolar transistors can be both lateral and vertical bipolar elements. In both
the cases of the parallel and the vertical elements, the scale of the base widths can be significantly
higher where the base defect term is important. In these cases, both terms may be important. In the case
where the base defect is significantly higher than the emitter defect term, where the bipolar current gain
is recombination dominated,

1

0p + Ok Op>>0p

Bs

1
o

From the collector-to-emitter transport factor, this can also be expressed in terms of the base and
emitter defects. From the above definition,

1 of

ﬁf:5B+5E:1*06r7

the forward collector-to-emitter transport factor can be expressed as

1

af:—l+{5B+5E}'

Substituting the terms,

1

1+ {%(Wb/Lb)z + ((DeWbND)/(DbWeNA))} |

Of =

From this form, it can be observed that as the base width is significantly smaller than the diffusion
length and the back injection is significantly less than the forward injection, the collector-to-emitter
transport factor approaches unity.

For latchup, where these terms are associated with parasitic bipolar transistors, the larger the base
defect and emitter defect terms, the lower the current transport away from unity. Hence, it is an
advantage for latchup to maximize the base and emitter defect terms to minimize the collector-to-
emitter transport.

2.3 RECOMBINATION MECHANISMS

A key latchup semiconductor design discipline is the utilization of EHP recombination for latchup
improvements. As a result, the understanding of EHP generation—recombination is very important.
EHP recombination rate is the rate associated with the probability that a minority carrier will
recombine. With each incremental motion of the carrier in the lattice, there is a probability that it
recombines. Hence, the higher the probability of recombination, the shorter the time the minority
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carrier survives, as well as the shorter the distance it will travel in the lattice. The recombination rate is
also proportional to the number of carriers available. In latchup, the more likely that the carriers will
recombine spatially and temporally, the lower the probability that the carriers can contribute to latchup
regenerative feedback. Additionally, as the recombination rate increases, the distance a carrier traverses
the region also decreases; this decreases the spatial extent to which latchup can also propagate through
the semiconductor chip.

2.3.1 Shockley—Read—-Hall (SRH) Generation—-Recombination
Model

The first recombination model is the SRH model [12,13]. In its simplest form, the SRH model assumes
a single trap state energy in the silicon band gap. These trap states are spatially localized, forming
independent trap states for carrier capture and are of uniform density. For conduction band-to-trap
transitions, there exist two processes that are inverse processes. The first process is electron capture,
and its inverse process is electron emission. For the valence band-to-trap state transitions, the same is
true for holes. The capture rate for electrons is

ry = n[Ny(1 — f(E))]vin0n,

where 7 is the number of electrons, MV, is the trap density, f(E) is the Fermi—Dirac (F-D) distribution,
vy, 18 the thermal velocity and ¢ is the electron capture cross section. The emission rate is

ry = n[N(f(Ey))]en-

For the holes, the capture rate is

ry =p| t(f(Et))]Vlhapv

and the hole emission rate is

ry = [Ne(1 = f(E))]ep.

These four processes are inherently coupled through the carrier density in the conduction and valence
bands. When the system is in equilibrium, the electron capture process is equal to the electron emission
process under the thermodynamic law of detailed balancing. When the system is not in equilibrium, the
capture and emission rates do not balance, leading to a net generation rate.

Let the net generation rate be equal to the difference between the emission rate and the capture rate
of the electrons. This is also equal to the difference between the hole emission and the capture rate. In
order to solve for the generation rate, we must eliminate the F-D probability distribution function and
substitute it into the generation rate formula. The SRH generation rate for a single trap population can
be expressed as [12,13]

)
WP p1) + 5p(n + )
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where
1

n — )
Nyvwoy
1
Ty =
P 9
Ntvthap

E - E;
ny = n; €xp kT s

Ei — E
Pp1 = n;eXp T .

When the generation rate U is negative, it is the recombination rate. The diffusion length can be
expressed as a function of the SRH recombination time and the diffusion coefficient. This can be

expressed as
[ D
L= vV DTSRH X —_—
osrRHND

A key latchup consideration is that the recombination time for minority carriers is inversely
proportional to the density of the minority carriers. A key latchup practice is as follows:

T

e Increase in the doping concentration of the semiconductor lowers the recombination time of the
minority carrier.

e The recombination time of the minority carrier is inversely proportional to the doping concentration
(at low doping concentration).

2.3.2 Auger Recombination Model

The second key latchup design practice is to utilize heavily doped regions to increase the
recombination rate. Heavily doped regions are used in devices for both low resistance and high
recombination rate. Heavily doped regions for latchup reduction are used in n-wells, p-wells,
subcollectors, buried layers and buried grid structures. The doping concentration in silicon
increases with, the recombination time. Recombination and generation physics is a function of
the probability of interaction with a carrier population. A general expansion can be shown on
interaction of a minority carrier with a single majority carrier (e.g. two-body interaction), a
minority carrier with two majority carriers (e.g. a three-body interaction) and two minority carriers
and a single majority carrier (e.g. a three-body interaction). This process can be expanded to
highlight all the existing interactions. The probability of the interactions is a function of the carrier
population and interaction. It can be shown that there is a second interaction known as Auger
recombination rate that dominates over the SRH recombination rate when the doping concentration
is high [14-16,46].

An expansion of excess carrier can be expressed as a series of time constants based on the
interactions. Higher order nonlinear terms exist, which can be truncated based on a low-level injection
assumption. At low-level injection, the minority carrier expansion can be expressed as follows:

dp’ 117,
T‘[ﬁ*ﬂ”‘
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The first time constant 7, is the time constant associated with SRH recombination. In this form, it
can be seen that the SRH time constant is linearly proportional to the electron and hole population.
The second time constant 7, is the Auger recombination time constant. This second time constant
is part of the linear response of a semiconductor, which is proportional to the square of the doping
concentration. At high doping concentrations, the second time constant 7, dominates over the first
time constant 7;. Hence, the linear response of the system (e.g. the low-level injection assumption)
is

dp’ 117,
E*‘{ﬁa}’”

where it can be expressed as a single effective time constant,

1 {l l}
—= =4 —].
T T1 T2

The first time constant is associated with the SRH model. The second time constant is the Auger
recombination effect. The Auger recombination time constant is inversely proportional to the square
of the doping concentrations. As a result, as the doping concentration increases, this term dominates
the linear response of the excess minority carrier distribution. A key impact of Auger recombination is
the significant shortening of the minority carrier diffusion length. At high doping concentrations, the
diffusion coefficient is reduced due to the dopants. The Auger recombination also leads to a short
lifetime. The Auger recombination time can be represented as

1

2
*ZOCAUN 5
T

where o, is the Auger recombination constant and N is the majority carrier doping concentration.
The Auger recombination coefficient is (oau), = 1.8 x 107" em®/s and (au), = 8.3 x 107 cm®/s
for electrons and holes, respectively [14,15]. Selberherr determined the temperature dependence of
the Auger recombination process as (2a,), = 1.8 x 1073'(7/300)*'* cm® /s and (oau), = 8.3 x 1077
(T/ 300)0 " emd /s. Hence, the diffusion length in the heavily doped n-type region can be written in the

form
L D b
= Tay X .
Au o4 AuN D2

A key latchup design practice is to utilize large doping concentrations to minimize the recombination
time:

e Doping concentrations in regions are chosen to minimize minority carrier recombination time using
the Auger recombination.

e The widths of the heavily doped regions are chosen on the order of the minority carrier diffusion
length (e.g. subcollectors and, buried layers).

e Substrate doping concentrations and epitaxial thicknesses are chosen to minimize the minority
carrier diffusion length.
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2.3.3 Surface Recombination Mechanisms

Surface recombination plays a role in latchup by influencing the carrier transport near silicon—dielectric
interfaces. These structures can have surface recombination on the sidewalls that can influence bipolar
parasitic transport and bipolar current gains. The surface recombination rate can be expressed as a
function of the number of surface states per unit area, Ny, where

(pn —n7)

Us = s
s T11(17+P1)+Tp(n+n1)

where
1
Ty =
N, stVthOn
and
1
Ty =
Ngvin Op

In the latchup discipline, the intentional generation of trap states on silicon—dielectric surfaces in the
area of current transport can reduce the parasitic bipolar current gain.

2.3.4 Surface Recombination Velocity

The surface recombination rate can also be expressed as surface recombination velocity S, for holes (or S,
for electrons). The surface recombination velocity is related to the excess minority carrier population as

Jp = qp;Spv

where the surface recombination can be expressed as a function of the surface state density, the capture
cross section and the thermal velocity,

Sp = Ns[GpV[h.

2.3.5 Recombination Mechanisms and Neutron Irradiation

A semiconductor practice unique to the latchup discipline is the usage of methods to reduce the
minority carrier lifetime. It is a latchup design practice to provide a method for reduction of the
minority carrier lifetime by changing the recombination mechanisms and the physical semiconductor
device through irradiation [17-26]. Neutron irradiation can be used to modify the minority carrier
lifetime. When a semiconductor is irradiated with a neutron source, the neutrons undergo collisions
with the lattice. Neutron-induced lattice damage leads to changes in the minority carrier lifetime. The
minority carrier lifetime is inversely proportional to the neutron fluence. The minority carrier lifetime
can be expressed as
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where @ is the neutron fluence (neutrons/cm?) and K is the lifetime damage constant (e.g. units of cm?/s).
From capture cross section theory, it is clear that the constant K is associated with the capture cross
section. From capture cross section theory,

1
— = Nyvyo.
T

Hence, it is clear that the lifetime damage constant K is associated with the capture cross section. Since
the collision process is a function of the energy, the rate must be evaluated by integration over the
energy spectrum of the neutrons. Averaging over the energy spectrum of the neutrons, N(E) (e.g. for all
energies above the threshold energy Ej for the collision process), we can express the lifetime damage
constant as [27]

In silicon, the integration is completed for energies above 10keV (e.g. Ey = 10keV).

The lifetime damage constant K in a semiconductor is a function of the resistivity and the dopant
type. The lifetime damage constant can be expressed as a function of the minority carrier concentration
to the majority carrier concentration (for an n-type silicon, where n is the majority carrier) [27].

1

K=4x10"+
{45100+ 57 x 100(0)"}

(cm?/s).

As the recombination time decreases, the bipolar current gain in the parasitic transistors decreases; this
can lead to higher latchup robustness. As the product of the bipolar current gain decreases, initiation of
latchup becomes more difficult.

Table 2.1 shows the product of the bipolar current gains (e.g. By Bpnp) as @ function of a neutron
fluence (cm~2) [27]. These experimental results show that the product of the bipolar current gains can
be significantly reduced with neutron irradiation of the devices. In the first case, Bynfpn, 18
significantly above unity. As the neutron fluence is increased by 5x, f,,,,f,n, approaches unity with
a 5x reduction. At very high neutron fluence, the technology f,,,, B, is reduced well below unity, as
well as reduced by 100x of the original value.

Hence, these experimental results demonstrate that the recombination of the bulk region can be
significantly altered with neutron irradiation, leading to a robust CMOS technology without a change in
the design or the semiconductor process.

Table 2.1 Neutron fluence as a function of the product of the bipolar
current gains.

Splits Neutron fluence (cm~2) BonpBrpn
A 1 x 108 10
B 5x 10" 2.3

C 2 x 10M 0.11
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2.3.6 Recombination Mechanisms and Gold Recombination
Centers

A semiconductor practice unique to latchup is the usage of dopants that serve as recombination centers
[28-44]. It is a latchup design practice to introduce trap states for the reduction of the minority carrier
lifetime. Trap states can be introduced with metals such as platinum and gold [27-44]. Gold was
introduced into the semiconductor lattice to provide recombination centers. A primary reason for the
usage of gold was the introduction of two trap states near the mid-band energy state in silicon. The first
acceptor level isat E = E¢c — 0.54eV. The second donor level is E = E + 0.35 eV. The existing two deep
trap states help the recombination in both p-type and n-type silicon. One of the primary interest in gold as a
dopant was for the improvement in the diode reverse recovery time. Early experimental studies on
the relationship of gold in silicon were performed by Bankowski and Forster [33], Fairfield and Gokhale
[34,35], and Clement and Voos [36]. The experimental work showed that for a logarithmic increase in
the gold concentration, there was a logarithmic decrease in the recombination time (Figure 2.5).

To evaluate the effectiveness of the gold in improving latchup, the bipolar current gain can be
evaluated with and without gold dopants. Estreich showed that a metric can be established for the ratio
of the average bipolar current gain without gold doping (f) and the average bipolar current gain with
gold doping (fi,,), referred to as the bipolar current gain reduction factor [27],

B
ﬁAu .

Estreich’s experimental work showed that the reduction factor for a lateral pnp was approximately 15,
whereas the reduction factor for a vertical npn was approximately 3-5 (experimental work was
performed on a n— substrate wafer) [27]. A latchup semiconductor design practice is as follows:

e Dopants that have deep trap states near the mid-band of a semiconductor can serve to decrease the
recombination time.

e Dopants that introduce both acceptor and donor trap states can lead to reduction in the recombina-
tion time in both the npn and the pnp transistors.
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Figure 2.5 Relationship of the gold concentration versus the hole lifetime.
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e The bipolar gain reduction factor is a function of the dopant concentration, process variables and the
bipolar current gain of the device.

2.4 PHOTON CURRENTS IN METALLURGICAL JUNCTIONS

Photons can lead to the EHP generation, which can initiate latchup [44,45]. Define a time-dependent
volumetric generation rate, g(f),

g(t) = goy(1),

where g is the volumetric generation rate per ‘rad’ per unit volume and y(z) is the dose rate. The
volumetric generation rate per unit volume can be expressed as the number of electron-hole pairs
generated per rad per unit volume. The 7(¢) dose rate can be expressed as rad/s. (Note: 1 rad equals
100 ergs of energy within 1 g of material.) For silicon, this can be expressed as [44]

g0 = 4 x 10" EHP(rad cm?®)

For an abrupt p—n metallurgical junction, Wirth and Rogers derived the photocurrent response as [44]

t

1(1) = g | xag(t) + / gt —2)

0

/Dy exp(—n/tn) 4+ /Dy exp(—/p/1p) 4
m )

where x4 is the width of the depletion region and A is the junction area. The first term is the total
generation within the metallurgical junction depletion region and the second term is associated with the
diffusion of the minority carriers to the depletion region. In this analysis of Wirth and Rogers, it is
assumed that the depletion region is not distorted from the EHP generation itself. (Note: the depletion
region width is a constant.) Note that in the case of particle tracks, this is not always valid due to the
‘funneling’ effect. The first term is associated with the ‘prompt photocurrent’ and the second term, the
convolution integral, is the ‘primary photocurrent’ term associated with the slower diffusion process.
The nature of the second term, the convolution integral, is a function of the pulse width of the
generation source and the diffusion times in the medium. For the case of a square pulse, the generation
source can be defined as a constant magnitude G for a time of 1 =0 to t = 1,

g(t):G Ogtgtpv

where the solution of the integral can be expressed as the error function erf (). The current during the
time of the pulse ( = 0 to # = 1,,) can be expressed as

1(t) = gAG [xd + Loerf(y/t/1,) + Lnerf(w/t/fn)} ,
and for times longer than the pulse width, the junction current is

I(t) = gAGxq + Lperf(y/t/tp) —erf(\/(t — 1,) /7p) + Luerf(\/t/7,) —erf(y/(t — 1,) /)]

In a p-well to substrate metallurgical junction region on an n— substrate region, the dominant
generation occurs in the n— substrate. In this case, the hole diffusion length is significantly much larger
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than the electron diffusion length. The above equation can be simplified by addressing the collection of
holes in the n— substrate,

1(t) = gAG [xd + Lperf(\/%)],

and for times longer than the pulse width, the junction current is

1(1) = gAG g + Lyerf(y/1/1y) — exf(\ /(1 — 1) /)],

In an n-well-to-substrate junction on a p— substrate region, the dominant generation occurs in the
p— substrate. In this case, the electron diffusion length is significantly much larger than the hole
diffusion length. The above equation can be simplified by addressing the collection of holes in the
p— substrate. The current during the time of the pulse ( = 0 to t = 1,) can be expressed as

1(t) = gAG [xd + Lnerf(\/t/—rn)],

and for times longer than the pulse width, the junction current is

1(r) =~ gAG [xd + Lyerf(v/1/ty) — erf(y/(t — 1) /rn)] .

For the case of a p— substrate, when the pulse width is significantly smaller than the electron
recombination time, the error function can be approximated, leading to

2 t
Ln_7

I(t) =2 gAG —
(0= 0G|+ Tty -

for the time of 0 < 7 < #,, and for times longer than the pulse width ,(z > #,), the current is

%Ln{\ﬁt—p\/ﬁ} exp{(t;—nlp)}} .

From the current equation, a diffusion distance and volume of interest can be defined. A time-

dependent region can be defined as
2 t
= — Ly /| —
) {Xd " vV n\/J

for time less than the pulse width and as

x(r) = [%Ln{ ﬁf_n} exp{—%}}

for times longer than the pulse width. For a constant generation rate, it is clear that a region can be
defined where there is a collection distance (and volume) that influences the total current flowing to the
junction.

1(t) = gAG
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2.5 AVALANCHE BREAKDOWN

Avalanche breakdown is important for latchup, since breakdown mechanisms can serve as trigger
conditions for the initiation of latchup. Avalanche breakdown can occur in both parasitic bipolar transistors
formed by diffusions and its corresponding wells and substrates, or MOSFET transistors themselves.

2.5.1 Bipolar Transistor Breakdown

In bipolar transistors, there are different breakdown criteria that are established because of multiple
metallurgical junctions and the potential state of the additional electrode. Additionally, analytical
relationships exist between the different breakdown states.

Emitter—base breakdown voltage with open collector (BVggo): The emitter—base breakdown voltage is
defined as the breakdown voltage when the collector is unbiased or floating; this is referred to as BVggo.

Collector-base breakdown voltage with open emitter (BVcpo): The collector-to-base breakdown
voltage is defined as the voltage when the base is unbiased or floating; this is referred to as BVcpo. To
obtain BV g0, the methodology is to extract the value from a plot of M — 1 versus Vg (collector—base
voltage). Using the Miller equation,

1
M=
1 — (Vcg/BVego)”

the value of BV g is extracted.

Collector—emitter breakdown voltage with open base (BVcgo): The collector-to-emitter breakdown
voltage is defined as the voltage when the base is unbiased or floating; this is referred to as BVcgo. The
value of breakdown value BVcgo can be extracted experimentally or from BVcgo. The breakdown
voltage BV cgo can be obtained from BV o by

BVCEO = BVCBo(l — Ot)l/n.
Collector—emitter breakdown voltage with base resistor (BVcgr): The collector-to-emitter breakdown

voltage is defined as the breakdown voltage when the base is unbiased or floating; this is referred to as
BVcgeo. Given a base resistor Ry, the BVcgr value can be derived from the BV g value as

nly o
BVerr = BVeso \/ DT R ) (1R (1I)

From the latchup perspective, avalanche breakdown of metallurgical junctions associated with inducing
or establishing regenerative feedback within the pnpn structure is the highest concern. In the case of
latchup, the avalanche breakdown of the base—collector junction of the pnp and the npn transistor can
lead to triggering of latchup, as will be discussed in the following sections.

2.5.2 MOSFET Avalanche Breakdown

In MOSFET devices, avalanche breakdown occurs in the metallurgical junction formed between the
MOSFET drain and its supporting structure [47]. For an n-channel MOSFET, avalanche breakdown
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occurs in the n+ source/drain implant to p— epitaxy (or p— substrate) metallurgical junction. From the
Townsend criteria,
/ adx =1,

where the impact ionization is integrated over the physical space where a nonzero electric field exists.
From this form, the avalanche multiplication factor M, which can be related to the impact ionization
coefficient integrated over the depletion width, can be expressed as

1

M= e

In a depletion region, the peak electric field is maximum at the center of the dipole. In the analysis of
the MOSFET, the model is simplified to express it as a function of the depletion width. Hence, it can be
integrated over the integral and stated in the form

_ 1
T l—axg

From semiconductor physics, it is known that the depletion width can be expressed as a power of the
applied voltage

Xqg X (VD)n.

The power of this relationship is a function of the doping profile at the metallurgical junction. In this
form, it is also clear that when the voltage is greater than the avalanche breakdown voltage, the
multiplication factor should increase rapidly. Hence, heuristically, it is clear that the multiplication
expression should satisfy the form

1
M=———.
1 — (Vp/Va)"
In this form, as the drain voltage approaches the avalanche breakdown voltage, the multiplication factor
approaches infinity. As the gate electrode voltage in a MOSFET is increased, the electric field in the
drain region increases. From the expression,

1 1

M = = .
I —a(E)xa 1—ogxgexp{—2

Substituting a voltage condition where the electric field is the voltage over a physical distance, the
voltage across the depletion region is the drain voltage minus the drain saturation voltage and the
distance is the depletion region,

1
(20xa) exp{—[Bxa/{Vp — Va, }|}’

M =~
1—

where the drain saturation velocity is expressed as

Vg — Vi

Vg = ————
ST i b(Vg — V)
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where the saturation velocity is the voltage drive divided by a two-parameter expression in the
denominator and the voltage drive is the gate voltage minus the MOSFET threshold voltage.

The avalanche generation current can then be calculated from multiplication factor and the current
flowing through the drain junction. The current flowing through the drain structure is the MOSFET
current flowing through the surface region (e.g. MOSFET source-to-drain current) as well as the
current flowing from the parasitic bipolar transistor formed from the MOSFET source, epitaxy region
and the MOSFET drain forming a lateral npn transistor. In this case, the MOSFET drain and source
serve as the bipolar junction transistor collector and emitter, and the epitaxial region serves as a base.
The avalanche current can be expressed as

Loy =M—-1)I= (M- 1){Ips + Ic}.
The avalanche generation current flows to the p— substrate region of the n-channel MOSFET structure.
A portion of this current flows to the base of the lateral parasitic npn transistor serving as the emitter—
base current, while the rest of the current flows to the substrate region as substrate current. Hence, the

avalanche current can be defined as the sum of the substrate current (flowing to the substrate contact)
and the base current of the lateral npn transistor (serving as base drive current),

Iy = I + 1.
Then the substrate current can be estimated as
Iy = Iy —Ig = (M — 1){Ips + Ic} — Ip;
hence we can express the avalanche current and the substrate current as a function of the impact
ionization, the depletion width, drain voltage, drain saturation voltage and MOSFET n-channel and

parasitic npn current [47]:

1
= (e vy ) o+

and

1
I ~
) (1 — (otoxq) exp{—[Bxa/{Vp — Va

NN 1){"” et = 1s.

2.6 VERTICAL BIPOLAR TRANSISTOR MODEL

In latchup, there exist both vertical and lateral bipolar transistors. Evaluation of bipolar transistor
current density from the emitter to the collector for an npn transistor can be represented as [47]

2 ex qVBc ex qVBE
Jf"‘ PUkr PUkr

o2 (p(y)/Da(y))dy
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where this can be expressed as the current in the form

e fool') -ool())

where [; is the saturation current, Vg is the base—collector voltage and Vg is the emitter—base voltage.
The saturation current is a function of the electron charge (g), the area of the metallurgical junction (A),
the intrinsic carrier concentration (7;), the effective diffusion coefficient ({(D,)) and the base charge (Og),

I = quzni2 (Dn)
S QB )

where the effective diffusion coefficient ({D,)) is expressed as

qj\ /0 p(y)dy
[ woyia

)

<Dn> =

and stored base charge is expressed as the integral of the hole carrier population integrated over the
base width (yg),

Op =qA /0 p(y)dy.

The base current can be expressed in a similar form where current is a function of the excess charge in
the base divided by the recombination time,

VB
Op = gA /0 [n(y) — noldy,

and the base recombination current can be expressed as

I,

s

/
- %
- I

Tn

where 7, is the base recombination time.

Latchup will be a function of the geometrical parameters, doping concentration and the bias
conditions in the metallurgical junctions. In this section, the expression of the bipolar transistor is
represented as a one-dimensional structure. In practice, latchup comprises both vertical and lateral
components. Modeling of the latchup parasitic transistors as a vertical or lateral element is valid under
the following cases:

e A model can be represented as a vertical bipolar parasitic transistor when the transistor spacing is a
significant distance from the n-well to p-well edge (e.g. low lateral current density) compared to the
vertical base width.

e A model can be represented as a vertical bipolar transistor when the structure is bordered by
isolation structure significantly deeper than the emitter region (e.g. shallow trench isolation (STI) or
trench isolation (TI)).
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e A model can be represented as a vertical bipolar transistor when there is no lateral transport due to
isolation structure that extends beyond the well regions (e.g. deep trench).

In the case of the vertical transistor, the model of the area of the transistor is the diffusion area. In the
case of the lateral device, the model of the area may be the edge area of the emitter structure. In both
cases, there is an idealization of the effective area.

2.7 LATERAL BIPOLAR TRANSISTOR MODELS

Latchup involves the parasitic bipolar transistors formed from the n-channel and p-channel MOSFET
devices and the well structures. As a result, the interaction involves typically at least one lateral bipolar
parasitic element. The nature of the lateral transistor model is a function of the isolation and the well
structure [27].

In technology generations that utilized LOCOS isolation, the junction depth of the n-channel and
p-channel transistors extended below the LOCOS isolation depth within the silicon region. For
example, when the LOCOS isolation thickness was typically 0.33 pm, half of the LOCOS isolation
(e.g. 0.17 um) extended below the silicon surface. In a 0.8-um technology, the MOSFET device source
and drain region extended below the isolation depth (e.g. 0.5 pm deep). Hence, a p-channel MOSFET
diffusion extended below the isolation region, allowing lateral current transport to flow from the edge
of the p-diffusion to the n-well metallurgical junction. Additionally, the n-channel MOSFET source
and drain region also extended below the LOCOS isolation region, also allowing for lateral electron
current flow along the device surface under the isolation region.

Lateral transistor models are important for CMOS latchup. The lateral transistor models are
inherently two dimensional in nature [27]. Early models to quantify the physics of the lateral transistor
focused on the separation of the vertical and lateral components of current flow [27]. Figure 2.6 shows
a simple model that separates the vertical flow from the lateral current flow.

A simple model can be developed where the components of the vertical and lateral currents are
separated into first and second components for a p-channel MOSFET within an n-well region
(contained within the p— substrate). Assuming a p+ diffusion is emitter, the hole current flowing

p- substrate

Figure 2.6 A model for vertical and lateral transport in a lateral transistor structure.
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laterally from the p-diffusion edge can be regarded as the lateral current flow I;.. The hole current
flowing from the bottom of the p+ diffusion region can be regarded as the vertical hole current
flow Iy.

A first model by Tsang and Busen addressed the issue of lateral injection and the vertical injection
in the lateral pnp transistor element [48]. It was noted by Tsang and Busen that the ratio of the lateral
and vertical components has an influence on the bipolar current gain of the lateral transistor structure.
Semiconductor device models for lateral transistors were also developed by Lindmayer and Schneider
[49], Chou [50,51], Long [52], Kidron [53], Seltz and Kidron [54], Fulkerson [55], Parameswaran and
Tyagi [56], Demassa and Rispin [57], Berger and Dreckmann [58], and Estreich [27].

A majority of the early lateral pnp device models focused on a narrow base width geometry where
the hole diffusion length was significantly greater than the effective base width. For example, in latchup
analysis in a dual-well p— substrate CMOS technology, this is the case where the p-channel MOSFET
to n-well edge (e.g. n-well to p— substrate junction) spacing is small compared to the hole diffusion
length in the n-well. With a narrow base width assumption, these models were able to assume that n+
buried regions and electric fields in the base region had negligible impact on the transport of the hole
carriers near the surface.

2.7.1 Lindmayer-Schneider Model

The Lindmayer—Schneider model utilized the concept of the separation of the vertical and lateral
current components as well as evaluated the unity bipolar current gain cutoff frequency dependence of
a lateral pnp transistor [49]. Berger and Dreckmann focused on the quantification of the base current
components [58]. Fulkerson utilized a full two-dimensional analysis of the current flow in the lateral
transistor [55]. The significance of the work was the demonstration that the simplification of model into
lateral and vertical components has validity in the geometry that was evaluated.

Lindmayer and Schneider developed a lateral transistor model that can be applied to the parasitic
BIJT, as shown in Figure 2.7 [49]. Let us first assume that the vertical pnp base width (e.g. distance
between the p+ diffusion metallurgical junction and the n-well to substrate metallurgical junction) is
significantly greater than the hole diffusion length, as well as the hole diffusion length is significantly
greater than the lateral base width spacing. Given a narrow well region, one can assume that the current

4
!d pt+ % 'rL
< emitter J —
\_ y J it p+
-Wg (0,0) collector
o
4

Figure 2.7 Lateral pnp transistor cross section.
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from both edges flows to the well edge. Assuming the hole current transport is primarily from hole
diffusion, the lateral and vertical current flows can be estimated as

Py
I = —2gx;LD, -~
L qxy pWB7
I WeLD, L0
v = —qWEgLD, s
LP

where ¢ is the electron charge, xj is the junction depth, L is the lateral width of the diffusion, Wy is the
lateral pnp base width, W is the width of the p+ diffusion, L, is the hole diffusion length and Py is the
minority hole carrier injection at the p+ diffusion metallurgical junction. In most cases, the p-diffusion is
only adjacent to the n-well edge. Given that the p— diffusion is only adjacent to one edge of the n-well
structure, we can assume that the current flowing away from the lateral interior edge also contributes
to the total vertical current flow. For latchup, the Lindmayer—Schneider model can be modified as shown:

Py

IL = —quLDp W
B

Py
IV ~ 7q(WE + XJ)LDpf.
P

A second correction can also be applied to address the isolation depth. Given an isolation depth, Xiso,
the model can be expressed as [59]

Py

IL = —q()CJ — xISO)LDPW
B

and

P
Iv ~ —q(WE + {XJ — xISO})LDpL_O .
P

2.7.2 Bipolar Current Gain with Lateral and Vertical Contributions

Assuming a lateral pnp transistor, the lateral bipolar current gain can be solved from the base transport
factor (emitter-to-collector transport factor). In the case of lateral and vertical contributions, the
definition for the bipolar current gain is modified. A general heuristic definition of the bipolar current
gain is the ratio of the collected current at the collector junction and the current lost in the base region.
The current that reaches the collector is the product of the collector-to-emitter transport term and the
current lateral current, Iy,

[C = O{]]L.

In the base region, there are three terms. The first term is associated with the carriers that recombine in
the lateral region. This term can be expressed as

IBL = (1 — OC])IL.
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The second base current term is associated with the lateral current flowing in the opposite direction.
The third base current term is associated with the vertical current that flows away from the collector
region. Then the definition can be expressed as [27]

ﬁ _IC _ O(]IL
PP T (=)L +Ip+ 1y

Assuming the term of the current flowing away laterally in the opposite direction is significantly less
than the vertical current, this can be simplified as follows:

onlL

Poo =T oy v iy

An alternate form of the bipolar current gain with both the extra terms is

Bomp = i
pp (] — O(l) + (ID +[V/[L) ’
or ignoring the lateral term,
24}
Ponp =

(1 =)+ (Iv/I)

In the first form, the vertical current flow degrades the lateral bipolar current. In the second form, it is
clear that the second term in the denominator is the ratio of the vertical and lateral currents. If the
vertical current is significantly less than the lateral current, then the second term in the denominator
tends to zero and the definition reduces to

o

By

:1—061'

In the above relationship, the vertical current does not contribute to the latchup current, but actually
improves the latchup robustness by injecting into the substrate, providing a decrease in the total
regenerative feedback current. In the above development, it is assumed that the vertical current
recombines in the substrate and does not contribute to the latchup lateral bipolar current. Given that
the pnp element is within an n-well structure where there are both lateral and vertical current contributions
to the pnp, the definition of the bipolar current gain is different. It is assumed that the vertical and lateral
currents both contribute to the total pnp bipolar current gain. The current that reaches the collector is the
product of the collector-to-emitter transport term and the lateral current. /;. and the vertical current

IC = OC]IL + Otvl\/.

In the base region, the first term is associated with the carriers that recombine in the lateral region. This
term can be expressed as

IBL = (1 — OC])IL.
The second term is the current that recombines in the vertical region,

IBV = (1 — OC\l)Iv.
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The third term, Ip, is the current that flows in the opposite direction and does not contribute to the
bipolar pnp current gain. This last term is evaluated as a loss term. The generalized form of the bipolar
current gain in this representation can be defined as shown:

8 _Ic alL + avly
pip IB (1 —O(I)IL+ID+(1 —O(\/)IV'

In this definition, the bipolar current gains of both the lateral and vertical components contribute to the
total bipolar gain. This definition may be a more appropriate model in some physical structures (e.g.
merged triple well). In merged triple well, the npn transistor can have both lateral and vertical components
that are in separable in the electrical measurement due to the merging of the lateral n-well structure and
the n-type buried layer region; additionally, both the components add to the regenerative feedback.

2.7.3 Lateral Bipolar Transistor Models — Nonfield-Assisted

In the early pnp lateral bipolar models, the issue of buried layers and field-assisted phenomena was
assumed negligible due to a narrow base width assumption. For latchup, this cannot always be assumed
for regions where the base width is significantly greater than the diffusion length. Assume that the current
components of the lateral and vertical components are separated into three terms, I, Ip and Iy,
respectively. Assuming an n— substrate, the lateral pnp structure is a p+ diffusion and a p-well region,
where the base is the n— substrate. The lateral current Iy is the current that flows from the emitter to the
collector region. The lateral current I, is the current that flows from the emitter to the opposite direction
of the collector. It is assumed that this current flows away from the collector and recombines. The vertical
current Iy is the current that flows from the emitter to the ‘substrate’. In the lateral device, the emitter area
is the product of the emitter depth Xy and the width of the emitter, W,, on the edge that faces the collector,

Ay = WeX;.

Assuming no lateral electric field, the one-dimensional analysis of the hole excess carrier population in
the base region can be represented as follows:

2.1
dp(x)_ip/(x):()

D,
Podx? Tp

Expressing as a function of the diffusion length L, and thermal voltage (k7'/q), the minority carrier
concentration can be expressed as

dp'(x) 1

L2

P

p'(x)=0.

The solution to the differential equation can be expressed as
pl(x) :ACSIX _~_BeS2x7
where the roots of the equation can be expressed as

1
Sip=+x—
L,
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or alternatively

Sia = £ .

From the boundary conditions at x = O (at the emitter) and x = Wy (at the collector), the hole carrier

populations are
Vv
P'(0) =Pn0{eXP (*) - 1}
Vr

pl(WB) = —Pno-

and

The solution for the excess hole carrier population can be expressed as follows [27]:

0:exp(vl) -1
T

2.7.4 Lateral Bipolar Transistor Models — Nonfield-Assisted Base
Transport Factor

where

Assuming a lateral pnp transistor, the base transport factor is key to the understanding of the minority
carrier diffusion. Figure 2.7 shows a lateral pnp transistor in a CMOS semiconductor process. At the
boundary conditions of the base region, x = 0 (at the emitter) and x = Wp (at the collector), the hole

carrier populations are
Vv
p'(0) = Pno{exp (V_) - 1}
T

P/(WB) = —Pno-

and

The solution for the excess hole carrier population can be expressed as follows [27]:

0= exp<vl) — 1.
T

The diffusion current of hole carriers can be expressed as

dp'(x)
o

where

Jp(x) = —qDy,
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The base transport factor (also known as the collector-to-emitter transport factor) is expressed as the
two edges of the base region. Hence, the base transport factor is evaluated by the current density
arriving at the collector, normalized to the current injected at the emitter junction. For a lateral pnp
transistor, the base transport factor can be expressed as

Jp(x = Wg)

_Jp
" Jp(x=0) -

Solving for the diffusion lengths, the base transport factor is expressed as

oy = sech(Wg/Lp).

2.8 LATERAL BIPOLAR TRANSISTOR MODELS WITH ELECTRIC
FIELD ASSIST

In the early pnp lateral bipolar models, the issue of buried layers and field-assisted phenomena was
assumed negligible due to a narrow base width assumption. For latchup, this cannot always be assumed
for regions where the base width is significantly greater than the diffusion length.

Semiconductor device models that included the ‘buried layer’ and electric field enhanced transport
for lateral transistors were developed by Long [52], Demassa and Rispin [57], and Parameswaran and
Tyagi [56], and Estreich [27]. In CMOS latchup, when a lateral electric field exists in the base region,
the ratio of the minority carrier lateral and vertical transport is influenced. For example, if there is a
lateral electric field in the direction of the hole transport, the hole current will increase; this will
influence the ratio of vertical and lateral transport.

Today, there are a few issues why the lateral electric field assist is important. First, in a modern
CMOS technology, this can be evident in a dual-well or triple-well technology due to physical designs.
Additionally, a new concept is the utilization of the influence of the lateral electric field assist in lateral
bipolar transport as a means to provide ‘active guard rings’ where the electric field hampers the lateral
bipolar current gain to reduce the minority carrier transport between injection sources and latchup
sensitive circuitry.

In the 1980s, Estreich focused on the issue of lateral electric field enhancement on the transport of
carrier associated with latchup in single-well CMOS technology [27]. The Estreich model addressed
the lateral pnp model incorporating four features that were not present in the other models. The
Estreich model first included both drift and diffusion currents in the base region where the drift
component was associated with a lateral electric field that exists in the substrate region (e.g. base
region). The second feature of the model is the lateral debiasing along the bottom of the emitter region.
The third feature of the model addressed the nonuniform doped base region — the presence of a ‘buried
layer’. The fourth feature of the model addressed the surface recombination and ‘bias-sensitive’
depletion layer recombination currents [27].

A model of a lateral electric field can be established by utilizing the solution of two cylindrical
electrodes. Estreich first assumed that the structure can be represented as a lateral pnp device with first
and second contacts on both sides of the lateral pnp separated by distance L. Estreich assumed the two
surface contacts in silicon can be represented as having a radius R, which is associated with the contact
width (e.g. the length of the diffusion can be assumed to be equivalent to the diameter of the half
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cylinder). Hence, assuming that the voltage across the two physical contact regions is V, the electric
field can be estimated as [27]

2 v
T (Lt V2 _4RY)2R)VIE _aRE

In the model of Estreich, the current components of the lateral and vertical components are divided into
three terms, Iy, Ip and Iy, respectively. In the model, assuming an n— substrate, the lateral pnp is a p+
diffusion and a p-well region, where the base is the n— substrate. The lateral current v is the current
that flows from the emitter to the collector region, and the lateral current I is the current that flows
from the emitter to the opposite direction of the collector. It is assumed that this current flows away
from the collector and recombines. The vertical current Iy is the current that flows from the emitter to
the ‘substrate’. In the lateral device, the emitter area is the product of the emitter depth X; and emitter
width W, on the edge that faces the collector,

AV = WeXJ.

Assuming a lateral electric field, the one-dimensional analysis of the hole excess carrier population in
the base region can be represented as (including the lateral electric field term)

&p/ (x)
D — B~
e e TP

Expressing as a function of the diffusion length L, and thermal voltage (k7'/q), the minority carrier
concentration can be expressed as

¢p'(x) Edp'(x) 1
w2 Vp A L2

The solution to the differential equation can be expressed as
p(x) = Ae5™ + Be,

where the roots of the equation can be expressed as
¢ _E_J(E 2+ 1
Y20 2vr) L2

or alternatively
S]}z = )»] + },2.

From the boundary conditions at x = 0 (at the emitter) and x = Wp (at the collector), the hole carrier

populations are
Vv
p'(0) = pno{eXp (‘7) - 1},
T

P'(Wg) = —pro.
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Estreich showed that the solution for the excess hole carrier population with the electric field assisted
transport can be expressed as follows [27]:

exp(—41 Wg) + Oexp(4 W)
2 Sil’lh(}q WB)

Px) = pno{e - } exp((A1 + A2)x)

n exp(—41Ws) + 0 exp(1,Ws)
"o 2 sinh(Z,Wg)

Q:exp(vl) —1.
T

2.8.1 Lateral Bipolar Transistor Models — Base Transport Factor
with Electric Field Assisted Base Transport

} exp((41 + 42)x),

where

Assuming a lateral pnp transistor, the base transport factor is key to the understanding of the minority
carrier diffusion. At the boundary conditions of the base region, x = 0 (at the emitter) and x = Wp
(at the collector), the hole carrier populations are

p'(0) = pno{eXp (VXT) - 1},
P'(Wa) = —puo.

Estreich showed the solution for the excess hole carrier population with the electric field assisted
transport can be expressed as follows [27]:

N B exp(—41Wg) + Oexp(,Ws) .
px) = Pn0{9 2 sinh (/> W) exp((41 + A2)x)
exp(—41Wg) + Oexp(A,Wp) B
+ Pno{ 2 sinh(Ja W) exp((41 — A2)x),

where

0= exp<VK) -1,
T

Sip =4 £ .
The solution for the excess hole carrier population can be expressed as

o _E_J(E 2+1
Yo 2vi) L2

The diffusion of hole carriers can be expressed as
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For a lateral pnp transistor, the base transport factor can be expressed as

o Jp(x = WB)
o = m

Solving for the diffusion lengths, the base transport factor with field assisted transport in the base
region is
o= /lz exp(WB)q)
Y sinh(Wg4y) + A, cosh(Wp o)

2.8.2 Lateral Bipolar Transistor Models — Bipolar Current Gain
with Electric Field Assisted Base Transport

Assuming a lateral pnp transistor, the lateral bipolar current gain can be solved from the base transport
factor (emitter-to-collector transport factor).

0l

by

:1—061‘

The base transport factor with electric field assisted transport in the base region is

o = /12 exp(WB)LI)
Y sinh(Wg4y) + A2 cosh(Wpp)

From the base transport factor, the solution for the lateral bipolar current gain can be obtained by
finding the common denominator and algebraically solving for the lateral bipolar current gain,

_ {[/12 exp(WB)vl )]/[)1 Sinh(WBAQ) + COSh(WB/RLz)}}
1 — {[)»2 exp(WB).l)]/[il Sinh(WB/lz) + COSh(WB/lz)}} ’

By

then the lateral bipolar current gain with lateral electric field can be expressed as follows [27]:

)Lz exp(WB/h)

ﬁl - /11 Sinh(WB)vz) + /12 COSh(WB),Q) - /l2 CXP(WB)LI) '

2.8.3 Lateral Bipolar Transistor Models — Two-Dimensional Hole
Current Analysis with Electric Field Assist

In the evaluation of latchup, the evaluation of the parasitic bipolar transistor must address both the
lateral and the vertical components. Figure 2.8 shows the vertical and lateral components and the axis
of reference.

A simple model can be developed where the components of the vertical and lateral currents are
separated into first and second components for a p-channel MOSFET within an n-well region (contained
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Figure 2.8 A model for vertical and lateral transport in a lateral transistor structure.

within the p— substrate). The hole current flowing laterally from the p-diffusion edge can be regarded as
the lateral current flow I ; this lateral current flow is influenced by the lateral electric field under the p+
diffusion. The vertical hole current flow Iy is a function of the vertical profile. As a simplified model,
assume that the vertical profile is semi-infinite and uniform in doping concentration (e.g. the doping
concentration of the substrate does not vary in the y dimension). Establishing boundary conditions, the
excess hole carrier population in the x direction can be expressed as

E
P(x,0) = p'(x =0,y = 0) exp ("—).
Vr

where the corner of the p-diffusion is represented as the coordinate reference point (x = 0,y = 0)

\%
P/(x:()vy:()):Pno{eXP( ) _1}
Vr

For the case of a semi-infinite substrate (or the limiting case where the junction depth is significantly
greater than the hole diffusion length), the excess minority carrier injection can be expressed as

P(x,y)=p'(x=0,y =0)exp (%) exp(—Llp).

From the hole current constitutive relationship, the hole current in the x direction can be expressed as a
function of the drift and the diffusion terms,

dp’ (x,y
Jpx(xvy) - Qprl(xvy)Ex - qDP% :

Expressing the hole current as a function of the thermal voltage,

Py dp/(x,y)}.

Jox(x,y) = gD,
(%, Y) ‘IP{ Vi dx
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From this expression, it is evident that the lateral current transport is dependent on the magnitude of the
lateral electric field and the gradient of the excess minority carrier hole population [56].

2.8.4 Lateral Bipolar Transistor Models — Vertical Hole Current
with Lateral Electric Field Assist

Analysis of the vertical hole current in the lateral pnp transistor can be evaluated at the injection
boundary conditions of the emitter. The vertical hole current flow Iy is a function of the vertical profile.
From the hole drift—diffusion constitutive relationship,

dp'(x,y

oy (,) = qupp’ (x, ¥)Ey — gDy éiy) :

Assuming the vertical profile is a constant doping concentration, the drift term is zero. The vertical hole
current can then be obtained as

dp'(y)

Iy = qD AV )
p dy =0

where the area term Ay is the geometrical area of the emitter from the vertical dimension. In this model
development, it is assumed that the lateral current flow is from the sidewall of the diffusion and the
vertical area is the diffusion bottom area. Estreich noted that in the presence of a lateral electric field,
the area term Ay is not the geometrical area of the emitter (Ay = Wg W), but in fact only the case when
the lateral electric field is zero [27]. In this case, the area of the vertical component is expressed as an
effective area term Ay, This is obtained by integrating the term over the area of the emitter. The reason
this is true is because the excess hole population over the complete emitter area is not constant. From
the early development, the excess hole carrier population in the x direction can be expressed as

E
P0) = =05 =0)exn (37 ).
where the corner of the p-diffusion is represented as the coordinate reference point (x =0, y=0)
\%
p(x=0, y=0) =pno{eXp(f) - 1}-
Vr
Hence, the effective vertical area of the emitter, Ay, is obtained by integrating it over the emitter area,
W, 0
E
Ay = / / exp{xvx}dxdz .
J T

—Wg
In the general case, the vertical effective area term can be a function of three dimensions. In the two-
dimensional analysis, the effective vertical area term is independent of the z dimension and can be

expressed as
; E
Ay =Wy /exp{x—}dx.
Vr

—Wg
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Integration over the x dimension, the effective vertical area term can be expressed as follows:

0 0
E \%
Ay =Wy /exp = dx = Wy — /d,uexpu.
Vr E

—We —WEE

vr

1 —exp <WEE)
Vr
WEE
( Vr )
In the case where the WiE is significantly small compared to the thermal voltage Vr, using L’hopital’s
rule, in the limit, reduces the geometrical area,

Solving for the effective area term,

Al = W Wy,

d
| — exp(— —(1 —exp(—u))
lim A} = lim WEWZ{M} = Wi Wy lim B

= WgW, = Ay.
u—0 (M) —(M)

Solving for the vertical hole current,

dp'(y)
Iy = qDpAy )
LA o

P'(y) = proexp (— %) {GXP (VKT) - 1},

which can be expressed as

- font)

From the effective area term, the vertical current can be expressed as

2.9 LATERAL BIPOLAR TRANSISTOR MODELS—-NONUNIFORM
VERTICAL PROFILE

In the development of lateral and vertical bipolar gains, the early models of Tseng and Busen [48] and
Lindmayer and Schneider [49] assumed a uniform doping concentration in the vertical direction. The
presence of a doping transition in the vertical direction influences the bipolar current in both the
vertical and lateral bipolar transistors.
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2.9.1 Lateral Bipolar Transistor Models—Gunn, Dutton,
and Whittier n—/n-+ Step Junction Model

The analysis of the step junction of a n—/n+ transition was first addressed by Low [60], Arthur
and coworkers [61,62], Lade and Jordan [63], Scharffetter [64], Dutton and Whittier [65], and
Venkateswaran and Roulston [66], and Hauser and Dunbar [67]. In the analysis, the focus was on
the evaluation of the influence of the n—/n+ ‘space—charge’ layer, and the influence on the current
transport, as well as recombination time in a p+/ n—/n+. Dutton and Whittier [65] assumed that under
a low-level injection assumption, in quasi-equilibrium, the minority carrier concentration on both sides
of the n—/n+ high—low junction transition can be evaluated. From the relationship of the intrinsic
carrier population and the electron and hole population,
np = n?
(no+n')(po+p') = n}

Under a low-level injection assumption, the doping concentration of the n-type region is significantly
larger than the excess carrier population. Additionally, the excess hole population is larger than the
minority carrier hole equilibrium concentration. Given an n—/n+ high—low (H-L) transition occurs at
the epitaxy—substrate junction, Dutton and Whittier represented the junction [65]

Plx= Wepi)NDcpi = "12 =px= Wepi + Wee, )Np,

sub 7

p’(x = Wepi) = pl(x = Wepi + Wscz)

where Wy, is the epitaxial thickness and W, is a metallurgical junction width of the n—/n+ high-low
transition. To evaluate the electrical current flowing to the n—/n+ junction the model assumed
conservation of current; the current flowing from the p+/n— junction equals the recombination current
within the n—/n+ step junction and the current that is injected into the substrate (Figure 2.9). The
current flowing to the substrate (e.g. n+ region) is,

D
Ly = g 7P (W + Weey)-

Psub

The recombination current can be evaluated from the change in the excess carrier current divided by
the recombination time within the n—/n+ region,

USCZ P —Dn 7
Tsc,
where
W W,
Iy, =A / Uy, dx.
w

Dutton and Whittier showed that the carrier population can be expressed as a function of the quasi-
Fermi level and the potential as a function of position [65]. To simplify the expression, the potential
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Figure 2.9 A model for vertical and lateral transports with a vertical step transition.

was defined as a linear change in the potential across the n—/n+ junction region. It can be shown that

this can be expressed as
Wee, (kT
Jsc2 =4q =2 (qz)pl(x)v

Tscy

where the built-in potential can be expressed as the

3= i),
q

Gunn noted that the step doping transition can be represented as a recombination velocity [62]. Dutton
and Whittier represented this term as a normalized recombination velocity [65]. The boundary
condition at the n—/n+ high—low transition can be expressed as a mixed boundary condition

/

Op
pa x:W: _(Jscz + Jsub)7

i)

It was noted by Gunn [62] and Dutton and Whittier [65] that this can be represented in the form

)

The solution for the excess carrier population was shown to be expressed as

(oS =) )
cosh(W/L,) + &sinh(W/L,) ’

gD

=0.

x=W

-

x=W

px)=p
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and the forward current relationship for the p+/n—/n+ structure is

4Dy (0) {sinh(W/Lp> + écosh(W/L@}
L cosh(W/L,) 4+ &sinh(W/Ly,) |’

Jr =
P

where the normalized recombination factor can be expressed as

£ = (WSCz/TSCz)(kT/qA) (Dp,ub/Lp\ub (NDepn /NDsub)

—F‘LF

If the recombination in the n—/n+ region is small, then the term is reduced to

f D “Psub. LDepl NDepl

Dy, Lp,, Np

sub sub

Estreich defined a term expressed as the fractional reduction in vertical current as [27]

__sinhy + Ecoshy
" coshy + Esinhy’

where

and

D

é — Psub
Dpc.,. Lp

Lp,, Np

epi
sub N Dauy

In a two-dimensional structure, the vertical and lateral current components are interrelated. A reduction
in the vertical current component leads to an enhancement in the lateral current component. Hence, in
the evaluation of latchup, the nonuniform vertical profile influences both the vertical and lateral
component current distribution.

2.9.2 Lateral Bipolar Transistor Models — Bipolar Current Gain
with Nonuniform Vertical Profile

Estreich introduced the n—/n+ high—low (H-L) junction transition into the bipolar current gain of the
lateral pnp bipolar transistor. Estreich defined a term expressed as the fractional reduction in vertical
current as [27]

__sinhy + {coshy

" coshy + Esinhy’

where
Wepi

')) =
Lp,,
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and
é — D Psub LD

Dpcpi LD

Np
Np

epi epi

sub sub

Integrating the fractional reduction factor into the pnp bipolar term, Estreich formed a new definition
for the bipolar current gain [27],

ol

Bonp = (1 — o)l + Fyly’

Today, there are a number of reasons why the low-high (L-H) and high-low (H-L) transitions are
important for latchup. First, this concept influences the lateral and vertical bipolar current gain
characteristics. Secondly, this has a role in triple-well technology. Third, it has a role in high-dose
buried layer (HDBL) transport physics. Finally, this concept is also used for both ‘passive’ and ‘active’
guard rings. Today, image processing semiconductor chips and smart power technology utilize p—
epitaxial regions on p++ substrates and can utilize the L—H transition as an advantage for passive and
active guard rings.

2.9.3 Lateral Bipolar Transistor Models — Base Effective
Diffusion Length

In a semiconductor structure, the nature of the current flow in ‘wide base width’ lateral transistor is two
dimensional at large spacing [68]. There are cases of interest where the analysis can be simplified when
boundary conditions are reflective or absorbent. Examples of surface conditions perpendicular to the
transport are as follows:

e insulator surface with surface recombination;
e step junction p—/p+ reflective boundary with both reflective and recombinant characteristics;

e metallurgical junctions that collect the minority carriers.

In the case of an insulator surface, the isolation surface can be STI surface or wide TI. In the case of the
step junction, the boundary of the step junction can serve as the transport through that physical surface.
The second case can be a p++ substrate contact in a p— epitaxial region or a p—/p++ step junction in
the p— substrate. In the case of a metallurgical junction, the surface can be of another shape within the
base region, which can be a guard ring or other physical element. Hence, it is desirable to have an
analytical description to simplify these potential cases.

Figure 2.10 shows a region of analysis and a control volume. To evaluate the minority carrier
transport, the current at the first surface, x = x, and the second surface, x = x + dx, can be evaluated
within an incremental region of width, dx. Within an incremental distance from x = x to x = x + dx,
the current at x = x + dx can be expressed as

In(x + dx) = I (x) — AL(x,x + dx).

In semiconductors, this region is typically semi-infinite and hence a first top surface must be defined.
Hence, it is advantageous to define a control volume in both the x and y directions and evaluate the
current flowing in and out of the control volume surfaces. From the conservation of carriers, the carrier
density is a function of the carrier flowing through the surfaces, as well as the generation rate within the
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Figure 2.10 Control volume for current analysis within a base region of a lateral npn transistor.

control volume. In evaluation of the transport, the first top surface and the lower bottom surface can be
defined. In this fashion, analysis can address the transport through the top surface, through the bottom
surface, and recombination within the incremental volume. Hence, the transport in the direction
perpendicular to the x direction can be regarded as a ‘loss’.

Within the physical control volume, the recombination within the volume can be defined as

Al (x,x + Ax).
The loss in the top surface at y =y’ can be defined as
Al (x,x 4+ Ax)| -
The loss in the bottom surface at y =y can be defined as

Al (x,x + Ax)]|

y=y’
where we define the loss in the region between x = x and x = x + dx as
Aly(x, x + dx) = AL, (x,x + Ax) + Al (x,x + Ax)|,_y + Ay, (x,x + Ax)]| .
In this analysis, the distance between the two surfaces y =y and y = y can be defined as
T=1" -yl

Defining the diffusion current, it can be defined as

I,(x) = anW%n(x),
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where

The recombination current within the volume can be expressed as the amount of excess charge within
the incremental volume Wdx,

On(x)Wdx _ an(x)dx.

Tn Tn

Al (x,x 4+ Ax) =

r

For the upper and lower boundary conditions, it is of interest to evaluate the upper and lower surfaces
as if they are a current loss.

From the Dutton—Whittier model [65] and the Estreich derivation [27], the p—/p+ L-H junction
transition introduces a term expressed as the fractional reduction in vertical current as

_ sinhy + Ecoshy
V'™ coshy + Esinhy’

where
N Wepi
'TL
Depi
and
é — Dﬂsub LD=vi NAsm
Dnepi LDsub NAsub

From the model of Gunn, this can also be represented as a recombination velocity [61,62]. To evaluate
it as a recombination surface, the evaluation of the electron current through the surface will provide the
total current loss through this lower boundary surface.

Given the boundary doping transition, a vertical built-in field can be assumed at the low—high
transition region of the magnitude,

E :’LT{L@L@)},

g ply) oy

From the drift—diffusion constitutive relationship,

on
Jnv = qunnEy + gDy a(y) .
y
Substituting the low-high electric field condition,
nop on
Jn, = qDn =+ qDp —.
' pOy 0y

This can be expressed as

—-T
Jn, (x,y) = Jn, (T, x) exp{—y }
Dub
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Assuming all current flowing into the substrate is loss through recombination, this can be expressed as
the integration over the semi-infinite substrate from the low-high transition to the bottom of the
substrate (e.g. y at infinity). Integration over the y direction leads to the expression

Nepi T
Al (x,x + Ax)|V:y = —qWD, {ﬂ} de
: Naup LDS.,b

Assuming the second boundary condition is an insulating boundary with no surface recombination
velocity, then the second term is zero. Assuming the second boundary is a metallurgical junction,
which could be any physical region within the base region or a guard ring structure,

d
Al (x,x + Ax)|,_y = —gDaW —n(x,y = y')dx.

@n
Hence, the evaluation of the characteristics of the incremental volume can be evaluated as the
recombination with the base region and the current flowing out of the upper and lower surfaces, where
it is assumed that the current flowing in through the surfaces is ‘loss’ through carrier collection or
recombination. From carrier diffusion theory, it is known that the diffusion length is associated with
loss of carriers as a function of distance. Hence, it is clear that this can be represented as a loss in the
direction of the flow and in the direction opposite to the direction of the flow. It is anticipated that a
generalized term may be possible of the form, based on dimensional analysis,

’0n O
dx2 Lgff -

where the effective diffusion length is associated with three terms,

1 1 1 1

— =4 — 4 —
Ly Lb, Li I3

where there is an diffusion length in the direction of the flow and two additional equivalent lengths
perpendicular to the flow. It was shown by Stella et al. [68] that the derivation can be expressed as a
second-order differential diffusion equation, where an effective diffusion length is derived, addressing
the loss through the two surfaces.

Define an average electron concentration in the region 7,

_ On(x)
(n(x)) = q—T

For the special case of a reflection boundary and a metallurgical junction, the differential equation can
be expressed as

22 afot o i el o L @ty =/t | <o

From this form, it is apparent that the three last terms are the loss through the incremental volume and
can be expressed as an effective diffusion coefficient, given it is a constant value:

NN

dx? Lgff a
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Assuming the terms to be constant,

— constant

and

[0/0yn(x,y")]

§ = ————— = constant
(n(x))
then an effective diffusion length in the base region can be derived. From the analysis of Stella et al.
[68], the characteristic length can be derived as

1
Legt = )

VLo )+ (UL + (1/L)?

where
Lp, = VDyty
and
Ly = |TLp,, (x::)r
and

T
-
N

1
J/L? + (/L)

First, note that the expression for the effective length L, is associated with the arithmetic mean of the
thickness of the region and the substrate diffusion length. In addition, as occurs in the Dutton—
Whittier expression and Estreich derivation, the ratio of the dopants at the p—/p-++ step junction is
also present in the effective diffusion length L;. In the case of the second diffusion length, the
expression is the ratio of the thickness and the relative gradient scale length, which is contained within
the s expression.

The evaluation of the parameter r and s can be obtained by separation of variables, allowing
n(x,y) = n(x)n(y). In this fashion, a differential equation as a function of n(y) can be evaluated with L,
as the effective diffusion length, where

where this can be expressed as

L, =

P nly)
— +—-=0.
dy? * L2
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It has been shown that the solution is

lltan 1 :LDM, Naup
T Ly T Nepi .

In the case where the ratio of substrate doping and epitaxial doping is large, the solution tends to the
case that the tangent function is equal to zero. As a result,

%

e
N

As a result, the effective diffusion length under a junction region, with a L-H step junction can be
expressed as

1
/Lo, + (21

Legt =

This analysis is important for the evaluation of the perpendicular boundaries on lateral current
transport. In the case of a guard ring structure, this derivation is helpful in the prediction of the guard
ring efficiency. A latchup design principle is as follows:

e The lateral diffusion characteristics can be evaluated as a one-dimensional analysis wherein the
vertical boundary conditions can be addressed as ‘loss’ boundary conditions.

e Lossy boundary conditions can be metallurgical junction, insulator with surface recombination or
reflective boundary condition (low-high step junctions).

e Special cases exist that allow representation of an effective diffusion length within the base region.

2.10 TRIPLE-WELL BIPOLAR TRANSISTOR MODELS - LATERAL
AND VERTICAL CONTRIBUTIONS

Triple-well technology was a solution to eliminate latchup by the separation of the p-channel MOSFETs
in one region and isolation of the n-channel MOSFETs in the second region. Isolated MOSFETSs are
practiced today in advanced CMOS, RF CMOS and RF BiCMOS applications with the objective of noise
isolation and back-biasing conditions different from the substrate potential. In the case of RF BiCMOS,
the isolation of the p— epitaxial region is achieved using subcollector implants on the bottom and diffused
isolation, reachthrough implants and trench isolation on the edges. Figure 2.11 shows a cross section of a
triple-well technology, as practiced on a p— substrate. In this implementation, the p-channel MOSFET is
contained within an n-well region, as practiced in dual-well CMOS. The n-channel MOSFET is contained
in a p-well region, but in this process architecture, the distinction is the p-well that is electrically isolated
from the p— substrate. The p-well is electrically isolated from the p— substrate by the formation of an n-
well and an n-type buried layer. The n-type buried layer (e.g. also known as the n— isolation layer)
separates the n-channel MOSFET transistor from the p-channel MOSFET, electrically eliminating the
classical pnpn parasitic device and the latchup between the p-channel MOSFET and the n-channel
MOSFET. However, it introduces lateral and vertical npn transistors between the MOSFET and the
n— buried layer.
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Figure 2.11 CMOS ‘triple-well’ technology cross section.

Assuming a lateral npn transistor, the lateral bipolar current gain can be solved from the base
transport factor (emitter-to-collector transport factor). In the case of lateral and vertical contributions,
the definition for the bipolar current gain is modified.

As shown in the prior section, one can define a collector current associated with a vertical and a
lateral current. In the dual-well CMOS, the vertical current is not regarded as contributing to the current
gain. The current that reaches the collector is the product of the collector-to-emitter transport term and
the current lateral current, I .

IC = OC]IL + OCVIV‘

In the base region, there are three terms. The first term is associated with the carriers that recombine in
the lateral region. This term can be expressed as

IBL = (1 — OC])IL.
The second term is associated with the carriers that recombine in the vertical region.
IBV = (1 — OCV)I\/.

The third base current term is associated with the lateral current flowing in the opposite direction. Then
the definition can be expressed as

IC CX[IL + Otvlv

ﬂ“P“:E:(l—0(1)1L+ID+(1—OCV)IV.

Assuming the term of the current flowing away laterally in the opposite direction is significantly less
than the vertical current, this can be simplified as follows:

Ic ouly, + avly

Poon = 7, = (1 — ol + (1 — o)y
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In this structure, f§ can be expressed as lateral and vertical currents. As the spacing between the
n-channel MOSFET and the n-isolation region increases, the lateral bipolar current is dominated by the
vertical contribution. In this case, the experimental results will saturate as a function of the npn
base width spacings. Hence, the vertical contribution can be evaluated at large spacings.

In RF BiCMOS technology, trench isolation is used on the sidewalls of the isolation region. The
isolation structure can be polysilicon-filled deep trench (DT) isolation or an oxide-filled TI structure. In
these cases, there is no lateral npn transistor, but only a vertical bipolar transistor. In this case, the
lateral current flow can be regarded as a current loss to the vertical bipolar current gain,

Ic ayly

By = —=— Y
[npn IB IL + (1 - O(V)IV

2.11 MERGED TRIPLE-WELL BIPOLAR MODELS

Triple-well technology has become important for future CMOS technology after 0.13-pm physical
dimensions. In the analysis of the merged triple-well npn bipolar transistor gain, the influence of the
vertical transistor is a function of the contribution of the current in the triple-well region and the buried
layer. In the following sections, the vertical current contribution and the buried layer are discussed.

2.11.1 Merged Triple-Well Models — Lateral and Vertical
Contributions with Buried Layer

Figure 2.12 shows cross section of merged triple well structure. Figure 2.13 shows cross section of
merged triple well structure highlighting the buried layer resistor. In Figure 2.14, the CMOS ‘merged
triple-well’ technology circuit schematic with two npn transistors is shown (vertical and lateral npn
transistors highlighting the buried layer resistance). The buried layer resistance plays a role in the
latchup physics.

For the vertical npn bipolar transistor current to contribute to latchup, the current must flow along
the n— buried layer (e.g. npn collector) to the n-well region. The resistance of the buried layer

Voo Vss
n+ pt pt n+ n+ p+ n+
n-well p-well
n-well
J
k n—buried layer
p—substrate

Figure 2.12 CMOS ‘merged triple-well’ technology cross section.
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Figure 2.13 CMOS ‘merged triple-well’ technology cross section highlighting the buried layer resistance.

influences both the current flow and the generalized tetrode stability criteria. The vertical transistor
current must flow to the n-well region in order to contribute to the regenerative feedback. Hence, if the
n— buried layer resistance is high, the current will not flow to the n-well.

The model can contain two corrections. First, in the npn bipolar model, a corrective factor can
be placed to address the net current that contributes from the vertical transistor. The second

Vbp

L

n-well L |
shunt ?tera_ pnp
resistor ransistor
Vertical pnp
transistor
Triple well
shunt resistance
\I Vss
Isolated p-well
Vertical npn Lateral npn resistance
transistor transistor

Isolated p-well L
Vss

Figure 2.14 CMOS ‘merged triple-well’ technology circuit schematic with two npn transistors (vertical and
lateral npn transistors highlighting the buried layer resistance).
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correction can address the stability by treating as two separate transistors, where the vertical
transistor includes the collector resistance in the stability criterion. Figure 2.14 shows the two-
transistor representation where the vertical transistor contains the collector resistance. As the
spacing between the p+ diffusion and the n+ diffusion (p+/n+ space) increases, the lateral f,,,
decreases. Additionally, the collector resistance of the n— buried layer will play a more significant
role in the latchup response.

2.11.2 Merged Triple-Well Models — Lateral and Vertical
Contributions

The electrical separation of the p— and n-channel MOSFETs using a ‘triple-well’ technology is a
solution to eliminate latchup by the separation of the p-channel MOSFETs in one region and isolation
of the n-channel MOSFETS in the second region.

But, in the evolution of CMOS from dual-well CMOS to triple-well CMOS, the following design
constraints influenced the implementation of triple-well CMOS:

e a smaller p+/n+ spacing with the migration from a 0.18- to 0.13-pm CMOS technology;

e maintain spacing, pitch and circuit density between the n-channel MOSFET and p-channel
MOSFET;

e Dbetter noise isolation from the substrate.

As a result, the concept of separation of the p-channel and n-channel by constructing a separate isolated
epitaxial p-well region using an n-well ring and buried layer was not established as a design practice in
advanced CMOS development.

Three practices of triple well are used in advanced CMOS structures:

e An n— buried layer under the p-well region with a ring electrically isolating the p-well
and integrated with the existing n-well region. The n— buried layer is only under the p-well
region.

e An n— buried layer under the p-well region with a ring electrically isolating the p-well and
integrated with the existing n-well region. The n— buried layer is selectively under the p-well and
the n-well region of some circuitry, subfunctions or cores.

e A blanket n— buried layer is placed under the entire chip. The n— buried layer under the p-well
region integrates with a partial n-well ring electrically isolating the p-well and integrated with the
existing n-well region. This fully isolates the substrate region.

Figure 2.14 shows a cross section of a ‘merged triple-well’ technology, as practiced on a p— substrate.
In this implementation, the p-channel MOSFET is contained within an n-well region, as practiced
in dual-well CMOS. The p-well is electrically isolated from the p— substrate by the formation of an
n-well and an n-type buried layer. In this structure, the n-type buried layer (e.g. also known as the
n— isolation layer) does not separate the n-channel MOSFET transistor from the p-channel MOSFET;
but in fact, it introduces lateral and vertical npn transistors between the n-channel MOSFET and the
n-buried layer.

As discussed in the previous section, the npn transistor contains both lateral and vertical
contributions to the npn bipolar current gain. The current that reaches the collector is the product of
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the lateral collector-to-emitter transport term and the lateral current /; as well as the vertical collector-
to-emitter transport term and the vertical current Iy,

Ic = oyly + oy ly.

In the base region, the first term is associated with the carriers that recombine in the lateral region,
I =1 —o)l,

the second term is associated with the carriers that recombine in the vertical region,
Igv = (1 — o)1y,

and the third term, which is associated with the current flowing away from the n-well edge current
term, is associated with the lateral current flowing in the opposite direction. Then the definition can be
expressed as

ﬁ _I_C_ 0(11L+Otvlv
gy (=o)L A+ I+ (1 — o)y

Assuming the term of the current flowing away laterally in the opposite direction is significantly less
than the vertical current, this can be simplified as follows:

B _Ie ouly, + avly
opn IB o (l — OC])]L + (1 — OCV)IV ’

In the merged triple-well structure, the vertical and lateral components cannot be separated using
different electrical contacts. But, as the spacing between the n-stripe and the n-well edge increases, the
bipolar current is dominated by the vertical contribution. Hence, by varying the p+ to n+ spacing (e.g.
the n-well to n-stripe distance), the lateral npn gain decreases. In the case where the resistance of the
buried layer is low, the variation above this saturated value is the lateral component. In this fashion, the
vertical and lateral contributions can be separated.

For the pnp transistor, the influence on the pnp bipolar transistor gain is dependent on the form of
the merged triple-well process.

2.11.3 The Lateral Bipolar Transistor — Substrate Spreading
Resistance Representation (Estreich)

Substrate resistance and minority carrier diffusion length has a strong influence on latchup for both
internal latchup and external latchup. As a result, the model representations of the substrate region,
which serves as the base region of lateral bipolar transistors, are very important. For any two
independent n-diffusions in a p— substrate, there exists a lateral bipolar transistor. Parasitic lateral
BJTs exist within an inverter circuit to interact between any two regions in the substrate. Hence,
parasitic lateral transistors exist within a circuit, between circuits and between chip subfunctions.
For example, parasitic npn BJTs are formed between n-channel pull-down OCD transistors and its
adjacent n-well guard rings. Parasitic npn transistors exist between n-well diode ESD elements and its
adjacent n-well guard rings. Parasitic bipolar transistors exist between LDMOS HVCMOS and low-
voltage CMOS in smart power applications. Hence, there are many semiconductor structures that can
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be represented as a lateral npn bipolar transistor in a p— substrate (serving as the base region of the npn
transistor), where models are needed to quantify the resistance based on simple geometrical regions
and doping profiles.

A simple resistance model developed for the evaluation of resistance between a substrate contact
and the transistor using the spreading resistance derivation between two points was first utilized by
Estreich for latchup [27]. Assuming a two-point spreading resistance model, the resistance can be

represented as
2L
a
R=—-"-"%
nh '

where p is the resistivity, & is the thickness of the wafer, 2L is the spacing between the two points and a
is the geometrical representation associated with the size of the contact structure. The contact structure
can be represented as a circular region of radius a,

[W W,
a=\/—-7:,
s

where W; and W, are the geometrical rectangular dimensions of the contact (e.g. product is the
arithmetic mean).

The resistance between the contact and the device can be represented as one half of resistance
shown above (e.g. at the symmetrical center point between the two contacts at the surface).

2.11.4 The Lateral Bipolar Transistor — Substrate Transmission
Line Representation (Troutman and Hargrove)

The substrate spans the physical space in a semiconductor chip leading to both coupling effects and
distribution effects [69,70]. The modeling of the substrate is key to understanding the response to the
lateral parasitic transistor where the active region is influenced by the local potential. Two primary
cases are of interest. In the first case, the element is a plurality of active elements, where each spatial
region has at least one node that is independent of the other active elements. In this case, a common
electrical node may be present, but some of the nodes can be regarded as independent. In the second
case, there are spatially separated regions with no active devices between them.

Substrate modeling of a lateral BJT can be addressed by using lumped resistor elements under the
semiconductor devices. To address substrate resistance effects, a different lumped resistor element can
be placed under each independent active device region. The substrate, the base of the lateral transistor,
can be modeled as a lateral resistance to the electrical contact region and vertical resistances under each
physical device region.

A better representation is a full transmission line (TL) representation. For high-current phenomenon
that occurs near the surface of the wafer, the substrate can be modeled as a lossy transmission line. A
lossy TL model is suitable for current flow between two regions near the surface of the wafer and cases
where current can flow from backside contacts [69]. From the general form of a lossy transmission line,
we can express the current and voltage conditions as

L_
Viy) =W, exp{—%} +V, exp{—Ty}
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Figure 2.15 Lossy TL model representation of the substrate.
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These current and voltage conditions represent a lossy transmission line with the transmission propagat-
ing in the y dimension, whose transmission line length is L with the loss factor y. This is shown in
Figure 2.15.

Assuming a transmission line with a termination resistance R; at terminal 1 and a termination
resistance R, at terminal 2, we can express the TL system in the form

L _1(Ci Co||V
I Zy|Ca Cxn| | V2]

where the main diagonal terms are expressed as

=1+ (%
11 — Rl

and

Solving for the voltage equations at terminals 1 and 2, the matrix can be inverted and can be
represented as a function of the two current conditions:

|:V1:| :@{ Cxn _C12:| |:11:|
Vs A|-Cy Ciy ||L]

where the determinant is A = C|1Cy — C12Cs;.
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From this form, the voltage between two points in the base region (substrate) can be evaluated.
From this form, the input impedance can be solved as a function of the characteristic impedance, the
reflection coefficient and the loss factor. The input impedance can be expressed as

Z V(0 _z 1 4+ Trexp{—2L/y}
"TU0) 1+ Trexp{—2L/y}’

and the reflection coefficient can be expressed as

1%}
e = o (L]

The transmission line case can be simplified by addressing the case in which the current is not flowing
to terminal 2. This can represent the case of the current flowing to a second region such as the backside
of the wafer. In this case, the surface potential may be equal the transmission line voltage. This can be
solved for from the matrix relationship, as

Vil _%| Cn —Cun||h
V2 A|-Cy Cuy |[O0)

where
S ]
I(y) = Ziovl exp{-%} {1 — FReXp{—Z(LAi;y)}]
and
Vi :%ngll.

For the case where the current flowing from the first terminal equals the current from the second
terminal, then I, = —1;. The expressions for V| and V, coefficients can be expressed as a function of
the current /; and the loss factors in the transmission line,

|:L1:| ZO|:622 (:12:||:11 :|
’ 2 A 7C21 Cll 711
and surface potential,

U () = V(y) — V(L) = (V1 exp{—%} - VZ) [1 - exp{—@”

Generalizing this approach, the current in one element is related to that in other, but unequal. This can
be represented as a percentage of the first term. Hence, a third derivation can assume that I, = —dI],
where 0 is a percentage of the current.

Vi :@ Cn —Cp I
Vs A|-Cy1 Cn =0l |’
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To address the case where surface structures are present along the interface between the points of
interest, the substrate can be represented as a plurality of transmission lines in series, where insertion
resistors or stubs and other elements can interrupt the transmission line terminations. The voltage and
current conditions can use matrix multiplication to introduce the terminations and boundary conditions.
For example, along the interface, there are n+ implants and other diffusions that can modify the current
and voltage characteristics along the surface. In this fashion, multiple elements can intersect the
transmission line to address more complicated circuit environments.

2.11.5 The Lateral Bipolar Transistor — Substrate Lossy
Transmission Line Representation (Troutman and
Hargrove)

The substrate TL model characteristics will be a function of the doping concentration profile in the
substrate. The doping concentration profile will have a strong influence on the loss characteristics of the
TL model [69]. One case of a lossy TL is that of a p— epitaxy and p++ substrate. The cases of interest
primarily are the heavily doped substrate with a thin epitaxial region and the lightly doped substrate.
Today, applications that use epitaxial wafers and p+- substrates are trench DRAM, image processing
technology and smart power applications. For the p-type heavily doped substrate, the cases of interest
are the lightly doped epitaxy without a p-well implant, the p-well case with an epitaxial flat zone and
the p-well with a connecting implant. For the lightly doped substrate, the types of substrate models of
interest is the p-well with p— wafer, the p— wafer with heavily doped buried layer and the lightly
doped wafer with the heavily doped buried layer and a termination implant. Additionally, this can be
utilized for models of n— substrates and triple well. In all cases, the transmission line representation
must address the transmission line loss factor, the characteristic impedance and the termination
resistances.

Troutman showed that a TL representation can be determined if we regard the system as a
conductive region near the device surface, a second conductive region below the surface and two
termination resistors between the two conductive regions (Figure 2.16). This forms the lossy TL with
the termination resistances related to the ‘up’ resistance between the two physical regions. For the

VD D
o

n-well
shunt

\‘| resistor
pnp transist;|
-y !

5

vi ()

Substrate
resistance

Figure 2.16 Two-transistor representation of Troutman and Hargrove transmission line model.
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lossy TL development, the loss factor and the characteristic impedance is important for the
evaluation. These can be expressed as the series resistance and the shunt conductance. The loss
factor can be expressed as

and the characteristic impedance,

zoz\ﬁ.
8

The series resistance per unit length can be evaluated as

R
S W[ a(x)dx’

r

where the integration is completed to an arbitrary depth at which the TL conductive plate is initiated.
For the case of the implant near the device surface, with a background doping of Np;, a concentration
for the surface region can be defined as

Na(x) = Nepi + Na exp{ - {x\;%‘)} ’ }

In this case, the doping profile may represent a field surface implant or a p-well region. The series
resistance per unit length can be represented as

;= Po 7
WT;
where
1
Po = ,
0 quoNa

and T} is expressed as a function of the number of Gaussian profile standard deviations,
Tf = no.

Troutman showed that this can be represented as a dimensionless factor n that is a function of the

Gaussian profile, or
T M Nepi
n=4/=|l+ef|—|| +x .
o+t ()] o

In the case of a p++ substrate or a p++ buried layer, there is a conductive shunt to the TL lower
‘plate’. Let us define a shunt conductance per unit length of

w

8= ——"7
pepi(TePi + ;°)
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where the epitaxial resistivity is
1

Pepi = 7 >
o qy’chpi
and the effective thickness is determined by the epitaxial flat zone at the end of the surface implant (or
p-well) and at the beginning of the p+ substrate (or p++ buried layer). In the p++ substrate model
case, Troutman added an effective depth factor to address the extra effective thickness between the
epitaxial flat zone and the heavily doped flat zone of the p++ wafer to add an increase in the epitaxial
effective resistance.

For the p++ wafer, a concentration profile can be assumed to be equal to

Nowp X — Xe
N, = f
sub (%) 5 erfe { ™ } ,

where we determine the epitaxial depth position from above expression, assuming x, = xe.
From this, we can express the effective depth parameter as

5 =20 erfe! {—2Nepi}.
2 Nsub

Substituting these expressions into the loss factor and characteristic impedance relationships,

y=——=

1 ) |:Tfpepi([1 + )“]/Tepi):| 1/2
epi |7 o .

\/@ Tepipo
and
Z) _ Z _ pepi(TEPi + j')
4 wy

For the case of the p++ buried layer implant, the model can be modified by treating the buried layer as
a second series resistance term in parallel with the first series resistance term. In this case, the shunt
conductance term would not include the effective depth factor. In the buried layer analysis, the second
series resistance term determines the series resistance by integration over the buried layer implant. The
buried layer implant would be represented by a two-sided Gaussian profile and the integration of the
series resistance would integrate over the conductance. The epitaxial thickness boundary point would
coincide with the bounds of the integration of the buried layer implant.

The lossy TL terminations are a function of the process implants. In the case of the HDBL implant,
a heavily doped implant can be used to connect the layer to the substrate contact, providing a low
resistance shunt between the surface and the buried layer. This provides a low-resistance termination of
the line for latchup events.

2.11.6 The Bipolar Transistor — Substrate Transfer Resistance
Representation

In latchup, the lateral BJT elements are coupled to other structures through the substrate. In the case of
a lateral npn BJT, the base region is the p— substrate. In a semiconductor chip environment, the lateral
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n+ n+ p+

p++ Substrate

Figure 2.17 Substrate representation as a ladder network.

npn bipolar transistor is coupled to stimuli of currents and voltages from surrounding elements.
Troutman applied the concept of transfer resistance to the substrate to address latchup-related coupling
phenomenon [70]. With the usage of a transfer resistance model representation, the analysis of the
individual BJT can be analyzed with the substrate (or base transistor) coupling physics contained
within the transfer resistance matrix. As will be discussed in Chapter 3, this concept will be valuable
for understanding latchup interaction and its propagation through a plurality of circuit elements. In two
dimensions, the base region of the lateral BJT network can be represented as a ladder network
(Figure 2.17). But in three dimensions, to address a plurality of injection sources within the substrate
region, a three-dimensional representation is desired. Figure 2.18 addresses the case where there are 3D
and multiple elements in a common substrate. When there are multiple elements contained within a
common substrate, the substrate potential for a given element is dependent on the voltage drops or
current in the system [69,71,72].

Given n elements contained in a common substrate, we can define a general system with a relationship
to n injection currents as

Vi Ry R - - Ru| 6L
Va Ry Ry R | | I
Vn Rnl Rn2 : ° er In

Representing the resistance expression as a second-order tensor and the voltage and current as a first-
order vector,

Vi = Ryl;
or
j=n

Vi= ZRVIJ =Rali + Rol, + Ri3lz + - - - + Rinln.
=1
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Figure 2.18 Three-dimensional resistive substrate matrix with a plurality of inputs.

In this formulation, the resistance terms of the main diagonals are ‘self-resistance’ terms and the off-
diagonal elements are ‘mutual resistance’ terms or transfer resistance terms. In this form, the influence on
the ith element is a function of the current injected into the substrate from the other elements. In the case
where there is a local substrate contact for every element and weak coupling, then we can assume that

Rj=0  Vi#],

Vi R, O - - 0 1,
V) 0 Ryp L
Va 0 . - - Ry, I,

In this case, the individual elements can be treated as independent elements and no interaction through
the substrate. In the case where there are n elements, but only m elements are connected to the common
substrate contact, and all » — m elements have independent substrate contacts, then the form of the
matrix can be described as

[ Vi [Rii Ri2 - Ry O 0 077 L T
v, Ry Ry Rm 0 0 0| n
0 0 0
Voo | = | Rm R Rum O 0 0
0 0 0 0 0 0
Vao1 0 0O 0 O O R w1 O I
L Vo L O 0o 0 0 O 0 Runll I |
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Figure 2.19 Transfer resistance representation of the substrate.

The second-order resistance tensor main diagonal terms can be estimated from the physical resistance
of the device to a common plane in the substrate region. This can be achieved analytically or through
device simulation. This resistance may comprise a series of resistance elements in which the injected
current flows through. The off-diagonal terms of the second-order resistance tensor can be obtained
analytically or through simulation. These are associated with the influence of the substrate potential
under the ith element as a result of injected current at the jth element.

In the solution by Tong Li [71,72], the transfer resistance was expressed in the form of am x n X p
matrix of transfer resistances, where there are m injection current sources, n substrate contacts and p
locations of interest. In this form, it can be expressed as

k
o Vi

i

where i is the index for the m injection sources, j is the index of the p locations of interest and & is for
the n substrate contacts. In this form, the transfer matrix terms can be solved for the m injection
locations and n substrate contacts. This can be applied to multiple devices or multifinger elements.
Hence, for a single element, the transfer resistance term can be derived in the environment of n
surrounding elements to evaluate the base resistance response. This is critical to the understanding of
the bipolar transistor response in a coupled substrate environment (Figure 2.19).

2.12 SUMMARY AND CLOSING COMMENTS

This chapter addresses the fundamentals of semiconductor bipolar transistor elements for both lateral
and vertical devices. In the next chapter, CMOS latchup physics is addressed. In this chapter, the focus
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will be on understanding the pnpn structure in the environment of integrated electronics and parasitic
bipolar elements that occur in CMOS and BiCMOS technology.

PROBLEMS

1. Show the relationship between the emitter injection efficiency factor ), the base transport factor B,
and the base defect dg and the emitter defect Jg terms. Express the emitter efficiency factor and
base transport factors as a function of the base and emitter defect.

2. Plot the Auger recombination time as a function of doping concentration from 10" to 10*' cm™

for both p-type and n-type silicon. Plot the recombination time for typical Shockley—Read—Hall
recombination as a function of doping concentration. Plot both SRH and Auger recombination
times as a function of doping independently, and as an effective recombination time. At what
doping concentration does Auger recombination dominate the total SRH recombination? What
doping concentration does SRH recombination dominate the Auger recombination? Given typical
n-well and p-well implant dose magnitudes in semiconductor processing, what dose levels are
needed in order to have Auger recombination doping significant?

3. Given typical subcollector doping concentrations, what doping concentrations and subcollector
widths are needed in order to have significant Auger recombination doping? What are the values to
prevent injection into the substrate? Given subcollectors are implanted instead of grown, whereas a
10"® cm ™2 dose achieves standard subcollector doping concentrations, what is the lowest subcollector
implant level at which Auger recombination will be dominant?

4. Given an objective of having a highly doped p++ buried layer (HDBL) is placed in a p— substrate,
what width and concentration of the HDBL will prevent electrons from surviving penetrations
through the HDBL layer?

5. From the Johnson limit relationship for maximum voltage — unity current cutoff frequency product,

Ve
Vot = Em=—.
27
Express the speed of the transistor to switch to the breakdown voltage. Given a SCR rectifier,
switching time can be expressed as the sum of the base transit times, express the switching
relationship as a function of the (Vy, = BV(go) and the Johnson limit relationship.

6. Assuming a MOSFET constant electric field scaling relationship with the scaling parameter o,
show the scaling relation assuming dimensional similitude scaling in both the lateral and vertical
dimensions. Assume the vertical profile scales as a parameter f3, derive the relationship for the
transit time scaling as a function of both the lateral and vertical scaling relationships, assuming the
pnp is scaled according to vertical scaling and the npn transistor is scaled according to the lateral
scaling parameters.

7. Given an n-well CMOS in a p— substrates, show the vertical parasitic npn and pnp Ebers—
Moll model superimposed on the CMOS structure (e.g. p diffusion in an n-well, n-well and
substrate).

8. Assuming a substrate with a p— substrate doping concentration of 10'* cm™ and a HDBL p++
layer of 10?° cm ™2, evaluate the reflection factor at the top interface. How does it affect the lateral
transport? Assuming a substrate with a p— substrate doping concentration of 10" cm™ and a
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p-well of p+ layer of 10'7 cm ™3, evaluate the reflection factor at the top interface between the p-
well and the p— substrate. How does it affect the lateral transport?

9. Given a triple-well CMOS technology (n— region placed in the p— substrate region), show the

vertical and lateral npn Ebers—Moll model superimposed on the triple-well structure.

10. Given a triple-well model, assume a uniform epitaxial region and a physical contact on both sides

R

11.
12.

13.
14.
15.

16.
17.

18.

19.

20.

21.

of the n-channel transistor in the isolated epitaxial region. Assume that the spacing of the p+
contacts in the triple-well region is L and the voltage between the two contacts is Vj,_yen. Assume
that the STI trench isolation is Lgt; and the depth of the triple-well implant is Lyvw. Derive an
electric field expression for a lateral electric field in the isolated epitaxial region based on the
geometrical factors in the triple-well region. Assume a sheet resistance value where the sheet
resistance is the value under the STI regions. Derive the vertical npn characteristics of the vertical
npn in the presence of the lateral electric field.
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3 Latchup Theory

In this chapter, the basics of latchup theory and the pnpn will be discussed. The equations for latchup
initiation, regenerative feedback as well as sensitivity to all of the physical variables will be discussed.
In the first section, basic dc equations are discussed to understand the physical equations and nature of
latchup. In the second section, a second look is taken based on the work of differential and ac analysis
of latchup. In the differential analysis, the form and conditions of the equations will constantly refer
back to the earlier formulations to generate insight into the differences of the two bodies of work.
Transient latchup, external latchup injection and guard rings are also discussed.

The early theory for latchup was associated with the understanding of the pnpn structure, also
known as the silicon-controlled rectifier (SCR) [1-8]. Shockley, Ebers, Moll and others were involved
in the modeling and physics of the pnpn structure [1-8]. In the late 1970s, the emphasis changed in the
understanding of parasitic pnpn structures for the purpose of quantifying CMOS latchup in integrated
electronics. The primary focus shifted toward understanding of latchup in terrestrial applications for
mainstream CMOS technology. In the late 1970s to the mid-1980s, the literature addressed modeling,
characterization and semiconductor process solutions for elimination [9-26]. In the mid-1980s,
the focus shifted toward understanding of distribution effects, process solutions and transient latchup
[26-58]. In the 1990s, the latchup work focused on standardization and standards development for
qualification of CMOS and BiCMOS (bipolar CMOS) products [59-70].

3.1 REGENERATIVE FEEDBACK

The latchup S-type I-V characteristic allows the circuitry to transition from a low-current/high-voltage
state to a high-current/low-voltage state. It is ‘off” in normal operation and can be triggered ‘on’ in a
high-current state. In this state, it establishes a high current at a low voltage, allowing a low-impedance
shunt. At low impedance, the current can lead to thermal failure.

Conceptually, the four-region pnpn can be understood as a cross-coupled pnp and npn bipolar
junction transistor (BJT) device, where the base of the pnp BJT device is the collector of the npn BJT
device and the base of the npn is the collector of the pnp BJT device. This pnp—npn BJT coupling
establishes regenerative feedback leading to the S-type /-V characteristic and causing the electrical
instability that is observed as a negative resistance state (e.g. dI/dV < 0). As discussed in Chapter 1,

Latchup Steven H. Voldman
© 2007 John Wiley & Sons, Ltd
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Figure 3.1 Latchup circuit schematic with shunt resistors (e.g. associated with the well and substrate resistances).

the circuit can be represented as a two-transistor circuit. In the earlier representation, the resistances of
the well and the substrate regions were not shown. Figure 3.1 shows the circuit schematic with shunt
resistances across the emitter—base junctions of the pnp and the npn transistor.

3.1.1 Regenerative Feedback without Shunt Resistors
and Alpha Representation

Application of a positive bias on the pnp emitter and a ground potential on the npn emitter establishes a
voltage across the pnpn. The positive voltage provides a forward biasing of the emitter—base junctions
of both pnp and npn transistors. The pnp base—collector junction (which is also the npn base—collector
junction) is reverse biased; this prevents pnp anode-to-cathode current flow. As the anode-to-cathode
voltage increases, the base—collector junction voltage increases. This mode of operation is called the
forward blocking state [1-7].

For current continuity at the cross-coupled nodes, the pnp transistor collector current must equal the
npn transistor base current, as well as the npn collector current must equal the pnp base current.
Mathematically, the coupling is established through solving Kirchoff’s current law at the base—
collector nodes. In this form, the standard equations of bipolar transistors can be used to quantify the
interaction and current in the pnpn structure. Hence, the two nodal equations can be expressed as

Icp = Ibnv

Icn = Ibp’
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where I, and I, are the pnp and npn BJT collector currents, respectively, and likewise, Iy, and Iy, are
the npn and pnp BJT base currents, respectively. The pnpn total current is equal to the pnp BJT emitter
current or the npn BJT emitter current. From Kirchoff’s current law, the emitter current must equal the
sum of the base and collector currents:

I =1Iep = Iy + lop.

From the coupling relationships, it can be expressed as
I= Iep :Icp + Ien :Ibp +don = Iy +Ion = Ien = 1.

Solving for the current as a function of the two collector relationships, the collector current can be
expressed as a function of the emitter current,

Icp = Odep + Icp07
Ien = olen + Leno,

where the collector current is equal to the product of transport factor and the emitter current summed
with the base—collector leakage. Solving for the current through the pnpn structure, the current can be
expressed as

Icp() + Ieno
1- (fxn + Oﬁp) ’

Given that the transport factor is less than 1, it can be shown that all states of the system must be
contained within a rectangle in o,—, space. Figure 3.2 shows the ‘alpha space’ mapping with two
regions. In the rectangular region, this can be divided into two triangles where the sum of the alpha
terms is less than and greater than unity.

oqta, > 1

oo, < 1

1.0

a4

Figure 3.2 Alpha space highlighting the rectangle of all states of the two-transistor system. The rectangular
region is divided into two triangular regions.
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3.1.2 Regenerative Feedback without Shunt Resistors
and Beta Representation

The above current relationship can be expressed as a function of the bipolar current gain, substituting in
for the collector-to-emitter transport [13]:

Ich + IcnO

B, B )
1_<ﬁn+1+ﬁpi1>

3.1.3 Regenerative Feedback with Shunt Resistors
and Alpha Representation

1=

The condition for latchup initiation is a function of the currents through the feedback elements. The
intrinsic resistances in the collector, base and emitter structures can influence the regenerative feedback
condition. The evaluation of the base resistance plays a critical role in the modulation of the
regenerative feedback. The base resistances play a significant role in pnpn holding voltage Vy. In
CMOS technology, the well and substrate resistances serve as the base resistances, where these
resistances can be modified by both semiconductor process and design. It was shown that the total pnpn
current equals the emitter current. The emitter current is equal to the sum of the collector currents, or
the sum of the base currents.

I = Icp + Icm
where

[cp = Odep + ICp07
Ien = olen + Leno-

The base resistance terms of the pnp and the npn transistor are outside of the collector-base current
loop in the regenerative feedback, but they do play a role in the relationship between the emitter and the
pnpn currents. Taking into account the current flow through the shunt resistors,

I= Iep + Iy,
I = Iy + I,

Then,

I = Iy + Iy = aplep + Lepo + onden + Ieno-
Rearranging the terms,
I= O‘p(lep +1,) - o‘p(lw) + Lepo + O (Ten + Isx) — ot (Isx) + Leno-
Again, grouping the terms,

I= (O(P + Otn)] - oCP(IW) - O(n(lsx) + (ICHO + Ich)-
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From this form, the expression for current is

([cn() + ]cp()) - 0CP(IW) — aﬂ(lﬂx) .

I =
1 — (o + tn)

In this form, two important points can be observed. First, the numerator has been modified to include
the current through the well and substrate shunt resistances. Second, the denominator condition has not
been modified (e.g. compared to the analysis without the well and substrate resistance terms).

From the equation on the total current relationship,

(otp + o) — atp(Iw) — 0tn(Isx) + (Ieno + Iepo) — 1 = 0.
Dividing by the current,

Iy, I, Leno + 1
(o ) — oty o) o) Mo )

—1=0.
1

Assuming that the leakage current is significantly less than the current, the condition for latchup can be
expressed as [13]

(op +0tn) = 1+ap@+an@.
1 1
This equation shows that the criterion for instability is modified by the additional terms in the equation.
When the well or substrate shunt resistor currents are zero, then the right-hand side of the equation is
unity (e.g. the ‘sum of the alphas’ is unity). When the well or substrate current term is nonzero, then the
latchup condition requires that the ‘sum of the alphas’ has to be greater than unity.

3.1.4 Regenerative Feedback with Shunt Resistors
and Beta Representation

From the bipolar current gain expression, for the pnp BJT,

By
op =
By +1
and for the npn BJT,
__ba
TR

Substituting the bipolar current gain term for the collector-to-emitter transport factors,

By+1 By+1 e

:B ﬂn _ :[)) (Iw) ﬁn (ISX)
( ot >_Hﬁpi1 I B,+1 17
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Multiplying both sides of the equation by the term (f8, + 1)(f8, + 1), the equation can be expressed as

(Iw) ()

ﬁp(ﬁn + ]) +ﬁn(ﬂp + 1) = ([))n + 1)(5p + ]) +Tﬁp(ﬁn + ]) +T(ﬁp + l)ﬁn

Factoring out the terms and eliminating of common terms on both sides of the equation, this can be
expressed as a function of the forward bipolar current gain product,

pob =1+, 1)+

Ly
U (5, 1 1),

In this form, it can be observed that in the case where the current flowing through the shunt elements
approaches zero, this expression reduces to the product of the bipolar current gains equal to unity.
Additionally, when these terms are nonzero, the requirement for latchup is that the product of the
bipolar current gains must be greater than unity. Hence, it is clear that the presence of the shunt
resistances leads to a higher requirement to initiate latchup. Also note that in these terms the RHS
terms contain the bipolar current gain product and they are of the same order of magnitude as the term
on the left-hand side (e.g. the terms are of order O[f?]). As a result, when the ratio of the shunt currents
is of the same order of magnitude as the current / (e.g. O[1]), then the terms on the RHS are
significant.

A key question is given a known bipolar current gain of the first transistor, what is the necessary
condition of the bipolar current gain of the second transistor to initiate latchup? To determine the
bipolar current gain required to satisfy this condition, knowing one of the bipolar current gains, we can
solve for the current gain of the second transistor as a function of the first transistor. Factoring the
above equation,

(Iw)

o[~ 85, 1) - ()

(1)

S| =1

Ba-

Factoring and solving for fi,,, (denoted as f3,)) as a function of f,,, (denoted as f3,) and currents in the
well resistor, the substrate resistor and the pnpn [13],
()
REANEY &
.
WﬁUdl
SX
B

To obtain the criterion as a function of the current gain product, we can multiply the expression by the
npn BJT current gain,

{I—IW

I+ I.p,

BuBy = ;
1
[[ —1I, M _ st:|
Ba
or equivalently due to symmetry [13]
I+1,B
BuBy = " f) .
[— I~ 1,
By
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The well and substrate currents can be solved as a function of Vgg divided by the well and substrate
resistances, respectively:

= (VBE) pnp &m{lflw]

Ry, (lo)p
( VBE ) \VBE/npn V() l:l I, :|
Sx =—1In .
Ry Ry (I 0 ) n

3.1.5 Sensitivity Factors — Beta Product

The ‘beta product’ relationship B, (or BonpPupn) is a function of semiconductor process and design
parameters. A latchup design practice is the evaluation of the beta product f3,f, to the fundamental
parameters. In the development of a semiconductor technology and design rules, it is important to
understand how this metric varies as a function of the independent variables. A latchup design practice
is the evaluation of the partial derivatives of the beta product relationship. The beta product sensitivity
relationship as a function of the bipolar npn and the bipolar pnp of the parasitic pnpn can be expressed
as [13]

Pa O
Sp, = AT {BaB}
and
By
S/fp ﬁnﬁp aﬁn {ﬁnﬂp}

From the relationship, other parameters can be defined. As an example, Estreich [13] noted that for an
n-type substrate the beta product relationship can be defined as

‘B2
F+ _n
nFp — F—1 )
where
I
F—— DD
I, + 1 (ﬁ“+l)
Ry TR | ——
AN
and
K="
Ipy

From this form, it can be observed that the parameters F' and K are on the RHS of the equation. As a
result, the magnitude of the RHS of the equation is a function of the parameters F' and K. Estreich
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defined sensitivity parameters as a function of these parameters. The parameter K contains the current
flowing through the well and substrate resistors and influences the triggering of latchup. A latchup
design practice is the evaluation of the sensitivity parameters on the RHS of the beta product
relationship [13]:

Sﬂp ﬂ ﬂ aF{:Bnﬁp}
and
K ©
S/;p ﬁnﬁp aK{ﬁnﬁp}

Emitter resistance of the parasitic pnp and npn transistors can also influence the ‘beta product’
relationship. The sensitivity of S,n,fnpn to the emitter resistance can be evaluated from the following
sensitivity factors for the pnp and npn emitter resistances, respectively [13]:

Srg,, ﬁnﬁp r‘,, {ﬁnﬁp}

ren
S, = Bbo o {ﬁnﬁp}

3.2 LATCHUP CRITERION WITH EMITTER RESISTANCE

Latchup is a function of the bipolar current gains as well as corresponding resistances. In addition, any
other resistance term can influence the condition for latchup and the circuit stability. Latchup is a
function of the following resistances:

e collector resistance;

e emitter resistance.

The intrinsic resistances in the emitter structure can influence the regenerative feedback latchup condition.
In addition, emitter resistances influence both the electrical and the thermal stability of a network. The
latchup triggering condition is a function of the currents through the feedback elements. Figure 3.3 shows
the circuit schematic of the CMOS circuit with the inclusion of the shunt and the emitter resistances.

From the circuit schematic, it is clear that the emitter resistances are not present in the regenerative
feedback loop (e.g. note that the regenerative feedback is associated with the cross-coupling of the
base—collector junctions). But, the emitter resistances are present in the Kirchoff current loop that
influences the forward bias condition of the emitter. In addition, the emitter resistance is also in the
current path of the latchup current. Hence, the presence of the emitter resistances will play a role in
‘debiasing’ the emitter—base junction; in this fashion, it influences the feedback of the network.

In addition, the emitter resistors also alter the current flow through the shunt resistances. As the
emitter resistances increase, more current will flow through the shunt resistors, and less through the
bipolar junction transistor. In the case where the emitter resistances were infinite, the current would
only flow through the well and substrate shunt elements. As a result, it is clear that the emitter
resistance influences the shunt currents. Another means to observe this is that the emitter resistance and
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Figure 3.3 CMOS latchup circuit schematic with the emitter resistances.

the shunt resistance are contained within the same Kirchoff current loop with the emitter—base junction
of the respective transistor.

As shown above, to determine the bipolar current gain required to satisfy the latchup condition,
knowing one of the bipolar current gains, the current gain of the second transistor as a function of the
first transistor can be solved. f3,,, can be factored and solved as a function of By, well resistor current,
substrate resistor current and the current through the pnpn structure. In the presence of the emitter
resistances, the substrate and well resistances are modified. This can be shown as follows:

and hence the product of the bipolar current gains can be expressed as the modified substrate and well
currents,

I+1.0,
ﬁnﬁp > ([)) i 1) )
[1 -t Iéx}
Ba
or equivalently due to symmetry [13]
I+I.p
Bubp = . :
1—-r M —r
sx ﬁp w
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The emitter resistance in the pnp transistor influences the voltage drops across the n-well resistor.
Using Kirchoff’s voltage law, the sum of the voltage drops in the current loop across the two resistor
elements (well and emitter) and emitter—base voltage equals zero. The current flowing through the
emitter resistor is the pnpn current minus the current through the n-well resistor; hence, the well
resistor current is [13]

/o (VBE)pnp + Irep .
w Ry + rep

From this expression, as the emitter resistance approaches infinity, no current flows through the emitter
resistor, and

I =1

For the opposite case, where the emitter resistance approaches zero, this reduces to the well-known
term,

I (VBE)pnp

w Rw
Equivalently, the substrate resistor current is

;o (VBE)npn + Iren
= Ry + ren .

Focusing on one transistor only, for the case of the emitter resistance for the npn (ignoring the pnp
emitter resistance), the latchup criterion is as follows [13]:

o (Ve e,

Ry + ren
ﬂnﬁp 2 I:Iil/ (ﬁn + 1) B ((VBE)an +1r0n>:| .
W ﬂn Rsx+ren

For the case of the emitter resistance for the pnp (ignoring the npn emitter resistance),

I+ <(VBE)pnp +1rep)ﬁp

Ry +rep

I—1 (ﬂp + 1) _ (VBE)PHP +Ir8p .
X ﬁp Ry + Tep

For the effect of both transistors, the latchup criterion including the pnp and npn emitter resistances
[13] is

Bubp =

I+ <_(VBE)"P"_+ Ir"“) Ba

RS.’( + ren

{1 B ((VBE)pnp + Irep> B+ 1) <(VBE)npn + Iren)} ‘

Rw+rep Rsx + Fen

Pubp =

n
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3.3 HOLDING POINT CONDITIONS

The holding point condition is a key latchup metric. It is a common latchup design practice to have the
holding voltage (Vi) above the power supply voltage (Vpp) so that latchup cannot be maintained. In
other applications, holding current Iy is critical.

3.3.1 Holding Voltage

The holding voltage Vy is the voltage across the pnpn structure after the structure switches from its
blocking condition to its ‘on’ state. After the voltage exceeds the knee voltage, the pnpn undergoes
regenerative feedback and transitions from a low-current/high-voltage state to a high-current/low-
voltage state. As a rough approximation, Vy is equal to the sum of the voltage drops across the structure
when the transistors are forward active and the voltage across the n-well to substrate junction, V; [59],

VH ~ (Vbe)n + (Vbe)p + Vr.

Experimentally, it can be observed that the S-type characteristic falls into a state close to Vg = 1.2 V.
Experimentally using external resistance elements, Vi can be modulated to higher voltages. Figure 3.4
shows the holding voltage as a function of the bipolar product.

3.3.2 Holding Current

A key latchup design consideration is the holding current Iy;. Given a constant Iy value, for given fp,,
and f,p,, the question is what are the conditions for the range of the well and substrate resistances for a
constant Iy? The holding current can be represented by the following relationship [13]:

Bo(Ba + DIy + (B, + 1) ol

IH = ;
ﬁpﬁn -1
3.0 |-
=S
> L
o
8
= |
2 20 - &
o
9]
T
1.0 | 1 1 1 1 1
5.0 10.0 15.0
ﬁnpn ﬂpnp

Figure 3.4 CMOS latchup holding voltage versus bipolar product.
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where the well and substrate currents can be solved as a function of the base—emitter voltage divided by
the well and substrate resistances, respectively. In addition, for both formulations, the well and the
substrate currents can be obtained as

(Vee)wy _ Vo, [1 - IW}
Ry R,

MR TR ),

and

(VBE)npn Vo |:I - st]
w == —1In .
Rsx Rsx (IO)n

3.3.3 Holding Current Contours
The holding current condition can be structured as follows:

Bo(Bo + Dlw + (B, + 1)Bulsr = (BpB0 — Din.
Dividing by (8, + 1)(8, + 1),

ﬁp I, + ﬁn L. — (ﬁpﬁnfl) Iy

Bo+17"  Bu+17 B+ 1)+ 1)

Substituting the resistance values,

ﬁp (Vbe)pnp B (Vbe)npn o (Bpﬁn -1) I
Bpt1 Re  Potl Re (Bt D(B+1) ™

In this form, it can be observed that for constant npn and pnp bipolar current gains, and for a constant
holding current, the equation RHS is a constant. As a result, the two terms on the equation LHS must
balance each other as one increases or decreases. Hence, to satisfy the constant holding current, for a
given structure size, as the shunt well resistance increases, the shunt substrate resistance must decrease,
and vice versa. There is an interrelationship between the two shunt resistances in order to remain on a
given Iy contour. For the case where the well resistance increases to infinity,

ﬁn (Vbe)npn (ﬁpﬂn - l)

Fotl Ry Byt DatD™

and solving for substrate resistance,

_ (ﬁp + 1)(Bn + 1) ﬁn (Vbe)npn
Y (ﬁpﬁn - 1) :Bn +1 Iy .
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For the opposite condition, where the substrate resistance is infinite, the condition for the well
resistance for the same bipolar current gains and holding current is

(ﬁp + 1)(ﬁn + 1) ﬁp (Vbe)pnp )

R = (ﬁpﬂn - 1) Bp +1 IH

Taking the natural logarithm of both sides,

In Bp (Vbé)pnp [))n (Vbe)npn —In (ﬁpﬁn - ) I
Bot1 Ry  Putl Re | |Bpt DB+
From natural logarithm relationships, In[ab] = In[a] + In[b],
In ﬁp ( ,Bn ) (Vbe)pnp(vbe)npn —In (ﬁpﬁn - 1) I
Bot1)\But 1) RBa | B+ DB D
Factoring out the well and substrate resistance terms,
ﬁp ﬂn _ (ﬁpﬁn - 1)
" (ﬁp ¥ 1) (ﬂn ¥ 1) (Vbe)""“(vbe)p“p} B [y

Then for a constant holding current, the well and substrate resistance conditions are related as the
natural logarithm product of the well and shunt resistance terms,

B P
</fp ¥ 1> </fn + 1) (V"e)""“(v"e)‘)""} o

For constant holding current, bipolar current gains and forward active bias conditions, it is clear that
this will provide a hyperbolic relationship on a logarithmic plot of the shunt well and substrate
resistances.

Given a fixed semiconductor process and a fixed pnpn structure, given that different well and
contact spacings are chosen, one can vary the well and substrate resistance conditions. Hence, Iy and
Vu contours can be shown to be a function of Ry and Rgsx. This can be graphically observed by a
representation of the locus of points in a log—log resistance space, where one axis is the logarithm of
the well shunt resistance and the other axis is the logarithm of the shunt substrate resistance.

(Bpﬂn - 1)
By + (B +1)

In[RyRy] = In Il

3.3.4 Sensitivity Factors — Holding Current

The holding current relationship is a function of semiconductor process and design parameters. A
latchup design practice is the evaluation of the partial derivatives of the holding current relationship.
The holding current sensitivity relationship can be defined as follows [13]:

gt _ By Ol
b IH aﬁn’
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S];I :ﬁ%
'[" IHaﬁp7
g Ry Iy
Rw ™ Iy ORw’
sH :&aﬁ
Rs ™ Iy ORg

3.4 RESISTANCE SPACE

In latchup analysis, there are four fundamental variables that influence the latchup criterion. Given a
fixed pnp base width transistor dimension (e.g. the p+ diffusion to n-well edge dimension) and a fixed
npn base width transistor dimension (e.g. an n+ diffusion to n-well edge dimension), the p+/n+ space
for the pnpn structure is fixed. In a given technology, these minimum dimensions are fixed by the
technology generation and design ‘ground rules’. Yet, there are the shunt resistances; there are two of
the fundamental variables in the differential generalized tetrode relationship for latchup avoidance.

The latchup representation was shown as a function of the ‘sum of the alphas’ representation in
‘alpha space’ and ‘generalized alpha space’, which represented the regions of the latchup [59]. In this
case, the region was triangular, and the alpha sum demarcation was represented as a line. In addition,
the representation in ‘beta space’ is represented as the ‘beta product’, where graphically the
transformation converted the contour into a hyperbola [59, 71, 72]. Another practical representation
is the representation in ‘shunt resistance space’ or can also be referred to as ‘log well-log substrate
resistance space’. In this case, contours of constant Vy or constant /iy can be defined for a fixed
structure size. This representation is very important in the latchup design discipline for the evaluation
of the sensitivity of the pnpn structure as a function of the substrate and well contact spacing.

Figure 3.5 is an example of a design plot in resistance space, where a constant Vi contour is shown
[71,72]. The relationship shows that this follows a hyperbolic form in the resistance space. This contour
is for a given holding voltage condition and is a function of the bipolar current gain of the pnp and npn
transistors.

A
(@)
1000.0
2 1000 Holding voltage
g contour
3
- 10.0 —
1.0 [~
| I | I | >

1.0 100 100.0 1000.0 (9]
log(Rsx)

Figure 3.5 Logarithm of shunt well resistance versus logarithm of shunt substrate resistance for a constant
holding voltage contour.
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A key latchup design practice is to choose a holding voltage Vy, that is above the application power
supply voltage Vpp. In the latchup design practice, a trade-off exists between the substrate and the well
resistance to remain on the Vi contour. For example, Figure 3.5 can be used as a design curve for
defining the semiconductor technology doping concentrations and physical dimensions.

3.4.1 Resistance Space — Constant Holding Condition
Contours

A key latchup design consideration is the well and substrate conditions. Given we assume a constant
value for the holding current, for given bipolar transistor current gains of the pnp and the npn, the
question is what are the conditions for the range of the well and substrate resistances for a constant
holding current? The holding current can be represented by the following relationship:

ﬁp(ﬁn + I)IW + (ﬂp + 1):Bnlsx
Iy = )

ﬁpﬁn -1

where the well and substrate currents can be solved as a function of Vgg divided by the well and
substrate resistances, respectively:

" Ry Ry

(Vee)pwp _ Vo 11w
a (o),

and

_ (VBE)npn _ &hl |:I - st:|
* Rsx Rsx ’

The Iz condition can be structured as follows:
ﬁp(ﬁn + l)IW + (ﬁp + l)ﬁnlb = (ﬁpﬂn - 1)IH
Dividing by (8, + DB, + 1),

Bp ﬁn o (ﬁpﬁnf 1
B T T G

Substituting the resistance values,

.Bp (Vbe)pnp B (Vbe)npn _ (ﬁpﬁn - 1) In.

ﬁp+1 Ry ﬂn_'_l Ry (ﬁp+1)(ﬁn+1)

In this form, it can be observed that for constant f3,,, and f,np, and for a constant holding current, the
equation RHS is a constant. As a result, the two terms on the equation LHS must balance each other as
one increases or decreases. Hence, to satisfy the constant Iy, for a given structure size, as the shunt well
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resistance increases, the shunt substrate resistance must decrease, and vice versa. Hence, there is an
interrelationship between the two shunt resistances in order to remain on a given holding current
contour. Taking the case where the well resistance increases to infinity,

ﬁn (Vbe)npn (ﬁp/))n - 1)

Ftl Re G rDG+D™

and

R — B+ DB +1) B, (Vbe)npn.
(ﬁpﬂn - 1) ﬂn + 1 IH

For the opposite condition, where the substrate resistance is infinite, the condition for the well
resistance for the same bipolar current gains and holding current is

R. — (ﬂp + 1)(ﬁn + 1) ﬂp (Vbe)pnp
w = ) .

(ﬁpﬁn - ﬁp +1 In

Taking the natural logarithm of both sides,

In ﬁp (Vbe)pnp ﬁn (Vbe)npn —In (ﬁpﬁn - 1) IH )
Bp+1 Ry Bot+1 Ry By + (B +1)
From natural logarithm relationships, In[ab] = In[a] + In[b],
ﬁp ( ﬁn ) (Vbe)pnp(vbe)npn (ﬁpﬁn - 1)
In =In|——————1Iy].
ﬂp + 1 Bn + 1 RWRSX (ﬁp + 1)(ﬂn + 1)
Factoring out the well and substrate resistance terms,
p ( B ) (BpBa — 1)
1 2 ) (W, Vi —In[RyRy| =In | —F=————Iy|.
n (ﬁp_"l ﬁn+1 ( be)npn( be)pnp Il[ SX] n (ﬁp+1)(ﬂn+l) H

Then for a constant Iy, the condition for the well and substrate resistances is related as the natural
logarithm product of the well and shunt resistance terms,

<ﬁpﬁi 1) (ﬁnﬁi 1) <Vbe)npn(Vbe)pnp} ~In

For constant holding current, bipolar current gains and forward active bias conditions, it is clear that
this will provide a hyperbolic relationship on a logarithmic plot of the logarithm of the shunt well
resistance and the logarithm of the substrate resistance.

Given a fixed semiconductor process and a fixed structure size of a pnpn structure, given that
different well and contact spacings are chosen, one can vary the well and substrate resistance

(.Bpﬂn B 1)

In[RyRy] = In By + 1)(By +1)

Ii|.
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conditions. Hence, it is anticipated for Iy or Vi conditions that constant contours can be shown as a
function of well and substrate resistances. This can be graphically observed by a representation of the
locus of points in log—log resistance space, where one axis is the logarithm of the well shunt resistance
and the other axis is the logarithm of the shunt substrate resistance.

3.4.2 Resistance Space Plots

Each unique pnpn structure is a function of f,,n, fpnp» Rw and Rsx [72]. For a fixed pnpn structure with
a fixed p+ to n-well edge space and a fixed n-well to n+ space, there exists a unique state of the
structure for a given substrate resistance and a given well resistance. The holding voltage Vy is a
function of all four variables. As the well and substrate resistances are varied, a constant Vg contour
can be mapped in a ‘resistance space’ of log (Rsy) versus log (Ryw). Figure 3.6 shows a plot of a Vy
contour as a function of well and substrate resistances. For each unique p-+/n+ space, there will be a
different contour in the resistance space. The Vy contour is a function of the p+/n+ spacing and
temperature. Mapping of the Vy contour in log(R,,) versus log(Rs,) space provides all possible cases of
the potential resistance values observed for a given p+/n+ space. Hence, these resistance plots can be
utilized to quantify all possible design states observed in a semiconductor chip. Note that for each pnpn
structure with a different bipolar current gain, the contours shift relative to the axis. A latchup
semiconductor design methodology is as follows [72]:

e Choose a worst-case p-+/n+ space for a given technology.

e Using external or internal resistances, map the holding voltage contour for a fixed holding voltage
as a function of well and substrate resistances from zero to infinity (e.g. to high possible resistance
values observed on chip).

e Repeat the process for all p+/n+ spaces in the technology and all temperatures of interest.
e Choose a Vy to Vpp margin design condition.

e Find the Vy value for the worst-case p+/n+ space.

(@)
1000.0 —
3
c
T 1000 Holding voltage
g’ contour
10.0

v

1.0 10.0 100.0 1000.0 Q)
log(Asy)

Figure 3.6 Holding voltage contours in resistance space (well and substrate).
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Figure 3.7 Beta space contour of the latchup pnpn structure.

e Choose a worst-case well resistance (or substrate resistance) on the worst-case holding voltage
contour.

e Choose a worst-case substrate resistance (or well resistance) on the worst-case Vi contour for the
given worst-case well resistance (or substrate resistance) value.

3.5 BETA SPACE

From the analysis, there exists a region in bipolar ‘beta space’ associated with the npn and the pnp
bipolar current gain [13, 59]. Figure 3.7 shows a plot of the two domains of interest for the pnpn
structure. From the bipolar criterion, it is known that the product of the npn and pnp bipolar current
gains forms a hyperbola in ‘beta space’. In the simplest case, when the beta product is less than unity,
the pnpn circuit is in the blocking state and latchup does not occur. When the latchup criterion is
satisfied, switching of the pnpn can occur. Hence, the latchup criterion forms a hyperbola in -space,
which separates the cases of latchup and no latchup. In the more general case, the hyperbola for
switching shifts for each well and substrate resistance value. Note that for each pnpn structure with well
and substrate resistances, the contours shift relative to the axis.

3.6 CMOS LATCHUP DIFFERENTIAL TETRODE CONDITION

In the latchup analysis, different formulations exist that address the dc conditions and the transient
conditions. A more generalized form can be used for the evaluation of the stability criterion. In this
form, latchup can be represented as a function of the effective large-scale injection factors and the
effective transport factors [59].

Define the effective large-scale injection factors for the pnp and npn as the ratio of current flowing
through the emitter compared to the total current flowing through the latchup structure, for the pnp and
the npn, respectively,
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and

where I, and I, are the emitter currents and / is the total latchup current. The total latchup current / is
larger due to the current flowing through the bypass well and substrate resistors. The total current
flowing through the latchup structure can be expressed as

I=1,+ Ip = dfplen + O(fplep + I + Ipd + I,
where the first terms are the collector currents and the last terms are the total diffusion current at the

well junction and the space charge generation current at the well junction. Expressing the current as a
function of the effective injection factors,

1=1, +Ip = O(fn))::[ + Oifp"/;I+ ([nd +Ipd +Isc)~

Solving for the total current, by factoring out the terms, the expression takes a familiar form in the
alpha representation [59],

= (Ind + [pd + Isc)
1 — [ogmyy + “fpV;;]

Defining an ‘effective bipolar transistor gain’ as

* *
Oy = %Yy,
* *
Offp = “fp'))lw

the latchup current relationship takes on the form of the earlier alpha relationship. Expressing the
leakages as a sum of the total diffusion current at the well junction and the generation current within the
well depletion region,

I =Iq +1pd +ISC7

the stability relationship takes on the familiar form as in the prior derivations, as the ratio of the total
diffusion current and generation current within the well region, divided by the effective transistor
gains:

1- [O(?n + O(Fp}

or

— IS
1 — [ogyy + ‘xfpyg] .



144 LATCHUP THEORY

3.6.1 CMOS Latchup Differential Tetrode Condition — First
Representation

Troutman [59] noted that this can be addressed looking at the differential response. From this
relationship, it appears that the switching state will occur when the denominator is zero. Troutman
pointed out that this cannot occur, that the usage of this expression for determining the switching state
is inaccurate and that a generalized tetrode stability relationship must be represented as the derivative
of this condition [59]. Rearranging the expression,

{1~ oy + o]} = I

Taking the derivative of the expression and factoring, as a function of the current /g,

d

1= B+ o)) =

I
]S Sy

d L d
G 0= Ty ) = G

a d di,

Il * _
d]s dlg{ [afn +O€fp]} d[s

where finally this can be expressed as

a d ...
E_a{l[atn+“tp]}:1

From the second term in the above equation,

d N . d N Ly dl
d715 {I[O(fn + 0(fp]} = a {I[afn + afp]} dilg .

Substituting this term and factoring out the partial derivative,

dr d, . .0
a{i- e} -1

In this form, the differential stability criterion can be established by taking the derivative of the
expression with respect to the latchup current [59]:

dl 1

A
- + o)

Hence, the condition for instability for latchup occurs when the denominator is negative, or

d * *
al (o, + “fp)] > 1,
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and stable when

d * *
1 [ (orgy + 0y)] < 1.

A generalized differential latchup criterion can be expanded and expressed as [59]

* * d * *
(afn + afp) + Ia [(‘“t‘n + c(fp)] =1

From this form, it can be observed that if the last term is positive and greater than zero, the sum of the
effective gains will always be less than unity.

3.6.2 CMOS Latchup Differential Tetrode Condition — Second
Representation

Although accurate, the first generalized differential tetrode condition does not provide a convenient

form with respect to the terminal conditions. The second representation lends itself to the terminal
information. Troutman [59] noted that this can be expressed as

d * *
1 (o, + 0y)] > 1.

From the definition of the effective bipolar transistor gain,

* *
Oy = %Yy

_ *
oy = Up)ys

d * *
a [I(Otf"’yn + afpyp)] 2 L.

Substituting for the generalized 7y terms, from the terminal currents,
d 1 Iep
al (o(7) (7)) 21
Simplifying,

(“nten + O(fplep) >1

]

S

or in a two-term form, where the first term is associated with the npn transistor and the second term is
associated with the pnp transistor in the latchup structure,

d d
a(afn]en) + a(fxfp[ep) 2 1.
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For the npn transistor term,

d d d
a(afnlen) = Iena(afn) + (xfna (Icn)-

For the pnp transistor term,

d d d
a (ogplep) = Iepm(“fp) + O‘fpﬁ (ep)-

Substituting into the general expression, the differential tetrode condition is expressed as four terms:

d

d d d
Icnﬁ (afn) + Ofn E (Icn) + Icpa(afp) + OCfpa(]cp) Z 1.

Define the collector-to-emitter current gain for the npn and pnp transistors, respectively,

o Icn
fn =7 >

Ien

— ICP

Ofp = 7—

Iep

From this, the small-signal forward collector-to-emitter transport factor can be defined as the
derivative, for the npn and the pnp, respectively,

” dl.,
fns = )
d /e
dr.
Ofps = dle .
ep

Then, let

d d (I 1 dlen !
Ton —— (tg) = Ty —— (=) = 1., [ — Tenon [ — =
A4l (om) Al (1) e (Icndlcn) len ( 1§n>’

d dIcn Ien
Ien— n) — —\5 |
dIen (O‘f ) (dlén> (Ieﬂ)

Substituting the definitions for the collector-to-emitter transport factors, for the npn transistor,

Ien <7 (afn) = Olfns — Ofn

or

d
_Ien m (O(fn) + Olns = g
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Hence, the same is true for the pnp transistors,

d
Iep dIep (“fp) = Ufps — Ufp,
- IepdTep (orp) + otips = opp-

Then substituting these expressions into the differential tetrode condition,

d d d d
Ien a (afn) + {_Ien dTen (O‘fn) + (xfns} a (Ien) + Iep a (afp)

d d
+ {_Iepm(afp) + OCfps} a(lep) > L.

Separating terms,

|
~
—
o
]
N
[

o o)+ { e g )| 7| g )+ { g ) |

d d
+ {afns}a(len) + {O‘fps}a(lep) 2 L.

Applying the chain rule and canceling common terms, the second representation of the differential
tetrode relationship can be expressed as [59]

o) o o)+ ) () > 1.

In this form, the terms are a function of the emitter currents, the current through the structure and the
small-signal collector-to-emitter transport factors for the npn and the pnp transistors.

3.6.3 CMOS Latchup Differential Tetrode Condition — Third
Representation

The second representation of the differential tetrode relationship can be expressed as

o) o o)+ ) S ) > 1.

In this form, the terms are a function of the emitter currents, the current through the structure and the
small-signal collector-to-emitter transport factors. In this form, the contributing term from each
transistor is the product of the small-signal collector-to-emitter transport terms and the derivative of
the current with respect to its emitter current. In this case, it is clear that the response of the circuit is a
function of the transport properties as well as the percentage of the current through the emitter with
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respect to changes in the current flowing through the complete circuit. The above equation can be
written in the following form [59]:

Olfy o
fns + fps >1

{dlen]/dl} {d[epl/dl} :

Oltns Oltps
+ > 1.
{dI1/dl.}  {dI/dI;}

or

From our earlier development, it is understood that the injection factor is a function of the current
flowing through the emitter divided by the total current flowing through the terminals. For the npn
transistor, it is the ratio of the current that flows through its emitter and the current that flows through
the shunt element (e.g. the substrate resistor),

ICH ICI]
1 15]"1 + II'S ’

For the pnp transistor, the injection factor is the ratio of the current flowing through the pnp transistor
and the total current through the pnpn element. In this case, the current is associated with the current
through the well resistor:

gt L
DT T It

Troutman defined a small-signal injection factor term for the npn and the pnp transistor, respectively,

L. dlep
Yns = dr
. Al
=T
To derive the differential injection factors,
. dlen
T
Let
I = Iy + Is.
Then

dl—dl +d1
dr- dr" dr'”

From the chain rule, this can be expanded as a function

d d d d
—I=—1ey +—Irs—Len.
dr-—drec +d[e,, Sdr
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Factoring the terms, the differential injection factor for the npn transistor is

L dly 1
s T gy S
d/e,

Due to symmetry, the differential injection factor for the pnp transistor is

L dly 1
Tos T 41 L
dlep

From this form, the third differential tetrode relationship can be expressed as follows [59]:

Olfns Olfps
> 1.
d7; dhy =
rar, 'tar,
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Hence, it is clear that we can derive a generalized forward collector-to-emitter differential transport

factor for the npn transistor as [59]

of = Olfns
fns ™ d[
P,

and a generalized forward collector-to-emitter differential transport factor for the pnp transistor as

Olfps

dlw’

(x;ps = 1
Tdl,,

with the generalized differential tetrode condition for latchup as follows:

* *
Olgs + Ol > 1.

For application of the generalized differential tetrode equation, the derivatives in the denominator must

be evaluated. From the chain rule,

dIen _ dlen dVben
dIrs dVbcn dlrs '

and

dlep _ dlep dViep
dlrw dVbep dlrw '

Define a differential small-signal emitter resistance, for the npn and the pnp transistor, respectively,

_ dvben
di ben

ren
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and

Vg
P Al |

The current derivatives can then be expressed as a function of the small-signal emitter resistances,

dIen _ 1 dvben
d 1l Ten Al

and

dly 1 dViep
dly 1 dly ’

To evaluate the derivative, the differential voltage across the E-B junction of the npn BJT can be
derived as a function of the emitter resistance, the substrate resistance and the base resistance,

dVben dr, en
=R, — [Ry + Rpn (1 — otfns )] ——
dlrs S [ n + bn( ‘xtns)] dIrs )
and for the pnp transistor,
dVbep dlep
=Ry — [Ry, + Ry (1 — o .
dl, [Rp + Rop( %pps )] Al

Troutman [59] showed that this can be substituted into the alpha relationship, where

e R 0tfins
fins Ry + 7en + Ren + [Rbn(l - (xfns)]

and equivalently, by analogy,

ot = Ryt
2™ Ry + rep + Rep + [Rop(1 — otgps)]

From this form, the differential tetrode relationship can be expressed as

RSOCfHS + RWO(fps >
Rs + ren + Ren + [Rbn(l - OCfns)] Ry, + Tep + Rep + [Rbp(l - afps)} -

where normalizing the terms to the respective resistances,

o o
fns + fps > 1

1 1
1 +IT{ren +Ren + [Rbn(l - OCfns)]} 1 +R_{rep +Rep + [Rbp(l - OCfps)]}
s w

In this development, when the differential resistance is much greater than the emitter resistance and the
base resistances, the expression simplifies to the form [59]

Ufns Oltps
TR
R, R,
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In this form, it is clear that the collector-to-emitter transport factors, the differential emitter resistances,
the substrate resistance and the well resistance all play a role in the stability of the circuit and
participate in the latchup general criterion. The second key point is that the influence of the well and
substrate resistances on the latchup stability is a function of its magnitude relative to the differential
emitter resistance of the respective transistor.

3.7 CMOS LATCHUP DIFFERENTIAL HOLDING CURRENT
RELATIONSHIP

Another form of the holding current relationship, which is consistent with the differential analysis
developed by Troutman [59], is

Iy =L+ {2 — I2}'?,

where the turn-off current has the familiar form and the expression is a function of the reverse substrate
and well currents, I and I, respectively,

_ mlrs o + ipliw o
to — " ¢____ ., 13
{om +ag — 1}

and the second term

2 M Irg Jto + MZIrW to + M3Ir% toIrw to

m A{Otfp + Olfn — 1} ’

where within the expression the variables are factors associated with the forward and reverse
characteristics of the pnpn structure,

Ml - OCfn{(l - O(prCrp)[(l - OCfnv(m) + O’rp(afn - afp) - O‘fnarnarp(l - O‘fp)]}v
M2 = o‘fp{(l — Olfn O [( O(rpOfrp + “rn(“fp afn) - o(fpocrpocrn(l - O‘fn)”’

and
Mz =1 — (otgn0ten + oip0tep) + (1 — 0t ) (20t — 1)atgpotep + (1 — 0tgn0ten ) (20t — 1)0tin e,

as well as
A = [(1 = otpotn) — e (1 — o) [(1 — tiptep) — oten (1 — 0tgp)]-

In this form, it can be observed that the turn-off holding current term is a function of the difference
between the ‘alpha sum’ and unity. As the sum of the alphas approaches unity, the holding current
increases significantly. Note that the turn-off holding current term /., is only a function of the forward
collector-to-emitter transport factors. Hence, the turn-off current is only related to the forward device
characteristics of the pnp and the npn.
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The second term Iy, in its denominator is also a function of the difference between the forward ‘alpha
sum’ and unity, as well as the second term that contains product terms of the reverse and forward
characteristics. In the numerator, all the terms contain product terms of the forward and the reverse
characteristics of the device. The complexity of this relationship is related to the interaction of the
forward and reverse characteristics.

Given the reverse characteristic transport factors approach zero, the terms reduce to

M, = o,
M, = o,
M =1,
A=1,

with a holding current relationship [59]

2
I = 1o + {12 — 12},
_ ocfn[rs,m + (xfplrw«,to
{ogn oy — 1} 7
2 O‘fnlrzs‘w + ocfPIrzwAto + ]rs,tolrwﬁto
m {OCfp —+ Olfy — 1}

to

From this form, it can be observed that the holding current is a function of the forward transport factors
and the well and substrate currents in the turn-off state.

3.8 CMOS LATCHUP DIFFERENTIAL HOLDING VOLTAGE
RELATIONSHIP

In this section, the differential holding voltage V}, addresses the dynamic holding voltage. When a
structure undergoes latchup, the holding voltage is the low-voltage state in the S-type characteristic. In
an S-type -V characteristics, there are at least two stable states for a given voltage state. At the holding
point, the structure can undergo a high-current state (e.g. the holding current). The holding voltage Vy
is one of the stable state conditions. In latchup, the voltage on the pnpn must increase to the knee
voltage (e.g. avalanche voltage condition). In this state, it is at low current. After the knee condition,
the latchup structure passes the negative resistance state and falls toward the holding point. Given that
the power supply voltage is above the holding state, a low-voltage condition at the holding can occur.
But, if the holding voltage exceeds the power supply voltage, the circuit will fall back to the low-
current stable voltage state below the knee voltage. The differential holding voltage V}, can be
expressed as [59]

Vi
Vi = (Voe )y + (Voe), = Ve + {(1 — o) Iy + Offn(;—e)"}Rsz,

where the voltages are associated with the forward bias voltages across the two transistors, 1}, is the
holding current, Ry, is the substrate shunt resistance, and Ry, is the resistance of the substrate
resistance between the pnp collector and the npn base region within the regenerative feedback loop. It
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is assumed that the second resistance R,,,, the well resistance within the regenerative feedback loop, is
negligible:

Vi
Vi = (Voe)y + (Vbe)p, — Vi + {(1 — ) Ih + O (I:—e)"}Rsz-
SX

In the case where both R, and R, are small, the equation reduces to
Vh - (Vbe)n + (Vbe)p - Vn

where V; is the forward bias at the pnpn center junction. In the case where the forward bias on the pnpn
center junction is negligible,

Vh = (Vbe)n + (Vbe)p‘

Hence, the latchup design practice is as follows:

e The holding voltage magnitude is set such as to maximize the holding voltage.

e The holding voltage is chosen as a semiconductor design point and physical dimensions whose
worst-case pnpn network has a holding voltage state that exceeds the power supply voltage.

3.9 CMOS LATCHUP DIFFERENTIAL RESISTANCE
RELATIONSHIP

The differential resistance can be derived from the derivative of the current—voltage relationship. Using
the derivative of the /-V characteristic, key metric conditions can be solved at the knee and the holding
points. Under these conditions, the derivative of voltage with respect to current is dV;/dI = 0.
Troutman [59] noted that in the blocking state, the differential resistance between cathode and anode
is expressed as

dl - rr[l - (a;ns + a;ps)}
Al 1 — otms0rfy — OOl ’

It was also noted that at the switching point, since the voltage is equal to the sum of the forward biases
Ve and V,, the differential resistance is related to the derivative of these terms. By definition, it was
stated that dV, /dI = 0; hence, the differential resistance at the switching condition is only a function of
the differential voltage of the emitter base as a function of current. In this condition, note that the
differential resistance is related to the parallel configuration of the emitter resistance and the shunt
resistance. Hence, it can be shown that

dV. dVien  dViep R 4R
= Itng pq>

dr— diI dr
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where the parallel resistance term of the npn is the parallel resistance of the substrate shunt and npn
emitter resistances,

renRs

R., =
nq ren+Rs’

and by symmetry, the parallel resistance term of the pnp is the parallel resistance of the well shunt and
pnp emitter resistances,

_ TepRyw
M ep + Ry .
For the holding voltage condition, dV /dI = 0, and the differential resistance where the transistors are

in a saturation mode can be expressed as

'th = Canq.h + Cpqu,h7

and normalized amplification factor for the npn transistor is

(] — OCFPSO(IPS) - Ofrns(l - “Fps)
(0tfs + Lfps — 1)

C, =

and normalized amplification factor for the pnp transistor is

C., = (1 — a?nsams) B O:FPS(I B a?ns)
b = .
(“?ns + (xzfps - l)
In the holding voltage condition, the response is a function of the forward amplification terms and the
parallel resistances.

3.10 DIFFERENTIAL GENERALIZED ALPHA SPACE
RELATIONSHIP

From the third form of the generalized differential tetrode relationship, the following inequality exists
[59,72]:

Oltns Olfps
TR
R, R,

This is true under the assumption that the emitter and base resistances are small compared to the
emitter dynamic resistance (for each respective transistor). In this form, it is clear that the collector-to-
emitter transport factors, the differential emitter resistances, the substrate resistance and the well
resistance all play a role in the circuit stability. Define the generalized collector-to-emitter transport
factors for the npn transistor as follows:

% Olfns

Ufing = Fen’
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Figure 3.8 Generalized alpha space.

and for the pnp transistor,

Olps

* —
O(fps - Tep

1
+R

w

In this form, it is clear that the generalized forward collector-to-emitter transport factors are a function
of the forward collector-to-emitter transport factor, the differential emitter resistances, and the
respective shunt resistance. Replacing these expressions, the generalized differential tetrode condition
for CMOS latchup is as follows:

o+ oc]’{ps >1.

This is best observed as a graphical representation (Figure 3.8). A graphical representation is made,
where the x and y axes are the two generalized differential forward collector-to-emitter transport
factors. From the equality, the locus of points that satisfy
OC}kns + O(Fps =1
is a line in the generalized a-space. The locus of points that satisfy
s =1 when ap =0
and
oc;ps =1 when op =0
hits the axis.
The locus of points that satisfy this is the demarcation state between the stable and unstable states of

the system. For the cases where the inequality is not true,

* *
Xfng + (xl'ps < 17
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this region will be referred to as the SAFE region [59,72]. The states contained within this region form
a triangular space between the axis and the demarcation line. For the cases where

* *
Xfng + afps 2 17

the space is in the plane outside of the triangular area; these cases are where CMOS latchup can occur.

From this equation, it is possible to pictorially observe the motion of the state of the circuit within
the generalized alpha space. Note that there are at least six variables that influence the state of the
circuit (e.g. ignoring the dc emitter resistance and the base resistance).

3.11 HIGH-LEVEL INJECTION

The high-level injection phenomenon influences the CMOS stability condition due to modulation of the
metallurgical junctions and differential resistance in the pnpn network.

3.11.1 High-Level Injection — Base Width Modulation

As the voltage across the parasitic transistor increases, the base—collector (B—C) metallurgical junction
depletion width increases. With the widening of the depletion width, the depletion region extends into
the base region. As the width of the base decreases, the amount of stored charge in the base region
decreases. In addition, the emitter current increases since the slope of the minority population
decreases. In low-level current injection, the emitter—base current in a transistor is equal to

Ve
1. :IS{exp(qka ) — 1}.

At high-level injection of current, this can be expressed as [59]

Is que
== —1},
Aeor) -}

where y is a correction factor for the high-level injection correction to the physical model. Note that in
a transistor structure there are both forward and reverse characteristics. As a result, there is a correction
for both the forward and reverse characteristics, associated with an Early effect for the B—C junction, as
well as the E-B junction. For high-level injection correction factor for the Early effect (base width
modulation), where V, is the forward Early voltage and Vj is the reverse Early voltage,

Vbe + Vbc 7
[Val ~ |Vs]

=1+

where the Early effect is dominant, the emitter current can be expressed as

I Wi
I =—S{exp(q be) — 1}.
Le kT
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3.11.2 High-Level Injection — Knee and Base Width
Modulation Correction

In the case of high-level injection, the first effect is associated with base width narrowing, known as the
Early effect. The second effect is also evident associated with the collector current. Defining the term
7. as the ratio of the forward active low-level current and the knee current [59]

T = feo
VK ka )
and with the Early effect correction,
Vbe Vbc
Xe = 1 + et )
’ [Val Vel

this can be expressed as
1 2 , \1/2
1 =50+ (0 +40) )

and

3.11.3 High-Level Injection — CMOS Latchup Differential
Tetrode Condition

High-level injection influences the differential latchup criterion through the influence on the small-
signal emitter resistance. High-level injection leads to an increase in the small-signal emitter resistance
terms. The third differential tetrode relationship can be expressed as follows:

Olfns Olps
dl, I, = -

1+
dlen d1ep

1+

Hence, it is clear that we can derive a generalized forward collector-to-emitter differential transport
factor for the npn transistor as
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and a generalized forward collector-to-emitter differential transport factor for the pnp transistor as

Olfps
o =
ps dly
dle

with the generalized differential tetrode conditions for latchup as follows:

dIen _ dIen dvben
dlrs dVben dIrs

and

dlep _ dlep dViep
Al dVoep iy’

or the current derivatives expressed as [59]

d /s 7ren drs ’
d]ep . 1 dVbep
dly 1 dly ’

dlen 1 dVien

with differential small-signal emitter resistances, for the npn and the pnp transistor, respectively,
defined as follows:

P dVben
en d]en )
Vi
P dly

With high-level injection effects, the base width and knee current modulation effects influence the
interrelationship of the E-B voltage and the emitter current.

From the relationship
Is que
I. =— -1
= teel) )

1
xX= E{Xa + (X% +4X7<)1/2}3

Vbe Vbc

y =142 4 "0

SRR TARN AL
Lo
XK ka7

it can be observed that terms in the high-level injection parameter are a function of the E-B voltage.
Taking the derivative with respect to the emitter—base voltage,

d I, d qVbe qVhe d 1
L5 BRI —1 ),
Voo €~ 7 dVie {eXp ( kT ) } + {CXP( kT Ve \y
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d q I qVhe qVie 1 d
l. =—— — I —1,— 7).
dvbe ¢ kT V4 {exp( kT ) } » {exp< kT }(2 dvbe (A)

Approximating the expression, by factoring out the diode relationship,

d Is que q 1 d
LA BRI .
Ve © 7 {CXP< kT ) } {kT 7 dVie (X)}

Factoring out the thermal voltage,

d q kT1 d
LanL(L) 1 -2 )]
Ve (kT) { 7 74V (U}

then

Then the resistance term can be expressed as

kT
- NdVbeN q
T kT1 d '
L|1—=—= x
quVbe

where [59]

kT
_AVhe q

T T -y

where the high-current injection factor is expressed as

gk d
q 1dVee

159

Given the high-level injection term is associated with the base width modulation and knee current term,

d 1

d 2 1/2
v —____{, N 4
Wl 2dve {0+ G +42) 71

where
Vbe Vbc
=1
SRR TARS AL
X :Iefo
K Ikt :

Troutman [59] derived the value of H as

. ¢
AL+ ¢+ /010
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where

_ M
Ve

¢

From this, the generalized tetrode relationship is modified by substituting of the high-current resistance
expressions into the generalized differential tetrode relationship,

Rsafns
Rs + Fen + Ren + [Rbn(l - OCfns)]

* —
Ogns =

and equivalently, by analogy,

o = Rwafps
Ry + rep + Rep + [Rop (1 — o5)]

where the high-level injection terms are placed in the expression

Oltns Olfps
R
R, R,

3.12 TRANSIENT LATCHUP

Transient latchup had a growing interest when it was found that CMOS products were failing in
systems during transient power-up. Troutman and Zappe [26, 29, 30], Nelsen [27], Rung and Momose
[36], Hamdy and Mohsen [41] and other researchers were interested in the problem of the relationship
of power-up and excitation of transient latchup.

3.12.1 Transient Latchup — The Four States

Transient latchup is an important topic that addresses the response of a circuit to a transient state.
Transient states can occur from ionizing radiation, injection sources, and power-up and power-down
states. Hence, there is interest in the general excitation of a pnpn (or pnp and npn transistors). The
states of the network are as follows [30]:

e State 1: Both npn and pnp transistors are ‘off’.

e State 2: One transistor is ‘on’ and the other transistor is ‘off’.

e State 3: Both npn and pnp transistors are ‘forward active’.

e State 4: Both npn and pnp transistors are in saturation.

In each one of these cases, to understand the circuit response, a different representation is needed for
the transistor elements in different modes of operation.

First state: The first state, in order to initiate latchup, does not occur until the circuit transitions to the
forward biasing of the transistors (hence must be made to transition to the other states). Hence, at the
initial time, the network is ‘off” and there is not enough current to flow through the network, and it does



TRANSIENT LATCHUP 161

not satisfy the latchup forward bias transistor criterion (e.g. the voltage is such that both transistors are
forward biased).

Second state: In the second state, the condition is that the magnitude of the current is significant enough
to establish one of the two transistors to forward bias. The transistor with the larger shunt resistance
will undergo forward bias first. For example, given the substrate shunt resistance is larger than the
n-well shunt resistance, the npn transistor will achieve the forward bias state first. When one of
the transistors is forward active, then the bipolar current gain is f and the collector-to-emitter gain is o.

Third state: In the third case, given the current magnitude is large enough, the second transistor will
also achieve forward bias. When the second transistor is forward active, then this transistor will also
achieve a bipolar current gain f3, and the collector-to-emitter gain is o. In this third case, the sum of the
alpha products can be below or above unity. When above unity, regenerative feedback exists.

Fourth state: When the fourth state occurs, both transistors saturate, and the current through the
structure is a constant. The increase will only occur due to the Early effect (base width narrowing).

3.12.2 Transient Latchup — Generalized Excitation Differential
Equation and Analysis of the Four States

Zappe and Troutman simplified the analysis where the response of the latchup circuit is represented as
a simple differential equation [29, 30]. First assume the current through the structure follows the
relationship

d
C—V(t) =I
dt (1) = I,

where C is the capacitor across the pnpn latch and I is the current through the capacitor element. The
voltage across the latch is the excitation voltage E(?), I(¢) is the current through the terminals, and R is
the total series resistance of the structure:

V(t) = E(t) — RI(1).

Zappe and Troutman established a general circuit equation that addresses all four states of the latchup
pnpn structure, where I* is the latchup holding current, G is the gain factor of the circuit (e.g. in its
given state), and R is the equivalent resistance in series with the pnpn latch capacitance C [30]:

c% (E() — RI()] = I* + (1 — G)I(1).

Figure 3.9 shows a general simple circuit diagram to characterize the state of the system.

In the first region, when the transistors are ‘off’, as in the first region, the gain factor G = 0 and the
holding current / * is also zero, simplifying the differential equation.

In the second region, one of the transistors is ‘on’ and hence G = «, where it is the current gain of
the ‘on’ transistor. Initially, this does not occur until adequate current is established in the network.
Hence, the circuit must transition from the first region to the second region.

Assume a certain minimum voltage condition, which will be referred to as V§, the voltage that is
needed to establish the onset of forward active; then the current that is needed to achieve this at some
time t = #; is

Vs
==
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Ry Series resistance

n-well
§ Roaw  shunt
resistor

— Latchup circuit

Vppl(t
bo(?) i capacitance

) Substrate
% SX resistance

Figure 3.9 Circuit schematic of the power supply and latchup circuit.

where R; is the shunt resistance of the first transistor that turns ‘on’. The current required to maintain
this state (e.g. region 2) is
*
r'=I=o0->=
1 1 Rl 3
which is the current flowing through the ‘on’ transistor, whose gain is o, in the third region, at a time
t = tp, the second transistor also turns on, and hence

V*
I(t=1)=-L
( 2) sz
" o 02 | e
=3t -2,
{Rl Rz} i
G=O€1+O€2.

Hence, the solution to the differential equation can be solved using this general method, where it is
valid when either transistor turns on first, independent of whether the latchup is ‘pnp initiated” or ‘npn
initiated’.

To solve the differential equation, we can divide by RC [30],

restet0 — &1 = {c b+ {1,

and place it in the following form:

pawo) - o) = (e} + {42 o
{

1d d

g B0l = 0] =
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where

_ RC
C{1-G)

1d d 1), 1
R 01 - g0 ={zebr + .

T

This can be put in the form

Lo+ L + { ! }1* ~1d .

RC[" ~Rar

In this form, the current is a first-order differential equation, with a ‘drive term’ associated with the
excitation voltage. The Laplace transform of the equation is

(s1(s) — 1(10)} + %I(s) + % {R]—C}I* = 2 {SE(s) — Eto)}.

Defining time constants for the different cases where R, is a series resistance within the network, then

from the above general term, the following time constants exist in the different domains:

71 ={Ri + R, + R, }C,
(R 4RJC

2
1*0{]

and

{R:}C
3=
1 —oa — o

The solutions to the differential equation in the different regions [30] are as follows:
e In the first region, 0 < ¢ < 11,

1 ! 1l () t_tl
10 = {R:+ R, +R1}/0 d[E(t)exp{_(Rx+Rl +R2)C}’
V(t) = {R + R }H(t) + Vc(2),

e In the second region, #; < t < 1,

Vi Vi (I—oy)(t—11)
1) = R_lj (0(1 - 1) +R1(1 Eoﬂ)exp{_ (R: +Ry)C }

1 ! Pt () (1_0‘1)(t_lj)
TR R ), th(t)eXp{_ (R, +R;)C }
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V() = Vg +{R} (1) + Ve (1),

o Vi
Vc(l) = Vc(ll) + R] B (t— f[) +

e For the third region, t, <t < t3,

B Vi o o Vi 1—o o (I =0y —oa)(t—12)
’(f>—*<1_a1_a2)(a+é)*(1_11_@){Rz +RT}‘“"“’{’ &) }
; ! 'E' (1) ex 7(1_‘11_“2)("‘_1‘/)
*{Rx}/gd’”’)ep{ RJC }
V(1) = 25 + Ve(o),

o o) Vi 1—oay—on [*
V() = V() + {ﬁ*ﬁi}f(f* 5) ++2/2 ar'1(e).
r.

3.12.3 Transient Latchup — Power-Up Excitation

In the previous section, the voltage excitation was of the general form E() to represent any type of
excitation process. Different excitation processes are of interest:

e linear power-up positive voltage ramp with single polarity;
e linear power-down positive voltage ramp with single polarity;
e damped oscillation voltage ramp with a positive first transition;

e damped oscillation voltage ramp with a negative first transition.

The first two cases of a linear voltage ramp provide a general condition of interest in semiconductor
chips of the power-up and power-down of a power supply. The second two cases are of interest in
transient latchup. The last case of a damped oscillation is of interest in the ESD Association transient
latchup specification [63—66, 68, 69]. In this section, the derivation of the first case will be shown based
on the transient latchup analysis.

For the case of a linear ramp rate, it will be assumed that a constant ramp rate K is applied to the
power supply voltage Vpp rail, where Vpp(f) = K ¢ between the initial time ¢t = 0 and the power-up
time ¢ = t,,, or

d

aVDD(t) :K7 Ogtgtpuv

and for times after the ‘power-up time’, t > #,,, the power supply is stable and constant,

VDD(t) = VP, t> Tpu-

The ramp rate K is then defined as

Vi
K =22

tou
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Figure 3.10 Circuit transition state diagram.

Zappe noted that the response of the latchup structure is a function of the state of the circuit, the ramp
rate and the ramp voltage termination [30]. This is can be divided into different cases. Figure 3.10
highlights four cases of transition associated with the ramp rate and sum of the alphas. The cases are as
follows:

e Case I: Slow ramp rate, with voltage ramp termination prior to the first transistor achieving ‘turn

s

on .

e Case II: Faster long ramp rate, with the first transistor achieving ‘turn-on’ but voltage ramp
termination prior to the second transistor achieving ‘turn-on’.

o (ase III: Faster long ramp rate, with both transistors becoming forward active. In this case, there are
two subclasses where

1. Circuit satisfies forward active condition, but does not satisfy the regenerative feedback latchup
requirement.

2. Circuit satisfies forward active condition and the regenerative feedback requirement, but voltage
ramp termination point occurs prior to achieving the knee voltage, as well as an additional
condition. In this case, ‘dynamic recovery’ occurs.

e Case IV: Fast ramp rate, with long ramp, the latchup conditions are satisfied, the voltage termination
value exceeds the knee condition and latchup occurs.

For simplicity, let us define the power-up time f,, as a rise time #. (note that f,, = #;, where it is
understood not the industry-accepted rise time variable of 10-90 % but 0-100 %).

Case I: In the first case, neither transistors turn on during the voltage ramp. As a result, during the
voltage ramp, the capacitor of the pnpn latch begins to charge, without any of the transistors becoming
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forward active. If the magnitude of the ramp rate K is too slow, or if the time of the ramp, t,, is too short,
the voltage is not reached that leads to forward biasing of either of the transistors [30]:

I(z):KC{l—exp{—LH, 0<t<t,

T1

I I—1
I(t) = KC {1 - exp{—r—H exp{— . }, t>t.
1 1

Case II: In the second case, if the ramp rate K is fast and the time of the ramp is long enough, at least
one of the transistors becomes forward active. Prior to achieving forward bias, the first transistor is
charging; after forward bias occurs, the current gain o of the first transistor to turn on is on, leading to a
change in the gain G of the network. This is addressed in the second equation (e.g. note the presence of
oy in the equation) [30]:

I(t):KC[l—exp{—TiH, 0<r<ty,
1

" KC*IT t—h
— — <t<t.
I(l‘) =1+ [ 11— :| [1 exp{ ) }]7 h <t<t

Given the voltage ramp is completed, then there is no further charging of the pnpn network and there is
a time when the first transistor that was forward active begins to again shut off. The time when the
transistor ceases to be forward active is t = f,:

OC]IT 1 « - — 1 t—1h
I(t) = 1 KC —1 — t <t<t,.
(1) 1—a1+1—a1{'+ (exp{ o } ﬂexp{ - }m, <t,

For times after ¢ = t,, the current gain of the network is not a function of the bipolar collector-to-
emitter current gain (x1) [30]:

r—1,
I(t):lfexp{— a}, t>t,,

Tl

KC t—t
t, =1 —l—rzln[l +— (exp{—l} — 1)]
Il T2

Case III: In the third case, the first equation is the supply passing through the forward bias state of the
first transistor,

where

I(t):KC{l—exp{—i}} 0<t<t.

T1

The voltage ramp continues, where one transistor is forward biased, and the gain of the circuit is
dependent on that given transistor,

KC -1I7 t—t
1) =1 + { ‘} {1 fexp{f IH, Hh<t<h.
1—0(1 T2
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At a later time, both transistors become forward active, and the gain of the circuit is dependent on the
sum of the two collector-to-emitter gains, where oy + 62 = Opnp =+ Onpn:

KC-IL t—1
=5+ [ KN apf 2R ez,
=1+ 7o [1-en{-15 L<i<y,

Zappe noted that in this case, although both transistors are forward active, this does not guarantee that
latchup occurs [30]. Zappe noted the first case where if the ‘beta product’ or ‘alpha sum’ is less than
unity, then the network does not lead to latchup. In addition, there is the second case, where the ‘alpha
sum’ criterion is satisfied; but if the ramp rate is terminated prior to the time to reach the knee condition
(e.g. knee time),

t < 1k,

and

L—t
KC <L [1 fexp{ 3 ZH -1,
: T

then latchup does not occur. Zappe and Troutman referred to this state as the ‘dynamic recovery’
[26, 29, 30]. Hence, there is a time when both transistors are forward active and the equation is a
function of the alpha sum,

I = BV R I =0 B s

After time ¢ = t,, the latched network undergoes recovery where the second transistor shuts off, leading
to a gain associated with only the first transistor initiated,

ooy t—1 oulf
I(t) = |1 — - h <t<t
0= |5+ 2 e - B ciss,

and at a some later time, both transistors are off, leading to a discharging of the network as

t—1
I(t):]l*exp{f 110}7 t>t,

where the time of the shut off of the second transistor is

K t—t
tb:t2+f3ll’l[1+ *C(exp{—z} —1):|
13 3

and the time of shut off of both transistors is [30]

Ry
tc :tb+T21n|:] +(1 —O(l)(R—b— 1>:|
w
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Case IV: The last case highlighted by Zappe [30] was the one where the voltage ramp time extends
beyond the time needed to reach the knee voltage, the knee time,

t > 1k,

t— T
KC>I;[1—exp{rr ZH—I.
3

In this case, all the prior times undergo the same time sequence of the first transistor turn ‘on’, followed
by the second transistor turn ‘on’. Given both transistors are forward active, where 3 is larger than the
ramp rate,

1 t—1h N t—0n X
I(r) = [m} HKC(CXP{T} - 1) +I3} exp{f - } flk}, . <t<t.

In the case where the transistors are saturated, but the voltage ramp condition is ongoing, we can
defined a time #4, associated with the time that the transistors undergo saturation [30],

(O(1+O(2—1) Kl‘4—V§ N
ty =t —13ln|1 —I)].
TR T"‘n[ T Tkc-1 R, 2

or a ramp rate condition of

3.13 EXTERNAL LATCHUP

In a semiconductor chip environment, an external injection outside of the CMOS inverter circuit (e.g.
parasitic pnpn) can initiate latchup. An injection of minority carriers from a separate circuit can
influence both the well and substrate regions and serve as a ‘injection source’ for latchup. A typical
injection source can be a n-MOSFET source, or n-diffusion or n-well diode structure in a substrate
region [73, 74].

3.13.1 External Latchup Diode Injection Source Analysis

In the case of a diode-type injection phenomenon, the analysis of the injection source can be quantified
by the solution of the diffusion equation in space and time. First, the number of carriers can be
quantified from the high-level injection physics. Under high-level injection, the excess minority carrier
populations can be expressed as

pu(eVi kT — 1) (1 + Eeqm—«b,)/kr)

_ Pp
Apn= 1 — e2a(V—) /AT

and

ny(eV1/kT — 1) (1 +%e"<v”¢")/kT)

(1 — e2a(V—h)/AT)

An, =
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From this expression, the diode current equation for an n+ diffusion in high-level injection at an initial
position can be expressed as

(eV//kT — ])(] + y]eCI(Vj*‘i’i)/kT)

=1 = e/ )
_ Ny
n Ny
D, D
I. = gAd =2 -n
s = ¢ {Lppn0+LnnpO}>

where [ is the diode current and /; is the reverse saturation current [73, 74]. The injection source can be
represented as a step function initial condition in time, where the injection is the current or the carrier
density. Applying the step function of carrier density to the carrier diffusion equation, the diffusion
equation can be solved in frequency domain using the Laplace transform for a step impulse. The
solution for the diffusion equation in space and time for the carrier propagation is the complementary
error function. To obtain the current of the primary source, using the diffusion expression, the current
can be obtained. In this model, the spatial and temporal responses are coupled. For simplicity, we will
show the 1D solution. Define a transform integral pair of temperature using the Laplace transform pair:

=00 c+ioco

F(x,s) = / e — stN(x,1)dt N(x,t) = % / e F(x,s)ds,

=0 c—ioco

where the function N(x,) is the minority carrier injection and F'(x,s) is its transform pair that only
exists in the right half-plane (RHP) of the s-space where we have the real part of s satisfying
Re {s} > o. From the time-dependent diffusion equation with constant coefficients

ON(x,1) _ 10N(x,1)
o2 D o

the function can be expressed as a function of the transform pair F(x, s). In the s-domain, this can be
expressed as

O*N(x,s 1
% - SBN()C7 s) = —N(x,0).

The homogeneous equation has the general solution of

N(x,s) = N"exp{—ax} + N~ exp{ox},

\/?
o= 4/—=.
D

With an initial condition of minority injected carriers, at time ¢t = 0,

where

N(x = 0,1) = Nou(t),
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and for the assumption of an infinite domain, the physical solution is
N,
N(x,s) = —Oexp{—ocx}.
s

From the inverse transform, we can solve for the number of carriers in space and time; the solution can
be expressed as the complementary error function,

1—erf{’2—‘ Dit} u(t)-Nu(t)erfc{% Dit}

For a more physical interpretation, the solution can be substituted for the diffusion length L and the
recombination time t [73, 74],

N(x,) = No {1 - erf{% %H u(t)

N(x,1) = Nou(t)erfc{ﬁ \/;}

In this form, the physical competition between the spatial diffusion of the source charge and the
associated diffusion length, as well as the temporal competition between the recombination time and
the propagation time, is evident. From this form, the primary injection source can be solved, using the
diffusion relationship,

N(x,t) =N

or

0
Linj(x,1) = quaN(x, 0.

In this fashion, the solution of an injection source can be evaluated in space and time. Taking the first
derivative, the current can be expressed as [73, 74]

I 1) = qD% \/Zexp{ (ZzD)z(;) }u(r).

Hence, from these developments, the spatial relationship and temporal response are solved, where the
number of carriers injected is known. The current propagation in space and time can be understood.

3.13.2 External Latchup Criterion

To evaluate latchup and the regenerative feedback from an external current source, the fundamental
relationships must incorporate the external current source in the analysis. Voldman applied the external
source analysis into the latchup criterion and derived the external current magnitude necessary to
initiate latchup [73, 74]. The two nodal equations can be expressed as

Icp = Ibn,
I, = Ibp
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and
[ =1y =Iep + Iy
From the coupling relationships, we can express this as
I=1lp=1Ip~+Ien =Ibp +Ton =Ien +Ion =Ien = 1.

Solving for the current as a function of the two collector relationships, we can relate the collector
current as a function of the emitter current,

Icp = Odep + ]cp07
Ien = adey + Leno-

The condition for triggering of the parasitic pnpn is a function of the currents through the feedback
elements; these include the well and substrate resistances.

I=1Iyp+1,
1=l + L.

Then

1= ICp + Iy = C(plep + Icp() + Otnden + Leno-
From an external source mechanism, electrons enter the base of the pnp transistor. Electrons that
traverse the substrate-to-well junction are collected at the base node of the pnp transistor in the current

loop; this will be expressed as I;,. Hence, at the first nodal point in the regenerative feedback loop, the
current continuity is expressed as

I= {Icp +1cn} + Iin-

In the derivation, it is assumed that both the electron and hole populations can influence latchup
[73, 74]. At the same time, holes influence the local substrate potential serving as base drive for the
parasitic npn transistor. This can be incorporated as a current source /,,. Current continuity at the
second nodal point of the regenerative feedback loop can be expressed as
= {Icp + Icn} + 10ut~
Substituting collector current terms, we can express the current in the pnpn structure as follows:
I = {oplep 4+ Iepo } 4 {omlen 4 Leno } + Tin-

Substituting the current through the well shunt resistance,

I= aP{ISP +IW} - ‘“plw + OCn{Ien +Is} —opls + -
+ {Ich + IcnO} + Iin-
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The last three terms in the expression are associated with the injection and leakage currents within the
regenerative feedback loop:

I= (ap + OCH)I - OCp(lw) - O‘n(lsx) + (Icno +Icp0)7

(IcnO + Ich + Iin) - Ofp(lw) - c(n(lsx)

=
1 — (op + o)

Normalizing the expression to the current, the form of the equation can be expressed as

1{(ap+an) -1 —aP@—an (I”)+E} =0,

1 1
and define the new term [73,74]
I" = Ino + Iepo + fin.
Hence, the new condition for latchup is [73, 74]

I I I*
(otp + 0tn) =l+ocp%+zxn%77.

This latchup criterion is the relationship of the sum of the alphas in the presence of both leakage
currents and an external source. From this relationship, the necessary current needed to initiate latchup
can be obtained. Hence, the necessary current for latchup initiation from an external current source

occurs when [73, 74]
. (h) ()
Ifl{l—i—ocp{l 1| 4oy 7 1| 7,

where the well and substrate current expressions are

(VBE)pnp Vo I—1
= 0y, :
Rw Rw (IO)p
1 = VB _ Vo, {1 - 1]
Rsx Rsx (IO)n

Hence, the condition for latchup from an external source can also be expressed as

. _ By [hw _ B [hs _
11{1+ﬁp+1{1 1]+ﬂn+1[1 1”

or

ﬁp Iy :Bn L
Imj_l{l—’_ﬁp—‘—l 7—1 +ﬁn+l 7_1 _IcnO_Icp0~
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3.13.3 External Latchup Propagation

In all the analyses, it is assumed that the CMOS circuit is in an isolated environment. In a
semiconductor chip, there are many circuits in a given area that can potentially undergo latchup.
The primary source injection of minority carriers will extend under these networks in space and time.
In advanced CMOS technology, the high circuit density is such that the minority carrier injection will
traverse many circuits. As the carriers diffuse, through the substrate, they influence the substrate
potential as well as the n-well potential of the circuitry. In this scenario, the primary source injection
will be migrating under circuits that may potentially latchup the circuits, depending on the satisfying of
the latchup criterion.

The latchup ‘domino effect’ is effective where the primary source in combination with the latched
circuits leads to latchup of additional networks. Analogous to the game of dominos, a primary source
initiates the first response of the first circuit when the switching threshold of the first circuit is achieved;
this initiates the response of the second circuit when its threshold is achieved, and this continues to
propagate until the threshold for switching of the last circuit in the chain is not achieved. The
distinction in this environment has the following differences:

e The primary source can be involved in space and time over a plurality of circuits (e.g. not just a
single first circuit).

e The secondary sources have two conditions — a lower level pnp injection and a higher level pnpn
latchup injection.

e The phenomenon is coupled through the substrate.

e The secondary sources can be coupled through common wells but may be in independent well
structures and different power supply rails.

e The propagation phenomenon is two dimensional in space along a chip surface.

e The latchup initiation is a function of the satisfying of the four variables needed to initiate latchup
(well resistance, substrate resistance, npn current gain and pnp current gain).

e The time constant for initiation is associated with the diffusion time across the substrate from one
source to the other source.

e The time constant for secondary sources switching is associated with the latchup switching time of
the pnpn circuit and the diffusion time from source to source.

e The time constant for the power supply voltage response is a function of the power bus distribution
(e.g. IR voltage drops) and the number of latched networks on a given power bus.

e The truncation of latchup propagation is associated with the lack of satisfying the forward active
voltage condition and the latchup ‘alpha’ or ‘beta’ criterion.

e The domino effect is cumulative in that the circuits remain in the latched state, until the power
supply is reduced below the holding voltage condition of that pnpn element.

e The truncation along a power bus can be associated with the final voltage along a position in the

power grid, which is less than the sum of the forward voltages.

If the external current magnitude is high enough to satisfy the ‘alpha’ relationship or the ‘beta’
relationship, external latchup will occur in the first device. The primary injection pulse has a time
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constant associated with the physical distance the carriers need to diffuse to reach the latchup-sensitive
circuit of interest. From the argument of the external latchup pulse, the propagation in space and time
can be understood by fixing the argument of the external source as a constant and switching reference
frames. From the injected carrier density, we can let the argument be a constant and move along the top
of the pulse as it propagates in time and space:

_x [
72LD t

where
N(x,t) = Nperfc(&)u(t) = const.

In the frame of the pulse source, we can move along the pulse source at a constant injection level and
observe the carriers (e.g. current) propagate. The constant value with the fixed argument moves in
space x at time ¢ according to

2eLp
NG Vi,

X =

The condition to initiate latchup in a given circuit requires that the voltage across the latched state
establishes a forward active voltage across the emitter—base junction of both the pnp transistor and the
npn transistor. This precondition for the establishment of latchup is critical in the propagation problem.
Hence, the sum of the two forward bias voltages is the first precondition for the initiation of latchup in a
circuit. The forward active condition for latchup initiation requires

(VaE)pp = 0.7V,
(VBE)yp = 0.7V,

where
I—1Iy
V =IyRy = VoIn|——|,
(Vo) o), }
I—1I,
(VBE)npn = IxRy = Vo 1n|: (IO)n :|

For the specific circuit to undergo latchup, it was shown that the sum of the alphas has to be equal to or
greater than the following form with the extrinsic current source evident on the RHS:

1, I I
(%-0—%):14—%%—1-%(”) l

1 I’

This can be written in an alternate form,

Iy Iy I*
(o=} el -5)) =1
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or equivalently in the generalized alpha form, it can be expressed as [73]

I*
(otp * +om*) = 1 -7

where the transport factors are generalized to include the terms in the parentheses. In this generalized
form, when there is no injection phenomenon, the latchup occurs when the sum of the generalized
alphas is greater than unity. When the sum of the generalized alphas is less than unity, no latchup
occurs. In a generalized alpha space, this forms a triangular region of the SAFE zone where latchup
occurs outside the SAFE zone (triangular region) and does not occur when within. Hence, when the
injection from the primary source does occur, the demarcation line between latchup and no latchup
shifts, decreasing the demarcation line toward the x—y zero intercept. As the injection increases, the
demarcation line is driven toward zero-axis intersection. For a given circuit, we can also state that the
excitation current needed to latchup a given circuit from a single or plurality of sources can be
expressed as [73, 74]

I' = {1 — o, * —otg},

I I I
(e )5
1
a;:ocp{l—Tw},
a**ot{l st}
n — “n T ("
1

For the same circuit, this can be expressed as a function of the bipolar current gains. Substituting the
relationship between the collector-to-emitter transport and the bipolar current gain, the beta product
relation for undergoing latchup in the environment of an external injection can be written in the

following form [73, 74]:
I, —I* I, —I* I*
1 _ =
w5 [

ﬁnﬁp = |:1 _Iw T —I*:| ’

1

where

r= Ich + Icn0 + Iinj (.X, t)7
(VeB)omp _ Vo, {1 - IW}

" Ry Ry | (),
(VBE)npn Vo |:I - st]
G =———=—1
Rsx Rsx (IO)H

From this criterion, in the beta product relationship, latchup occurs when the RHS > LHS of the
equation. When the well, substrate and external injection approach zero, the RHS of the equation
equals unity. Without the external latchup injection, the RHS is larger; hence, a larger bipolar current
gain product is needed to initiate latchup. As the external injection current increases, the RHS terms
decrease in magnitude, making it easier for the circuit to undergo latchup. When the current magnitude
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of the LHS exceeds the RHS, latchup occurs. Graphically, in beta product space, the area between the
hyperbola and the axis is the condition where latchup does not occur, and outside of it, latchup occurs.
As the external injection increases, the locus of points demarking the latchup condition decreases,
making the SAFE region in beta product space decrease.

In the environment of multiple circuits, when the first circuit undergoes latchup, current can be
injected into the substrate and be additive to the primary source. For the first circuit element that
undergoes latchup, we know the current injection initiated by this secondary source of current, from the
holding current relationship. Hence, for a given circuit jth element that has undergone a latched state
(where j =1 for the first circuit) for a specific well and contact spacing, the holding current
relationship is

ﬁp(ﬁn + I)IW + (.Bp + 1)ﬁnlsx

(I, 4)); =

BB — 1 ’
(VBE)py Vo |I—1Iy
() :uTi”wln{uo)p]’

(VBE)npn Vo I— st:|

(I&x)j = TSX)I - R—lel'l|: (IO)n

This first circuit that undergoes latchup switches from a low- to a high-current state with a current
magnitude of the holding current. Its injection into the substrate will be lower than the holding current
of that specific circuit, and this holding state is established as long as the power supply voltage is
maintained. This holding current becomes the initial current condition at the location of the specific
circuit and is associated with the secondary substrate injection at a position x = x;. The primary source
is at x = xo and the physical distance is x = x; — xo.

The current injection from the first latched circuit has a time response associated with two physical
time constants: the time from the initial injection source and the time associated with initiated latchup
in that specific circuit (j = 1). The first time constant is associated with the time for the current to flow
from the primary injection source to the jth circuit (j = 1). Additionally, the injection from the j = 1
latched circuit is associated with the pnpn switching time of that specific circuit. The pnpn parasitic
circuit has a finite response time associated with the pnp and the npn transistor. The time response of
the pnpn structure is the sum of the pnp base transit time T,,, and the npn base transit time t,,,. The

pnp base transit time is equal to
(l ) _ (Wbp)2
me e\ 2p, )

J

and the npn base transit time is

(an)2

(t“P“)j = ( 2D, )j'

Hence, the response time of the pnpn is the sum of the transit times,

(Wb )2 (Wb )2
(tpnpn)j = (tPﬂP + t“P“).i - { 2Dpp + 2Dnn '
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As a result, after the time of the injection into the physical structure, there is a finite time in order to
initiate the pnpn latching secondary circuit. Hence, in the propagation analysis, the temporal dynamic
of the latchup domino effect, and the time for the transport to the first circuit and the initiation of the
first latchup event occur. From, the argument, from the initial source injection position at (xo, o), the
time to propagate can be shown as

2
Xj = Xo 57(‘”‘]‘ — 1‘0)
or for the first time constant

tj — 1ty (Xj — X())

T
4813

and the time of injection of the secondary is then
= ([j —to) + ([P“PH)/"

To further address the latchup domino effect, once latchup occurs in the first circuit, the holding current
flowing through the ‘latched circuit’ also injects current into the substrate and well regions. Hence, the
linear superposition of currents applies, and the ‘injected current relationship’ at any point in space and
time is a function of the primary injection source and additional secondary sources. The time of
initiation of the second circuit (e.g. j = 2) is the sum of the following times:

e time to transport from the primary injection location to the j = 2 location:

T

ti—tol;_, = 220 (x5 — X0)[;=0;
D

e time to transport from the primary injection location to the j = 1 location:

ti —to|_y = (x5 —xo) |13

T
2
4813

o latchup switching time of the j = 1 circuit:

(fonpn); = {(Wbp)2 +M} |

2D, ' 2D,

e time to transport from the j = 1 to the j = 2 circuit:

T
=t = VTS (% —x1)|ja-

The secondary current source is also then added to the primary source in the stability of the sequence to
the additional second j = 2 circuit, associated with the current observed at the j =2 location,
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associated with the injection of the primary source, and the j = 1 substrate current injection at the
location of the j = 2 circuit,

1

(Iinj (x2, 1 : X0, 10)), = [finj (X2 — X0, )] + U (x2 — x5, 10 — 17)].
1

~.
I

~.
I

But note that the same diffusion process and solution occur for the secondary sources but at a new place
in time and space. This can be generalized to the j = nth circuit that undergoes latchup in the form of

Jj=n—1
(Iinj (Xn,t © X0, t()))n = [Iinj (xn — X0, t)] + [st(xn - Xj, t, — tj)]7
1

~.
I

where the total is the primary source at x = xo and the summation is over the secondary sources of
n — 1 circuits that have undergone latchup at the locations x = x;. The secondary injected current
source is from the holding current of the latched circuit, which is then used as the initial condition.
(Note: Current is injected into substrate only.) The solution is used as the initial condition, and the
space and time propagation of the secondary source is proportional to the derivative of the error
function for a step impulse u(r — #,) at a displaced time 7 = ¢; for the time of the latched state to occur.
Hence, for a given circuit jth element that has undergone a latched state, for a specific well and contact
spacing, the holding current relationship is

Bo(By + Dlw + (B + 1)Bulss

(), = BoBr—1 7
— M ) n Il
(lw); = (Ry);, Ry (o), } 7
_ % = & n ﬂ
(Is); = Rw); RSXl { (Io), }

3.14 ALPHA PARTICLE INDUCED LATCHUP

When the alpha particle traverses silicon, energy is absorbed by silicon, leading to the generation of
electron-hole pairs (EHPs) along the alpha particle track. In semiconductor materials, the amount of
energy required to generate an EHP is typically three to four times the material band gap. In silicon,
one EHP is formed for every 3.5 eV. As the alpha particle loses energy, the EHP generation increases.
At the beginning of its track, it generates approximately on the order of 5000 EHPs, which increases to
15000 EHPs at the end of its track. The range of the alpha particle in silicon can be expressed as

R(E) = 1.53E"Y,

where R(E) is the range in microns and E is the energy in MeV. The energy range of alpha particle in
the uranium and thorium spectra is less than 8.8 MeV. An 8.8-MeV alpha particle can traverse
approximately 80 um in a silicon wafer. The amount of charge can be calculated from the energy of the
alpha particle. Since it is known that a single electron equals 1.6 x 107! fC, an alpha particle can
generate on the order of 400 fC [76-83].
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3.14.1 Charge Collection Process and Analysis

As the EHPs are generated, they randomly diffuse from the particle track in the silicon. EHPs can
recombine or become collected at metallurgical junctions. Figure 3.11 shows an example of an alpha
particle track penetrating the silicon devices, highlighting the EHP generation.

Alpha particles can initiate latchup if the charge collected within the CMOS pnpn structure is
enough to switch the parasitic pnpn state. Electron-hole pairs within the regenerative feedback loop
can lead to switching; EHPs can be generated in the emitter, base and collector regions of the pnpn; this
includes the p— substrate, the n-well, the p+ source/drain diffusion and the n+ source/drain diffusion.
For the case of an EHP generated in the substrate, electron—hole pairs that diffuse to the n-well-to-
substrate metallurgical junction lead to the electron being collected in the n-well electrical node,
leaving the hole behind in the substrate (Figure 3.12). From a circuit perspective, the electron is pulling
the n-well ‘low’ (e.g. toward logical ‘0’) and the hole is raising the p— substrate ‘high’ (toward logical
‘1’) (Figure 3.13). In the second case, electron—hole pairs that diffuse to the n+ diffusion-to-substrate
metallurgical junction lead to electron being collected by the pnpn cathode and the hole remains in the
local substrate region. From a circuit perspective, the electron is pulling the cathode ‘low’ (e.g. toward
logical ‘0’) and the hole is raising the p— substrate ‘high’ (toward logical ‘1°).

For the case of an EHP generated in the n-well, electron-hole pairs that diffuse to the n-well-to-
substrate metallurgical junction lead to the hole being collected in the n-well electrical node, leaving
the electron behind in the n-well. From a circuit or electrical potential perspective, the electron is
pulling the n-well ‘low’ (e.g. toward logical ‘0’) and the hole is raising the p— substrate ‘high’ (toward
logical ‘1°). For the case of an electron-hole pair generated in the n-well, electron-hole pairs can also
diffuse to the p+ diffusion—n-well metallurgical junction; in this case, the hole is collected in the pnpn
anode, leaving the electron behind in the n-well. This case pulls the anode potential ‘high’ and the n-
well potential ‘low’. As a result, the electrical potential is perturbed in potentially all physical regions
of the pnpn from the alpha particle event. For latchup to occur, the charge collected has to be enough to
change the state of the pnpn structure.

The time response and the total charge collected are a function of a-particle characteristics as well
as the circuit layout that it traverses. Alpha particles are emitted in random angles of incidence relative
to the silicon surface. As a result, the collection process of the carriers is a function of the emission
energy, initial point of the emission and the angle of incidence. For vertical angles of incidence, the
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Figure 3.11 Alpha particle track in a silicon device.
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Figure 3.12 Electron-hole pair charge transfer that influences CMOS latchup.

p—substrate

carrier generation occurs deep in the substrate region. EHPs generated deep in the substrate have a
higher probability of recombining or diffusing radially outward. In heavily doped substrates, the
electron-hole pairs recombine prior to reaching the silicon surface devices. In lightly doped substrates,
the charge generation influences the electrostatic potentials, forming an effect known as the ‘funneling
effect’. Figure 3.14 shows a sequence of the potential fields as an o-particle penetrates vertically
through a modern CMOS process. The structure consists of a p+ diffusion, a retrograde n-well and a
p+ substrate [75]. These simulation results were achieved using a 3D mesh in a 3D device simulator
(FIELDAY) [75].

Vbp

pnp transistor

npn transistor

Figure 3.13 Circuit schematic highlighting the charge transfer processes with electron—hole pair generation.
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Figure 3.14 Semiconductor device simulation time sequence of an alpha particle through a CMOS process (e.g.
profile is a retrograde n-well and a p++ substrate).

3.14.2 Circuit Analysis and Monte Carlo Simulation

To understand the response of the circuit to particle events, circuit simulation can be performed. To
simplify the response of a circuit to an alpha particle, the waveform can be modeled as a two-state
response. The first form is a rapid response associated with the charge collected in the metallurgical

RS LS ¢ p+ diffusion

=/

Figure 3.15 Semiconductor device simulation of the electric potentials as an alpha particle penetrates through a
retrograde n-well and p++ substrate region.
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junction and the ‘funnel’. Estimates of this time can be obtained analytically or by semiconductor
device simulation. The waveform can consist of a rapid pulse, followed by a decay characteristic
associated with the diffusion time of the electron-hole pairs. Troutman simplified the problem by
assuming that the worst-case alpha particle is a Dirac delta function; in this fashion, analytical circuit
analysis using Laplace transforms can be used for the evaluation of the circuit response. To evaluate the
statistical probability that latchup can occur from a particle source, Monte Carlo particle simulators can
be used for the analysis. Monte Carlo particle simulators can provide the computation of the probability
that a given structure collects a given amount of charge for randomly emitted emissions. Given the
probability of charge collected is less than the charge to initiate latchup, no latchup will occur. Given
the probability of the charge collected exceeds the charge needed to initiate latchup, latchup will occur.
Hence, from the cumulative distribution, knowing the needed charge to flip the specific circuit, one can
determine the probability of a latchup event from the particle source. Note that this methodology can be
applied to other single event effects (SEEs) to evaluate single event latchup (SEL), where the method
would be modified to the specific source event interaction and the linear energy transfer (LET). A
latchup design practice can be summarized as follows:

e Particle-induced latchup can be evaluated using manual calculations of the amount of charge
collected along an particle track, knowing the physical layout of interest.

e Worst-case analysis can be completed by assuming (1) 100 % charge collection along the track (e.g.
collected in a critical junction), (2) the complete track fits within a given circuit layout, and (3)
collection time is the collection time across a depletion region (e.g. n-well junction) or a Dirac delta
function.

e Particle-induced latchup can be evaluated using semiconductor simulators to evaluate the collected
charge using semiconductor device simulators.

e Accurate particle analysis that evaluates the statistics of a latchup event can be obtained using
Monte Carlo particle random walk simulators.

3.14.3 Maximum Collection Evaluation in a Parallelpiped Region

To evaluate the maximum charge collection of a particle through a structure that can initiate latchup, a
simple analytical expression can be defined. Assume an analytical relationship of the range of a particle
can be expressed as follows:

R(E) = aE?,
where R(E) is the range of the particle, E is the energy, and a and b are two constant parameters. A
region can be represented as a parallelopiped of width W, length L and depth ¢. If we assume that the

particle traverses the parallelopiped, the largest path through the parallelopiped is the main diagonal.
The maximum particle track in a parallelopiped region is then

R=(W>+1>+7)"

For a particle whose energy is sufficient to traverse the region, and which ends at the corner of the
parallelopiped, we can equate with the range energy equation

R=(W+1*+2)"? =R(E) = aE".
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Solving for the particle energy of this event,
1 1/b
E= {Z(Wz +1%+ tz)l/z}

Hence, the total energy absorbed in the medium to generate electron—hole pairs is the complete energy
of the alpha particle. The number of EHPS, Ngyp can be evaluated assuming it takes ¢ energy to create
one EHP. Then, the number of EHPs in the parallelopiped is
E 11 1/6
Newp =1 = p/ :7:7{7(W2 412 +[2)1/2} )
¢ ¢ la

The total charge of a given carrier (e.g. either the electron or the hole) can be calculated from the
product of the charge per carrier, ¢, and the number of carriers, Ngyp:

E 1 1/b
Q:qNEHP:qn/:qp/:%:g{_(W2+L2+t2)l/2} .
g B a

This chord length analysis can also be applied to other events using the linear energy transfer and the
chord length through a collection volume. In this process, the charge in the volume would be associated
with the ‘collected charge’ and compared to the ‘critical charge’ to initiate single event latchup.

3.15 SUMMARY AND CLOSING COMMENTS

This chapter discussed latchup theory. Different venues of the latchup criterion from a design space
perspective are also viewed — resistance space, beta product and alpha sum conditions are visualized by
plotting design curves and the state of the network for a given semiconductor process design point and
design spacings. This allowed visualization from the theory to graphical methods to apply to
characterization techniques.

In Chapter 4, latchup characterization and test structures are addressed. The latchup theory is
applied to simple test structures and the characterization techniques incorporate the concepts of the
graphical methods.

PROBLEMS

1. Given a standard CMOS structure, as the well resistance is increased from zero to infinity, show the
trajectory of the technology state in log(Ryer)-log(Rs,) plot. Show the trajectory of holding the
well resistance constant, as the substrate resistance is increased from zero to infinity. Also show the
trajectory in the alpha space plot.

2. Given a standard CMOS process, assume a shallow trench isolation structure is formed. Develop a
model of the transport of the lateral and vertical bipolar transistors as a function of the shallow
trench isolation depth. Assume the shallow trench isolation is deeper than the junctions, but
shallower than the n-well junction. How does the isolation change the state of the technology in
alpha and beta spaces as the depth increases? Show the trajectory of states as a function of the
shallow trench isolation depth.
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3. Given a standard CMOS process, with a dual depth isolation, where the first isolation has the first
depth and the second isolation has the second depth, develop the model for the lateral and vertical
bipolar transistors as a function of both the first depth and the second depth. Assume the shallow
trench isolation is deeper than the junctions, but shallower than the n-well junction. Assume the
second isolation depth can extend beyond the n-well-to-substrate junction. How does the isolation
change the state of the technology in alpha and beta spaces as the depth increases? Show the
trajectory of states as a function of the shallow trench isolation depth and the second isolation.

4. Given a deep trench (DT) isolation that extends beyond the n-well region. Explain what is the
influence on the npn and the pnp parasitic transistors.

5. Explain how the silicide film changes CMOS latchup. What does it influence? Show in the
equations how it influences the latchup state. How does this change with the silicide sheet
resistance? The effective junction depth? Junction scaling?

6. Electron-hole pair recombination influences the bipolar current gain of the parasitic npn and pnp
transistors. Show a plot of the Shockley—Read—Hall (SRH) recombination and Auger recombina-
tion as a function of doping concentration. At what doping concentration is SRH recombination
dominant? At what doping concentration is Auger recombination dominant? Calculate the
diffusion length as a function of doping concentration assuming typical silicon diffusion
coefficients, and SRH and Auger recombinations.

7. Recombination centers have been formed in CMOS for the purpose of increasing the electron—hole
pair recombination to minimize latchup. Gold and other elements are placed in the lattice to reduce
the recombination time. The recombination time is a function of the density.

8. Heavily doped buried layers (HBDLs) introduce damage at the end of range of the implant. These
damage sites form recombination centers in the lattice. Explain the impacts of the use of an HDBL
in a semiconductor process. Show in the equations how the damage sites influence the bipolar gain
characteristics, and how the HDBL influences the latchup substrate shunt resistance.

9. Using an HDBL region can influence the substrate resistance and the recombination physics.
Derive a model for the substrate and HDBL.

10. HDBL regions can also influence MOSFET snapback. Derive a relationship of MOSFET snapback
as a function of the HDBL dose. Assume the substrate and HDBL implant can be modeled as
parallel resistor elements. How does this influence ESD protection assuming MOSFET-based ESD
devices (e.g. grounded gate NMOS)? How does it affect ESD protection with a diode-based ESD
implementation?
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4 Latchup Structures,
Characterization and Test

The analysis of the characterization of latchup involves test structures, circuits, I/O designs,
semiconductor packaged products and systems. Latchup is unique in semiconductor development
since academic test structures are used to characterize the semiconductor technology [1-31]. For test
structures, there are two classes of structures. The latchup testing design practice constructs and
evaluates ‘pnpn’ test structures as basic benchmark test structures [8-30]. Evaluation of the ‘worst-
case’ pnpn structures allows quantification of the worst-case latchup parasitic and is used to develop the
semiconductor technology design rules. Latchup is quantified for dc, ac and transient phenomena [31-
47]. A latchup design practice utilizes many different failure analysis techniques to visualize the
interactions and propagation of latchup in a semiconductor chip environment [54-81].

Additionally, the latchup testing practice also constructs and evaluates ‘guard ring’ structures [1-7].
By evaluating the guard rings, both the semiconductor technology and the ability to prevent interaction
between devices, circuits and chip-level subfunctions are evaluated. At the product level, fully
integrated designs ‘I/O books’ that contain the peripheral off-chip drivers, receivers, ESD networks
and guard rings are also evaluated. In addition, the full product is tested on commercial testers to
evaluate satisfaction of and compliance with the latchup standard specification. To have a full
appreciation of what the test structures represent, the role of guard rings and how they integrate into
the test structure will be discussed. From this, the decisions of the type of pnpn structures formed, as
well as the decisions of guard ring will be clear. We will first discuss the guard rings then return to the
discussion on the pnpn latchup structures and characterization, and then focus on the independent
guard ring test structures and characterization.

4.1 GUARD RINGS

Guard rings are essential for design integration of digital, analog and radio frequency (RF) application
circuitry where semiconductor devices and circuits need to be electrically isolated from adjacent
circuits, noise and CMOS latchup concerns. Guard rings serve the purpose of providing both electrical
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and spatial isolations between adjacent circuit elements and decreasing the risk of intradevice,
intracircuit and inter-circuit interactions.

Two types of guard rings are used in the semiconductor industry for improving in latchup. Guard
rings can be segmented into two different classes [1-30, 48-53]:

o The first kind of guard ring, an integrated guard ring, is a shape or structure on the perimeter or edge
of another region serving as a border to change the characteristics into or out of the region.

e The second kind of guard ring is a separate ring structure that is separate from another region (e.g.
not on the perimeter or border, but a different physical shape and region outside the perimeter of the
region).

An example of the first kind of guard ring is an n+ diffusion that can be placed to border a region on
another n-type region, changing the transport in or out of the n-type region [2,28-30]. As a second
example, a trench region can be placed on the border of a well or subcollector edge as will be shown
[21-26]. In this first kind of guard ring, the guard ring can also be interwoven in the interior of the
region as well. The guard ring can be placed around a single shape or plurality of shapes. For example,
each p+ diffusion within a well is surrounded by an n+ ring; this serves different purposes of:

e providing a bounded region for each physical shape minimizing lateral current flow;
e providing a low-resistance region around each physical shape;

e preventing local interaction between each physical shape in the region.

In this type of integrated guard ring structure, the space between the physical shape and the edge is
also increased by placement of a guard ring on the edge of each perimeter of the region. This increases the
physical spacing between the structure and the edge of the region (e.g. placement of an n+ guard ring on
the edge of the n-well region, increases the space between the p+ diffusion region and the n-well edge). In
this case, the guard ring is contained within the pnpn structure, as is key to the understanding of its role in
‘internal latchup’. These implant structures were important in earlier generations of CMOS technology
where these p+ and n+ guard rings were deeper than the isolation structure (e.g. recessed oxide and
LOCOS isolation generations). Today, LOCOS isolation is still being practiced in smart power and high-
voltage CMOS technologies, where they still provide value for latchup robustness at the semiconductor
wafer surface. Trench structures used in BICMOS technology, trench DRAM and power technologies can
be placed on the perimeter of an n-well or subcollector providing improved latchup robustness. We can
distinguish a first guard ring type as a guard ring contained within the pnpn structure (e.g. for the n+ and
trench contained within or bordering the n-well region).

The second kind of guard ring is a separate ring structure that is separate from another region (e.g.
not on the perimeter or border but a different physical shape and region outside the perimeter of the
region). In this case, the guard rings are separate physical domains. For example, an n-well guard ring
can be placed around each n-well that contains p-type devices. In this fashion, the separate n-well
isolates the p+ devices in the n-well and the n-well itself from interaction with other devices. In this
case, the guard ring will be outside a pnpn structure, and this is the key to the understanding and
quantification of ‘external latchup’ interactions.

Guard ring structures can consist of ‘passive’ or ‘active’ guard ring structures. With high-level
integration of system-on-chip (SOC) and nonnative voltages, efforts have significantly increased on the
usage of new guard ring concepts. Examples of passive guard rings are as follows:

e n-well guard rings;

e n-type triple-well implant;
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e n-well and triple-well implant;
e n-well and subcollector;
e trench isolation (TI) guard rings;
e deep trench (DT) guard rings;
e plurality of DT guard rings.

These passive guard ring structures can also be integrated with process solutions to influence the
guard ring characteristics. The following concepts are used:

e p— epitaxy/p++ substrate step—junction integrated with n-well/n+ buried layer guard ring.

e p— epitaxy/p++ substrate step—junction integrated with deep trench array.

With the use of p—/p + + substrate wafer, the lateral current is reflected upward, enhancing
the guard ring collection of an n-well region. A second effect is that the lateral B,,, roll-off
can occur at high currents (e.g. the lateral bipolar current gain is a function of the collector
current).

Typically, passive guard ring are biased on the power supply voltage, Vpp. Another class of guard
rings are ‘active guard rings’. Active guard rings are electrically connected to a ‘soft ground’ or an
electrical circuitry to influence the minority carrier transport or substrate potential. Examples of
‘active’ guard ring concepts are as follows:

e n-Well structure electrically connected to a ‘soft ground’ p+ substrate contact to lower the substrate
potential locally to prevent local forward biasing or influence the local potential.

o n-Well structure electrically connected to a ‘soft ground’ p+ substrate contact to induce a lateral
electric field, providing ‘electric field assist’ opposite to the lateral current flow in a parasitic lateral
bipolar transistor (e.g. see Chapter 3).

e First and second substrate contacts electrically connected to an input and output of an inverter
circuit to ‘invert’ the polarity of the injection phenomenon.

4.1.1 Intradevice Integrated Guard Ring

Given a p-type semiconductor device in an n-type well, an n+ ring can be placed inside the perimeter
of the well region. A second means of placement is to have the outer edge of the n+ ring at the edge
of the n-well region. A third means of placement is to have the outside edge of the n+ region extend
past the n-well edge. In a multiple-domain p-type device, the n+ shape can be placed between
different p— shapes, either allowing for electrical isolation between the p-regions or serving as a low-
resistance contact shunt.

4.1.2 Intracircuit Guard Ring

Guard rings are placed between individual semiconductor device elements in a circuit where
interaction is not desirable. For example, it is common to have guard rings between p- and n-channel
transistors in an inverter circuit to avoid latchup between the two transistors. Guard rings are placed
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between the two transistors to avoid formation of a parasitic pnpn (e.g. a cross-coupled pnp and npn
parasitics formed in the bulk substrate and well regions).

4.1.3 Intercircuit Guard Ring

Guard rings are placed between circuits within a common network. For example, in a CMOS 1/O
circuit, guard rings exist between the off-chip driver output stage, its pre-drive circuitry, the receiver, its
ballast resistors and the electrostatic discharge (ESD) networks [6, 7]. Guard rings are used within the
ESD device itself and in all structures connected to the signal pad.

Guard rings can also be placed between different circuit functions. Guard rings are placed between
mixed voltage application domains, such as array or peripheral I/O circuit blocks, core logic and
memory on a common chip. In mixed voltage chips, it is desirable for higher voltage regions to be
electrically and spatially isolated from the low-voltage and core-voltage regions. These higher voltage
chip domains may require different design ‘groundrules’.

4.1.4 Interchip Sector Guard Ring

Guard rings are placed between digital, analog and RF chip sectors in a mixed signal chip and SOC
applications to minimize noise injection of the digital domain on the analog or RF circuitry. In a mixed
signal environment, it is not desirable to have the analog and RF circuits near the digital logic networks
that are injecting minority carriers into the substrate. The injection of minority carriers can influence
the substrate potential of the bulk locally or globally.

High-voltage applications also exist that integrate power devices with standard digital and analog
circuitries. In smart power technology, low-voltage CMOS circuits (e.g. 0-5 V power supplies) and
high-voltage power devices (20-120 V power supplies) are contained on a common substrate wafer.
The high-voltage power devices can be power transistors, such as lateral diffused MOSFETs
(LDMOS), drain-extended NMOS (DEMOS) and insulated gate bipolar trench (IGBT) devices. During
inductive load switching transitions, large power devices can inject electrons into the chip substrate.
These smart power devices must be adequately isolated from low-voltage CMOS circuits to prevent
external latchup. Guard rings are placed between the high-voltage power device sector and the CMOS
low-voltage circuitry. These guard ring structures can be both ‘passive’ and ‘active’.

4.1.5 ESD Guard Rings — Usage of Guard Rings in ESD Protection

In ESD design, guard rings are used to isolate the ESD network or can serve as part of the ESD strategy [4].
In some cases, the guard rings are placed between the ESD circuit elements to prevent their interaction. In
other cases, the guard rings can serve as current-collecting structures and as a means of sinking electrical
overstress (EOS) events, transient phenomena, ESD events and other voltage or current disturbances. At
the same time, the guard rings are being used as a means to discharge current from the n-well diode to the
guard ring structure itself. These are best evaluated using ESD and latchup testing of the specific structure.

4.2 LATCHUP CHARACTERIZATION STRUCTURES — SINGLE-
AND DUAL-WELL CMOS PNPN TEST STRUCTURES

For CMOS latchup characterization, it is a common latchup design practice to utilize a four-stripe test
structure for evaluation of the latchup sensitivity of a semiconductor technology [2]. Use of
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standardised simple latchup structures allows the ability to compare the latchup robustness of a
technology; these standardized test structures can be used as a methodology for a latchup technology
benchmarking practice and quantify scaling implications. As a result, it is very important to establish a
latchup test structure strategy that addresses both issues.

4.2.1 Basic pnpn Structure with Single Substrate Contact
Spacing

A CMOS latchup design practice for test structures is as follows [2,28-30]:

e A single-stripe p+ diffusion is placed into an n-well region.
e A single-stripe n+ diffusion is placed into a substrate region.
e A single-stripe n+ diffusion is placed into an n-well region to serve as the n-well contact.

e A single-stripe p+ diffusion is placed into a substrate region to serve as the substrate contact.

Figure 4.1 shows the cross section of the four-stripe structure. Figure 4.2 shows the layout design
of the four-stripe structure. The four-stripe structure represents a CMOS inverter circuit at the edge of
n-well and p-well regions that is most vulnerable to latchup events. The four-stripe structure also
represents the ‘worst-case’ structure allowed in a given technology. In Chapter 5, these structures will
be used to characterize the CMOS process technology. In the layout of the design, the n-well contact
and the p— substrate contact are placed on the outer edges of the physical design. In this physical
design, a single-well contact and a single-substrate contact are placed adjacent to the structure. The
lateral pnp transistor is represented by the p+ diffusion, the n-well and the p— substrate region.
The lateral npn transistor is represented by the n+ diffusion, the p— substrate and the n-well. The base
width of the pnp transistor is defined as the spacing between the p+ diffusion and the n-well edge. The
base width of the npn transistor is defined as the spacing between the n+ diffusion and the n-well edge.
The minimum ‘p+/n+ spacing’ is the sum of the two base widths. In order for this structure to
represent the ‘worst-case pnpn structure’ allowed in the technology design rules, it is a CMOS latchup
test site design practice to provide the following:

n+ p+ n+ p+

=

p—substrate

Figure 4.1 Four-stripe CMOS latchup test structure cross section.
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Figure 4.2 Four-stripe CMOS latchup test structure.

e At least one pnpn test structure is constructed with the minimum ‘p+/n+ spacing’.

e At least one pnpn test structure is constructed with the maximum-allowed well and substrate
spacings to verify the design rules.

e At least one pnpn test structure is constructed below the minimum ‘p-+/n spacing’ to evaluate the
technology variations, margin and sensitivity below the acceptable ground rules.

In the physical design of the test structure, it is important to place full contact density along the length
of the test structure with a minimum contact-to-contact spacing. In addition, the wiring must not induce
lateral voltage drops across the test structure. As a result, it is important to have wide metal wires
entering the test structure, so the metal design does not introduce nonuniform current flow, voltage
drops or metal failure prior to latchup characterization.

4.2.2 Basic pnpn Structure with Internal Well Guard Ring
Structure

An alternative latchup test structure places the n+ substrate contact between the p+ diffusion and the
n-well edge (within the n-well) [2, 28-30]. Figures 4.3 and 4.4 show the cross section and the design
layout, respectively. Troutman constructed this additional structure are part of the set of benchmark
structures for evaluation of the effectiveness of placing an n+ diffusion between the p+ diffusion and
the n-well to evaluate the effectiveness of ‘n+ guard ring’ structures for the n-well region. A CMOS
latchup design practice for test structures is the following test structure:

e A single-stripe p+ diffusion is placed into an n-well region.

e A single-stripe n+ diffusion is placed into a substrate region.

e A single-stripe n+ diffusion is placed into an n-well region to serve as the n-well contact, where the
n+ diffusion is placed between the p+ diffusion (in the n-well) and the n-well edge.

e A single-stripe p+ diffusion is placed into a substrate region to serve as the substrate contact.
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Figure 4.3 Four-stripe CMOS latchup test structure cross section with internal n-well contact.

This four-stripe structure represents a CMOS inverter circuit at the edge of n-well and p-well
regions where the n+ well contact is placed between the p-channel MOSFET and the n-channel
MOSFET. In the layout of the design, the p- substrate (or p-well contact) is placed on the outer edges
of the physical design. The lateral pnp transistor is represented by the p+ diffusion, the n-well and the
p-substrate region. The lateral npn transistor is represented by the n+ diffusion, the p— substrate and
the n-well. The base width of the pnp transistor is defined as the spacing between the p+ diffusion and
the n-well edge, where the n+ diffusion is placed between the p+ diffusion and the n-well edge. The
placement of the n+ diffusion well contact between the p+ diffusion and the n-well creates a larger
space (this leads to a non-minimum ‘p+/n+ spacing’. It is a CMOS latchup test site design practice to
provide the following:

e At least one pnpn test structure is constructed with the minimum ‘p+/n+ spacing’ under the
condition that the n+ diffusion n-well contact dimensions and all other dimensions are minimum.

In a LOCOS technology, the placement of the n+ diffusion between the p+ diffusion and the n-well
lowers the pnp lateral bipolar transistor current gain. For LOCOS isolation, it introduces a region of
higher minority bulk recombination and higher minority carrier surface recombination, eliminating

p+ diffusion n-well n+ diffusion  p+ 22substrate
contact contact
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Figure 4.4 Four-stripe CMOS latchup test structure layout with internal n-well contact.
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latchup surface effects. In addition, due to the ground rules and physical design dimensions, it also
increases the base width of the lateral pnp BJT. In addition, this also provides the closest contact
possible spacing of the n+ well contact. Hence, this structure evaluates the worst-case pnpn structures
with the minimum or ‘best-case’ well contact placement. Today, in shallow trench isolation (STI), the
n+ diffusion does not interfere with the diffusion of carriers from the p+ diffusion and n-well since it is
shallower than the isolation structure itself; hence, it serves in lowering the well series resistance and
widening the base width.

In practice, as discussed with the internal substrate contact, one of the primary reasons this layout
design practice is not followed in CMOS technology for inverter gate design, is that the polysilicon
MOSFET gate structure crosses perpendicular to the n-well to p— substrate metallurgical boundary.
Hence, the introduction of the n-diffusion contact on the inner edge. In addition, the extra space is not
desirable for dense designs. But, for regions of a semiconductor chip that are sensitive to latchup,
trading-off area versus CMOS latchup robustness is diserable.

4.2.3 Basic pnpn Structure with Internal Substrate Guard Rings

An alternative structure places the p+ substrate contact between the n-well and the n+ diffusion (in the
substrate). Figures 4.5 and 4.6 show the cross section and the design layout, respectively. Troutman
constructed this benchmark structure for evaluation of the effectiveness of placing a p+ substrate
contact between the n+ diffusion and the n-well as a one within a set of test structures to evaluate the
minimum sensitivity and effectiveness of ‘guard ring’ structures. These latchup test structures (LUTS)
became part of the CMOS latchup design practice. A CMOS latchup design practice for test structures
is the following test structure:

e A p-+ diffusion stripe is placed into an n-well region.
e An n+ diffusion stripe is placed into a substrate region.

e An n+ diffusion stripe is placed into an n-well region to serve as the n-well contact.

e A p-+ diffusion stripe is placed into a substrate region to serve as the substrate contact, where the p+
diffusion is placed between the n+ diffusion (in the substrate) and the n-well edge.

n+ P+ p+ n+

C =

p—substrate

Figure 4.5 Four-stripe CMOS latchup test structure cross section with internal substrate guard ring.
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Figure 4.6 Four-stripe CMOS latchup test structure layout with internal substrate guard ring.

This four-stripe structure represents a CMOS inverter circuit at the edge of n-well and p-well
regions where the p+ substrate contact is placed between the p- and n-channel MOSFETSs. It is a
latchup test site design practice to provide the following:

e At least one pnpn test structure is constructed with the minimum ‘p+/n+ spacing’ under the
condition that the p-diffusion substrate contact dimensions and all other dimensions are minimum.

e At least one pnpn test structure is constructed below the minimum ‘p-+/n spacing’ to evaluate the
technology variations, margin and sensitivity below the acceptable ground rules.

In a LOCOS technology, the placement of the p+ diffusion between the n+ diffusion and the n-well
lowers the npn lateral bipolar transistor current gain. For LOCOS isolation, it introduces a region of
higher bulk minority carrier recombination and higher minority carrier surface recombination; this
eliminates latchup surface effects. In addition, due to the ground rules and physical design dimensions,
it also increases the base width of the lateral npn. In addition, this also provides the closest contact
possible spacing of the p+ substrate contact. Hence, this structure evaluates the worst-case pnpn
structures with the minimum or ‘best-case’ contact placement.

4.2.4 Basic pnpn Structure with Internal Well Guard Ring
and Substrate Guard Ring

In the set of CMOS latchup benchmark structures, the combination of the p+ substrate contact and the
n-well contact can be placed adjacent to the n-well/p-well junction edge. Figures 4.7 and 4.8 show the
cross section and the design layout, respectively. In 1982, Troutman constructed this additional
structure as a part of the set of benchmark structures for evaluation of the effectiveness of placing an
n+ diffusion between the p+ diffusion and the n-well to evaluate the effectiveness of ‘n+ guard ring’
structures for the n-well region and the effectiveness of placing a ‘p+ substrate guard ring’ for the p—
substrate (e.g. or p— well). A CMOS latchup design practice for test structures is the following test
structure:



198 LATCHUP STRUCTURES, CHARACTERIZATION AND TEST
|74 V.

DD ss

p+ n+ p+ n+

C =

p—substrate

Figure 4.7 Four-stripe CMOS latchup test structure cross section with internal p-well contact and n-well contact.

e A p+ diffusion stripe is placed into an n-well region.
e A n+ diffusion stripe is placed into a substrate region.

e A n+ diffusion stripe is placed into an n-well region to serve as the n-well contact, where the n+
diffusion is placed between the p+ diffusion (in the n-well) and the n-well edge.

e A p+ diffusion stripe is placed into a substrate region to serve as the substrate contact where the p+
diffusion is placed between the n+ diffusion (in the p-well) and the n-well edge.

It is a CMOS latchup test site design practice to provide the following:

e At least one pnpn test structure is constructed with the minimum ‘p+4/n+ spacing’ under the
condition that the n+ diffusion n-well contact and p-well contact dimensions are minimum and
contained within the internal area, and all other dimensions are minimum.

p+ diffusion n-well p+ substrate n+ diffusion
contact contact
| | | |
m| p+/nw - R ‘n+/nw - | m
m| n i n m
| | | |
] ~ p+/n+ ] ] N ]
| | | n |
| | | |
[} < » [} [} < » [}
n-well

Figure 4.8 Four-stripe CMOS latchup test structure layout with internal p-well contact and n-well contact.
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4.2.5 Basic pnpn Structure with Multiple p+/n+ Spacings

For development of the CMOS latchup design rules, it is valuable to have test structures where the p+/n+
spacing is varied. In addition, for the development of the latchup design rules for the substrate and well
contacts, it is valuable to have test site structures with a plurality of well and substrate contact spacings. A
CMOS latchup design practice for test structures is as follows:

e A plurality of p+ diffusions are placed into a common n-well, where there is an electrical pad
connection to each independent p+ diffusion. Each p+ diffusion has a varied spacing relative to the
n-well junction.

e A plurality of n+ diffusions are placed into a substrate region. Each n+ diffusion has a varied
spacing relative to the n-well to p-well junction.

e The p+/n+ spacings were paired in the test structure in the same dimension.
o A single-stripe n+ diffusion is placed into an n-well region to serve as the n-well contact.

e A single-stripe p+ diffusion is placed into a substrate region to serve as the substrate contact.

Figure 4.9 shows the cross section of the four-stripe structure with the plurality of p+ and n+
stripes. In 1983, Craig developed these CMOS latchup test structures for ground rule development of
the p+/n+ spacing requirements. Using an automated test system, the well and substrate resistances
can be modified by using external resistances. Using an automated test system developed by Troutman
and this multiple p+/n+ stripe test structure, both the design spaces were evaluated. The advantage of
this CMOS latchup test structure is the ability to evaluate a large number of p+/n+ spacing
combinations in a common test structure (e.g. a 1 x 25 pad set test vehicle).

4.2.6 Basic pnpn Structure with Multiple Well and Substrate
Contact Spacings

It is a common latchup design practice to utilize a four-stripe test structure for the development of the
CMOS latchup design rules for the substrate and well contacts, where a plurality of well and
substrate contact spacings is established. A CMOS latchup design practice for test structures is as
follows:

o A p+ diffusion is placed into a common n-well region, where there is an electrical pad connection
to each independent n+ diffusion. Each n+ diffusion has a varied spacing relative to the p+
diffusion.

e An n+ diffusion is placed into a substrate region. Each p+ diffusion substrate contact has a varied
spacing relative to the n-well to p-well junction.

e The p+/n+ spaces chosen are minimum spacings.

Figure 4.10 shows the cross section of the four-stripe structure with the plurality of well and substrate
contacts, with a fixed p+/n+ space. The advantage of this structure is the ability to provide an actual
spacing of the well and contacts without depending on a resistance value. The disadvantage of this
method is that only one or two single p+/n+ spacings are evaluated per large test structure in a
common test structure (e.g. a 1 x 25 pad set test vehicle).
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Figure 4.9 Four-stripe CMOS latchup test structure design layout with a plurality of p+ and n+ spacings.

4.2.7 Basic pnpn with Large Substrate Resistance Measurements

In the evaluation of the technology latchup design point, it is important to evaluate the holding voltage
for a wide range of substrate and well resistances to evaluate the holding voltage contour in 10g(Rye1)
versus log(R,y) design plots. One method of providing that for a four-stripe structure is to add external
resistors in the latchup network representing the shunt and well resistance values. In that fashion, a
wide range of resistances can be evaluated. The advantage of that method is the ability to sweep a large
resistance range and only four test pads are used to achieve it. A second advantage is that the actual
resistance values are recorded (e.g. not model-based resistance values). One of the disadvantages is that
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Figure 4.10 Four-stripe CMOS latchup test structure design layout with a plurality of well and substrate contact
spacings.

the measurement is not the actual wafer environment but an electrical element. A semiconductor test
method to provide large substrate resistance values is as follows:

e First measurement: Using a four-stripe pnpn test structure, the p+ substrate stripe is used for the
first data point for the ‘near’ substrate contact.

e Second measurement: In the same test macro, there exist multiple pnpn elements, where each
element has a p+ substrate contact space. Using the three stripes of the pnpn element and the
substrate contact of the second structure set, the p+ substrate spacing is varied.

e Third measurement: Continue this process with the next set of structures, where each time the new
p+ substrate contact is used with the three stripes of the pnpn.

e Plot the data as a function of the substrate spacings (or equivalent resistance values).

4.2.8 Basic pnpn with External Injection Source

External latchup can occur from an injection source outside the basic pnpn structure. Test structures are
needed to evaluate the external latchup injection effect. External latchup from a transient source is a
function of the circuit dimensions, the injection source and the relative positioning. External latchup is
a function of the following variables:

e the ‘victim’ circuit;

e injection source structure type;
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e injection source size;
e injection source to ‘victim’ circuit distance;

e relative orientation of the injection source to the ‘victim’ circuit.

The physical dimensions of the sensitive circuit (e.g. representative pnpn) influence the latchup
sensitivity as well as the injector variables. The physical dimensions of the victim circuit influence the
stored charge of the pnpn latch circuit (pnpn latch capacitance to switch the circuit). In addition, the
larger the circuit, the larger the physical area to ‘collect’ charge on its n-well junction. As the circuit
increases in area, the solid angle formed between the injection source and the victim circuit increases.
The simplest case of a latchup victim circuit can be the four-stripe pnpn test structure.

An example of an injection source type that injects electrons into a p- substrate is an n+ diffusion
and an n-well diffusion (note that a p+ diffusion can also serve as an injection source to evaluate the
effect of vertical pnp substrate injection). In CMOS technology, the injection sources can be as follows:

e n+ diffusions;
e n-type resistors;
e n-wells;

e triple-well n-regions.

With single-, dual- or triple-well processes, the forward biasing on the well structure can lead to
electron injection into the p— substrate. These structures can be electrically connected to input nodes or
to a power supply rail (e.g. Vpp). In all cases, these can initiate electron injection into the substrate. In
standard CMOS, an n+ diffusion of a MOSFET, an n-type resistor or an ESD network can lead to
electron injection. In these cases, the injector is relatively small and has high current density. In a
masked triple-well technology, some chip sectors are within triple well and some are within the
semiconductor p— substrate (not all MOSFETs are contained within an isolated epitaxial region). For
masked triple well, the entire triple-well region can be forward bias injecting into the substrate; in this
case, the area is large with a low current density.

In a BiCMOS technology, the injector structures can be as follows:

e n+ diffusion;

e n-wells;

e n-+-+ subcollectors;

e trench-bound n++ subcollectors (e.g. deep trench (DT) and trench isolation (TI)).

In a BiCMOS process, the injection structures can be MOSFETS or bipolar elements. The injection
sources can be passive elements, active elements and ESD networks. Bipolar transistor elements and
ESD networks can contain either trench-bound and nontrench-bound subcollectors. In the case of
power amplifiers, these structures can be large. Negative transients on the Vc power supply can lead to

injection.
In smart power applications, in addition, the injector structures can be as follows:

e DeMOS power devices;
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e LDMOS power devices;

o IGBT power devices.

In smart power applications, the DeMOS, LDMOS and IGBT devices can lead to injection into the
p—substrate. In many power applications, the ‘high-voltage’ module can be integrated with low-
voltage CMOS. In smart power applications, the LDMOS transistors can be a large percentage of an
integrated high-voltage system and chip area. With large inductive loads, the switching characteristics
can lead to injection into the substrate and the low-voltage CMOS chip section. In all these cases, the
injection properties are a function of the physical size of the victim and the injection source and
the relative distance and orientation between the two elements. Hence, test structures are need to
evaluate these variables.

A first simple means to evaluate the external latchup issue is to utilize a family of basic four-stripe
structures. In test sites with 1 x 25 macros containing multiple four-stripe pnpn structures, the adjacent
structures are used to evaluate both the injection type and spacing. Given six pnpn structures (in a
1 x 25 pad set), one of the elements can serve as the injection source. In addition, there exists five
different n+ diffusions and n-well shapes; utilizing these adjacent structures, the ‘adjacent structures’
can serve as injection sources. This provides five injection spacings and two injection types (e.g. n+
diffusion and n-wells). For external latchup characterization, external latchup test structures can also be
constructed by designing a plurality of injection shapes and a single pnpn structure (e.g. or any of the
‘victim circuits’ discussed in this chapter). In a test site, a plurality of injection spacings relative to the
victim circuit can be chosen to evaluate the design variable of injection-to-victim (pnpn) spacing.

In these structures, the relative orientation and the spacing is an issue. Figure 4.11 shows an
example of a four-stripe pnpn latchup structure and injection source. Hence, test structures can be
designed where the orientation of the injection source can be rotated relative to the victim circuit. Note
that in this test structure, the total interaction between the two is a function of both the size of the
injection source and the victim circuit. First, the distance between the injection source and the ‘victim’
circuit is defined. The relative orientation angle, 6, between the source and the pnpn structure
influences the minority carrier collection at the source location. For every incremental region of the
injection source (e.g. dx), there is a solid angle, d€2, of integration to ‘victim circuit’. The orientation of
the injection source relative to the victim circuit (e.g. the pnpn element) changes the solid angle, df2, of
the electron collection. To fully evaluate the transfer of carrier from the injector to the ‘victim’ circuit,
a double integration can be performed between the injection area and the collection area. At large
distances, these can be reduced to simple solutions (e.g., areas or point source).

Three simple cases can be evaluated (Figure 4.12). Special cases of interest are as follows:

e Parallel injection source (e.g. ¢ = 0), where injector is on the n-channel MOSFET side.
e Parallel injection source (e.g. ¢ = 180), where the injector is on the p-channel MOSFET side.

e Perpendicular injection source (e.g. ¢ = 90), where the injector is broadside to the pnpn structure.

These are the special cases of the general case. Hence, note that these injection test structure
concepts can be constructed with all of the structures discussed in Sections 4.1-4.4. One of the
problems with the analysis at close distance is that these four-stripe academic circuits do not represent
the real or true orientation that will be utilized in an actual ASIC design methodology and only
represent the worst-case evaluation at the edge. In an actual ASIC gate array environments, the
orientation of the p-channel MOSFET and n-channel MOSFET gate (and hence the MOSFET source/
drain diffusions) are perpendicular to the n-well to p-well border. As a result, for better understanding
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Figure 4.11 pnpn test structure with injection structure at a relative orientation angle.
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Figure 4.12 pnpn test structure with injection structure for three special cases of orientation.
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of the orientation influence, a test structure with the correct orientation and well sizes may be preferred
to evaluate the relative orientation issue.

4.3 LATCHUP CHARACTERIZATION - BASIC TRIPLE-WELL
pnpn LATCHUP TEST STRUCTURES

For triple-well technology, the structure must be modified to address the extra region, when the triple
well forms an isolated p-well epitaxial region (referred to as ‘merged triple well’). Voldman constructed
triple-well CMOS test structures that would preserve the commonality to the test structures with the
following CMOS design practice objectives [25-30]:

e Construct simple characteristic structures that represent the minimum design dimensions.

e Provide structures that represents the allowable triple-well technology semiconductor design rules.
e Provide structure that represent actual design practice of CMOS circuit designs.

e Maintain the CMOS latchup technology benchmarking strategy.

e Allow for comparison of the dual-well and merged triple-well technology.

For merged triple-well test structures, the concept of the four-stripe test structure was preserved within
the allowable ground rule design dimensions and modified accordingly. Figures 4.13 and 4.14 show the
cross section and the design layout of the five-stripe and the four-stripe triple-well test structures
respectively. A CMOS latchup design practice for triple-well test structures is as follows [26]:

e A single-stripe p+ diffusion is placed into an n-well region.

e A single-stripe n+ diffusion is placed into a p-well region.

e A single-stripe n+ diffusion is placed into an n-well region to serve as the n-well contact.

e A single-stripe p+ diffusion is placed into the isolated region to serve as the substrate contact,

where the p+ diffusion is placed between the n+ diffusion (in the substrate) and the n-well edge.

V. V.

DD ss
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k - J el k - )

p—substrate

Figure 4.13 Five-stripe triple-well latchup test structure cross section (substrate stripe not shown).
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Figure 4.14 Four-stripe triple-well latchup test structure layout and design (fifth substrate stripe not shown).

e An n-well region extends around the p-well contact stripe and n+ diffusion within the p-well
forming a ‘ring’ around the isolated epitaxial p-well region.

e An implant level is placed under the p-well region to isolate the epitaxial region whose overlap
spacings are in conformance to the design layout rules of the technology.

e A fifth stripe p+ diffusion is placed outside the n-well ring to provide electrical contact with the
semiconductor chip substrate.

In this structure, the vertical npn transistor is formed between the n+- diffusion, the isolated p-well and
the n-well region. In a merged transistor structure, the vertical and lateral npn transistors are not
electrically isolated and distinguishable. The pnp transistor base width is defined as the spacing between
the p+ diffusion and the n-well edge. The npn transistor base width is defined as the spacing between the
n+ diffusion and the n-well edge. In the design of the triple-well n-well ring, it is important that the
spacing of the edge of the n+ stripe within the p-well does not introduce a lateral npn (e.g. the spacing
between the n-well ring and the n+ stripe should be significantly greater than the spacing between the n-
well edge and the n+ stripe). A second CMOS latchup design practice issue is the placement of the triple-
well implant. Two different CMOS triple-well bench structures can be constructed [26, 28-30]:

e Buried layer is placed only under the p-well region to electrically connect with the n-well ring
(Figure 4.14).

e Buried layer is placed under both the p-well and n-well regions (Figure 4.15).

4.4 LATCHUP CHARACTERIZATION TECHNIQUES - pnpn
STRUCTURES WITH DEEP TRENCH

For latchup characterization of different semiconductor structures, as shown above, the four-stripe test
structure must be modified. For example, DT isolation is a technology feature in CMOS trench DRAM,
advanced bipolar and bipolar/CMOS (BiCMOS) technologies, as will be discussed in Chapter 6.
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Figure 4.15 Five-stripe triple-well latchup test structure layout design with buried layer under both p-well and
n-well regions.

Voldman constructed DT latchup structures for the evaluation of the latchup CMOS latchup
characterization [6, 7, 21-24, 26, 28-30]. The DT latchup test structures preserve the commonality
to the standard pnpn test structures, with the following CMOS design practice objectives:

e Construct simple characteristic structures that represent the minimum design dimensions.

e Provide structures that represents the allowable DT technology semiconductor design rules.

e Maintain the CMOS latchup technology benchmarking strategy.

e Allow for comparison of deep trench CMOS technology and the standard CMOS technology.

A latchup design practice for test structure to quantify DT isolation is as follows:

e A single-stripe p+ diffusion is placed into an n-well region.

e A single-stripe n+ diffusion is placed into a substrate region.

o A single-stripe n+ diffusion is placed into an n-well region to serve as the n-well contact.

e A single-stripe p+ diffusion is placed into a substrate region to serve as the substrate contact.

o A DT was placed on the perimeter of the n-well region, where the trench center is coincident with
the n-well edge definition (the DT borders the n-well edge).

Figures 4.16 and 4.17 show the cross section and layout of the four-stripe DT latchup structure,

respectively. It is a CMOS latchup test site design practice to provide the following:

e At least one pnpn test structure is constructed with the minimum ‘p+/n+ spacing’ that is allowable
with the minimum trench width.

With integration of DT and the triple-well structures, the n- and p-well regions can be separated,
preventing the merging of the CMOS pnpn, as will be shown in Chapter 6 [26]. In this case, an
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Figure 4.16 Four-stripe BICMOS/CMOS latchup deep trench (DT) test structure cross section.

additional electrical connection is needed for the isolation n-well ring around the p-well region
(Figure 4.18). In some technologies, DT structures are polysilicon filled. As will be discussed in
Chapter 6, the DT structure can be biased. In this case, a five-stripe latchup test structure was developed
for biasing the DT polysilicon-filled structure (Figure 4.19) [24]. In all cases, the basic CMOS latchup
design structure strategy is preserved in order to maintain a consistency with the four-stripe dual-well
CMOS test structure strategy.
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Figure 4.17 Four-stripe BICMOS/CMOS latchup deep trench (DT) test structure.
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Figure 4.18 BiCMOS/CMOS latchup triple-well deep trench (DT) test structure.

4.5 LATCHUP CHARACTERIZATION AND TESTING —
NONAUTOMATED TEST SYSTEMS AND METHODOLOGY
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For latchup characterization, it is advantageous to evaluate the /-V characteristic of the latchup
structures over the complete design space. The latchup /-V parameters of interest include the

following:

Figure 4.19 BiCMOS/CMOS latchup DT test structure with electrical contact.
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e |-V characteristics;
e turn-on voltage, Von;
e (rigger voltage, Vg, and current, Ity (also referred to as knee voltage and current);
e holding voltage, Vy, and holding current, /y;
e latchup on-resistance in the different regions (e.g. blocking state and holding state);
e latchup dynamic on resistance (e.g. blocking state and holding state).
For latchup development, it is desirable to obtain these parameters as a function of the following
design parameters:
e a wide range of p+/n+ spacings from sub-minimum, minimum to large values;
e a full range of the substrate resistance from a short to an open circuit (Rsy = O to infinite).

e A full range of the well resistance from a short to an open circuit (Rw = 0 to infinite).

4.5.1 Latchup Testing — dc Test Methods

For dc latchup analysis, it is a latchup design practice to utilize the following test system and
configuration:

e four-stripe CMOS latchup test structures;

e wafer-level bench-station with four probes (e.g. for the four different electrical nodes);
e a decade resistor box for the external substrate resistance (e.g. 0.1 2 to 1 MQ);

e a decade resistor box for the external well resistance (e.g. 0.1 2 to 1 MQ);

e a Tektronix 576 bipolar curve tracer (e.g. with oscilloscope and voltage generator).

Figure 4.20 shows the electrical test system configuration. The electrical connections are
established between the Tektronix 576 bipolar curve tracer, the resistance boxes and the latchup
four-stripe test structures. As according to the latchup circuit configuration with the Ry and Rgy, the
resistors are placed into the electrical circuit to provide additional series shunt resistances. In one test
mode, the anode of the pnpn structure (e.g. p+ stripe) is electrically connected to the collector
electrode of the bipolar curve tracer and the cathode of the pnpn (e.g. n+ stripe) is electrically
connected to the emitter electrode of the bipolar curve tracer. To establish a high voltage across the test
structure, the voltage level can be overcome using the override function (e.g. it is well known to use a
pen and duct tape to override the over-voltage safety protection mechanisms).

In this test methodology, there are some significant advantages in latchup evaluation:

e The variations of the Vy and Iy as functions of the well and substrate resistances can be visualized.

e In the evaluation of the Vi contours in resistance space (Rw — Rsy), significant data can be
obtained to sweep out the characteristics at different voltage magnitudes. In the production of Vy
contours in resistance space, the quality of the measurements is significantly better than can be
achieved in automated systems.
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Figure 4.20 Electrical test system using bipolar curve tracer and resistance decade boxes (for shunt resistance
modification).

For the evaluation of the holding voltage, Vy, the use of decade resistor boxes allows the sweeping
over 4 orders of magnitude of variation from conditions; the decade boxes allow for providing accurate
experimental mapping of the holding voltage contours by visually observing the Vy point on the
bipolar curve tracer. To manually sweep the Vi contours, as one shunt resistance is increased, the
second shunt resistance must be decreased in order to maintain a common holding voltage contour; this
is then completed by changing through all the resistance values on the resistance space contour.
Experimentally, as one resistor box is set, one must manually ‘tune’ the second resistor box in order to
sweep out the same holding voltage contour. This latchup design methodology can be completed for
each four-stripe or five-stripe latchup structure. This latchup method can be applied to all the latchup
test structures [28-30].

4.5.2 Latchup Testing — Pulsed ac Latchup Test Systems
and Methodology

For latchup wafer-level characterization of transient latchup, the test system and methodology are
applied to evaluate the latchup characteristics under pulsed condition and dc voltage bias. For transient
analysis, latchup parameters are studied as a function of the pulse width and pulse rise time. For ac
latchup analysis, it is a latchup design practice to utilize the following test system and configuration:
e four-stripe latchup test structures;

e Wafer-level bench-station with four probes (e.g. for the four different electrical nodes);

e a dc power supply suitable to source semiconductor chip application voltage levels;
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e a single shot rectangular pulse source with variable pulse parameters (e.g. rise and fall time, and
pulse width);

e a decade resistor box for the external substrate resistance (e.g. from 0.1 € to 1 M(Q);
e a decade resistor box for the external well resistance (e.g. from 0.1 Q to 1 M{);

e at least one current probe to measure current transients.

Figure 4.21 shows the electrical test system configuration. The electrical connections are established
between the dc power supply, the rectangular pulse source, the resistance boxes and the latchup four-
stripe test structures. The voltage pulse source and current probes can be a Hewlett-Packard 8160 voltage
pulse source and a Tektronix CT-1 current probe, respectively.

In this analysis, it is desirable to quantify the latchup sensitivity to positive overshoot and negative
undershoot phenomena. For positive overshoot analysis, the voltage source can be placed on the anode
of the pnpn structure and the current probe is placed on the cathode. In one method for positive
overshoot analysis, the external well resistor and the ground of the voltage source are placed at a
ground potential. A positive pulse is applied to the anode. The cathode node is biased to a negative Vpp
dc voltage source. The current source is placed on the connection to the negative Vpp dc power supply.
The external resistance for the substrate is also electrically connected to the Vpp dc voltage source. In
this same methodology, for undershoot analysis, the dc power supply voltage is placed on the pnpn
anode and the pulse source is placed on the pnpn cathode. The current probe is placed on the
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Figure 4.21 Electrical test system for transient latchup analysis (ac analysis) highlighting the dc power supply,
the rectangular pulse source and the resistance decade boxes for shunt resistance modification.
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Table 4.1 Example of transient latchup overvoltage response (Vpp = —3.6 V).
Pulse width (ns) Pulse height (V)
10 3.70
15 2.96
20 2.65
30 2.32
50 1.97
100 1.74

External resistors well: 220 k(2. Substrate: 10 k2.

connection to the pnpn anode. External resistors are connected in parallel with the anode and cathode
through the Vpp and Vg connections, respectively. Table 4.1 is an example of experimental data from
such a test system using a four-stripe latchup structure. External resistors of 220 and 10 k2 were placed
as the shunt resistors, and a Vpp voltage of —3.6 V was placed on the substrate. Experimental results
show that as the pulse width increases, the magnitude of the pulse height needed to initiate latchup
decreases.

The value of transient latchup testing as a function of the pulse width and the rise time provides a
complete understanding of the CMOS circuitry under transient overshoot and undershoot environ-
ments. With a transient analysis system, the holding current versus pulse width study provides an
understanding of the relationship of the circuit response. In addition, the analysis of the rise time
evaluates the sensitivity of the circuits to ramp-up and ramp-down conditions during power-up and
power-down sequencing conditions.

4.6 LATCHUP CHARACTERIZATION AND TESTING —AUTOMATIC
TEST SYSTEMS

For CMOS latchup characterization of semiconductor technologies, automated test systems were
constructed utilizing the CMOS latchup test structures. The four-stripe CMOS latchup test structures
were placed into test macros for electrical characterization and design rule development on a wafer
level. There are advantages and disadvantages of automated systems. These will be discussed in the
next sections.

4.6.1 Noncommercial Wafer-level Automatic Test Systems

To evaluate the CMOS latchup design point, the evaluation of the CMOS latchup as a function of the
p+/n+ spacing, n-well contact spacing and p-well (e.g. substrate) contact spacing. In test structures,
with a fixed well and substrate contact spacing, automated test systems were first developed to evaluate
the latchup sensitivity as a function of external resistors. In 1983, Troutman constructed a latchup
automated test system that introduced different resistances to evaluate the design characteristics in
resistance space. The automated CMOS latchup design system consisted of the following:

e semiconductor wafer prober;

e voltage and current sources;
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Figure 4.22 Automated electrical test system for latchup analysis (noncommercial).

e switch matrix;
e two sets of single-component resistors of values in decades (e.g. 1 €2 to 1 k2);
e parameter analyzer and computer;

e software.

The latchup test system integrated the decade values of the resistor elements into the electrical circuit
using the resistors as external resistor elements to vary the shunt impedances in the four-stripe circuit.

Figure 4.22 shows an example of an automated noncommercial test system used today for electrical
characterization of latchup. The wafer-level latchup system of Liao [74] has current and voltage biasing
capabilities to the four-stripe pnpn latchup structure for evaluation of undershoot and overshoot
phenomena.

4.6.2 Commercial Automated Product Test System

Latchup evaluation can be addressed at the wafer level or product level. Commercial latchup test
systems are typically designed only to address latchup at the product level. Due to the commonality of
latchup and ESD testing, some commercial-level latchup testers perform both latchup testing and ESD
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Figure 4.23 State-of-the-art commercial latchup test system (KeyTek Zapmaster MK2, presently Thermo Fisher
Scientific).

testing. Commercial latchup test systems were first introduced in the industry in the 1990s to evaluate
latchup in packaged semiconductor products. Figure 4.23 shows an example of a present day
commercial latchup test system. These commercial test systems address JEDEC’s EIA/JESD 78 and
AEC Q100-004 standards [43]. As the size of semiconductor chips increase, the number of 1/O pins are
increasing. As a result, the commercial latchup testers are increasing the ability to test larger
semiconductor chips. Hence, new latchup test systems are being developed as the I/O count increases,
as well as the package complexity. Figure 4.23 shows the KeyTek Zapmaster MK2 latchup tester
(presently Thermo Fisher Scientific). Figure 4.24 shows a state-of-the-art commercial latchup tester,
known as the MK4 latchup tester (presently Thermo Fisher Scientific). A commercial system contains a
latchup pulse generator according to the latchup specifications. In this design, input pin drivers are used
for latchup testing and parametric measurements. The designs have up to 10 MHz vector rate that are
programmed with internal clock systems.

The latchup test systems include a bipolar source and sink trigger supply. These supply triggers
can supply typically 50 V and 2 A capabilities. In these test systems, they allow for semiconductor chip
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Figure 4.24 State-of-the-art commercial latchup test system (Thermo Fisher Scientific, MK4).

pre-conditioning power supplies up to 15 V and current levels of 4 A. These commercial test systems
have vector depths of 2048 for all the physical pins on the device under test (DUT), with vector rates on
to a frequency of 4 kHz.

Figure 4.25 shows a third commercial test system that provides product-level evaluation of latchup
according to the JEDEC latchup specification. This system introduces mechanical armatures for
testing. One advantage of this system is that the pulse source is modular. For example, alternate pulse
sources can be utilized for other HBM test sources in the same system as latchup testing. For example,
Gross utilized this commercial latchup/ESD test system to evaluate cable discharge events (CDE) by
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Figure 4.25 Commercial latchup test system (Oryx Instruments 11000 EX, presently Thermo Fisher Scientific).

exchanging the HBM standard source with a 2000 pF capacitor source equivalent to a charged cable
and using JEDEC latchup test methodologies. This was used to evaluate the effect of CDE on ESD
structures, as well as the effect of introducing latchup.

4.7 LATCHUP CHARACTERIZATION — WAFER-LEVEL TEST
PROCEDURES

For latchup characterization, different methods exist for test procedures. In the four-stripe latchup test
structure, there are four independent electrodes allowing for different test procedures representing
different test modes. Hence, there are different modes of evaluation [2].

4.7.1 Latchup Characterization Test - Ramped Power Supply
Voltage Study

In the latchup characterization practice, the following test procedure is performed:

e the p+ anode and the n-well are electrically connected;

e the n+ cathode and the p— substrate (e.g. or p-well) are electrically connected;



218 LATCHUP STRUCTURES, CHARACTERIZATION AND TEST

Power supply

pad
Voo
n-well
shunt
resistor
Power supply
excitation pnp transistor

npn transistor

Substrate
resistance

) !

VS S VSS

Figure 4.26 CMOS latchup characterization test with a positive applied voltage ramp to n-well and the p+ anode.

e the n+ cathode and the p— substrate are electrically grounded;

e the p+ anode and the n-well are swept with an applied positive voltage ramp.

Figure 4.26 shows the example of the test configuration and the latchup structure circuit schematic.
In this latchup characterization procedure, well shunt resistors can be placed in series with the n-well
electrical connection (e.g. n+ diffusion stripe in the n-well). Additionally, a substrate shunt resistor
can be placed in series with the substrate contact (e.g. p+ diffusion stripe in the p— substrate). In this
case, the test represents a semiconductor chip whose n-well and p-channel MOSFET device are
electrically connected. This is the case when the p-channel MOSFET device is contained within the
n-well region. The power supply (e.g. Vpp) and the p-channel MOSFET are ramped with a positive
polarity event.

4.7.2 Latchup Characterization Test — p+ Anode Power Supply
Overshoot Study

In the latchup design practice, it is important to evaluate electrical overshoot. Electrical overshoot of
the p+ channel MOSFET can occur when the MOSFET source voltage responds to a signal pad event
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Figure 4.27 CMOS latchup characterization test with a positive applied voltage event to the p+ anode.
[2]. In the event that the power supply Vpp is slow to respond and the individual circuit overshoots the
power supply voltage, forward biasing of the PMOSFET can occur. The following test procedure is
performed as a latchup test practice [2]:
e the p+ anode is electrically connected to a voltage or a pulse source;
e the n-well is electrically connected to a dc power supply voltage;
e the n+ cathode and the p— substrate (e.g., or p-well) are electrically connected;
e the n+ cathode and the p— substrate are electrically grounded;
e the p+ anode is swept with an applied positive voltage ramp or current source.

Figure 4.27 shows the test configuration and the latchup structure circuit schematic. This is the case
when the p-channel MOSFET is contained within the n-well region. The voltage or current source

is increased until latchup occurs. When latchup triggering is initiated, the ‘overshoot’ condition on the
p-stripe is recorded; this is an ‘overshoot voltage’ or an ‘overshoot current’ condition.

4.7.3 Latchup Characterization Test — Ramped Negative Power
Supply Voltage Study

For the evaluation of substrate negative transients, a ramped negative transient method can be used. In
the four-stripe latchup test structure, there are four independent electrodes allowing for different test
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Figure 4.28 CMOS latchup characterization test with a negative applied voltage ramp to substrate and the n+
cathode.

procedures representing different test modes. In the CMOS latchup characterization practice, the
following test procedure is performed [2]:
e the p+ anode and the n-well are electrically connected;
e the n+ cathode and the p— substrate (e.g. or p-well) are electrically connected;
e the n+ cathode and the p— substrate are electrically grounded;
e the n+ anode and the p-well are swept with an applied negative voltage ramp.

Figure 4.28 shows the test configuration and the circuit schematic. In this case, the test represents a
semiconductor chip whose p— substrate (e.g. or p-well and n-channel MOSFET device are electrically
connected). This is the case when the n-channel MOSFET is contained within the p— substrate (e.g. or

p-well region). The power supply Vss and the n-channel MOSFET are ramped with a negative polarity
event.

4.7.4 Latchup Characterization Test — n+ Cathode Ground Power
Supply Undershoot Study

In the latchup design practice, it is important to evaluate electrical undershoot. Electrical under-
shoot of the n-channel MOSFET can occur when the NMOSFET source voltage responds to a
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Figure 4.29 CMOS latchup characterization test with a negative pulse to the n+ anode.

negative pulse signal pad event. In the event that the power supply Vss is slow to respond and the
individual circuit undershoots the power supply voltage, forward biasing can occur. Note that this
can also occur on an n-channel MOSFET drain node from a signal-pad overshoot or voltage
transient. It is also possible that the n-channel MOSFET or n-type device is not within the power
domain of the p-well tub or Vgg supply. The following test procedure is performed as a latchup test
practice [2]:

e the p+ anode is electrically connected to the n-well stripe;
e the n+ cathode is electrically connected to a power supply or pulse source;
e the p— substrate (e.g. or p-well) is electrically grounded;
e the n+ cathode is swept with an applied negative voltage ramp or current source.
This is the case when the n-channel MOSFET is contained within the p-well region (Figure 4.29).
The voltage or current source magnitude is increased until latchup occurs. When latchup triggering is

initiated, the ‘undershoot’ condition on the n-stripe is recorded; this is an ‘undershoot voltage’
condition or an ‘undershoot current’ condition.

4.8 LATCHUP CHARACTERIZATION TECHNIQUES - WAFER-
LEVEL TRANSMISSION LINE PULSE METHODOLOGY

Pulsed testing of semiconductor devices was a common practice in early research and development of
power electronics, pulsed power electronics and military applications (e.g. electromagnetic pulse
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(EMP) tolerance). Early researchers used pulsed testing for evaluation of the power-to-failure of
electronics. Transmission line pulse (TLP) testing provides the ability to understand the terminal
current and voltage conditions on a semiconductor device or system, and can be used to generate
pulsed I-V characteristics [48]. Standardization of TLP testing methodology has become a standard
practice in the semiconductor industry for ESD phenomenon [49, 50]. This same practice, with
modifications associated with latchup phenomenon, can be applied to latchup [4].

Latchup pnpn test structures can utilize TLP testing methodology for the latchup characterization
of a semiconductor technology. TLP testing will provide an S-type pulsed I-V characteristics of the
pnpn under a sequential pulsed state. Using the TLP test method, the latchup characteristic terms can
be evaluated (e.g. trigger voltage and current, holding voltage and current, and the dynamic on-
resistance). Additionally, applying this technique to latchup, this TLP technique allows the evaluation
of the pnpn breakdown, saturation effects, thermal breakdown and pnpn device failures as a function
of the pulse parameters (e.g. pulse width, pulse rise time, pulse fall time, etc.). For the evaluation of
latchup phenomena, it is suitable for obtaining a significant understanding of single devices or
multiple devices connected to a single pad. TLP systems can be designed in at least four different
configurations, where the device response is extracted from the measurement of the transmitted and
reflected signals.

Figure 4.30 shows an example of current source TLP system. This TLP system is a 500 2 based
TLP system [49,50]. The system consists of a transmission line (TL) cable, a TLP charging power
supply source, a high impedance 10-100 MS2 resistor and a first switch to isolate the charging source
from the TL cable. The system also contains a delay line, a 50 €2 shunt resistor, a large series resistor
element, a current probe and a voltage probe. In this system, the latchup structure under test would be
placed between the incoming signal and the ground potential.

A preferred system is the 50 €2 based system is the time domain reflection (TDR) TLP system,
referred to as the TDR-TLP system [49, 50]. Figure 4.31 shows an example of a TDR-TLP system. The
system consists of a TL cable, a TLP charging power supply source, a high impedance resistor and a
first switch to isolate the charging source from the TLP cable. The system also contains an attenuator, a
delay line, a current probe and a voltage probe. In this system, the latchup structure under test would be
placed between the incoming signal and ground potential. The purpose of the attenuator is to reduce the
reflections before they can reach the pnpn device under test. In this case, a 20-dB attenuator will
provide a 10x reduction in the reflected signal.

Using the TLP methodology for latchup evaluation, the key objective is to provide a pulsed I-V
characteristics that can best represent the structure response with pulse width associated with latchup
events. Using a rectangular waveform, one can evaluate the key responses of the structure and quantify
the key I-V characteristic variables. The key I-V metrics of interest are the avalanche voltage (Vay),



LATCHUP CHARACTERIZATION — TRANSIENT LATCHUP 223

Transmission line

source 20-dB attenuator Delay line
Current probe Voltage probe
High-voltage ]
source Oscilloscope I Device
I under test

' v

Figure 4.31 Schematic of time domain reflectometer (TDR) TLP system (with 20 dB attenuator).

avalanche current (/av), holding voltage (Vy), holding current (/) and the on-resistance, Ron. The
pulse parameters that may influence the latchup I-V characteristic are as follows:

e pulse width;

e pulse rise time;

e pulse fall time;

e maximum peak current overshoot;
e maximum ringing duration;

e measurement window.

The pulse width chosen for latchup characterization should be associated with the pulse widths of
interest that may occur during latchup events. In the analysis of the TLP I-V response, it is possible to
evaluate a wide range of pulse widths from short pulse to long pulse response. The rise time of the TLP
pulse may be important due to latchup sensitivity to voltage perturbations, dV/df, or current
perturbations, d//dz.

In the latchup testing, a step stress of test sequence is initiated to sweep the I-V characteristic of the
pnpn structure [49, 50]. Figure 4.32 shows the TLP test sequence. In the test process, the resistances of
the system can be nullified prior to measurement of the step stress. This is also referred to as a
calibration and verification procedure. To sweep the latchup characteristic, a pulse is generated
successively where the leakage is tested between step stress to determine if the structure has undergone
failure. During each pulse, voltage and current measurements are taken within the measurement
window of the pulse. These data are averaged to reduce statistical noise. Given that the pnpn device is
not destroyed, the stress is continued. In this fashion, the latchup I-V transitions can be characterized
for a given pulse width. Note that in this methodology, there is no applied dc voltage to the pnpn
structure (as a result, this test procedure is distinct from other transient latchup test processes).
Figure 4.33 shows an example of a latchup pulsed I-V characteristic using a TLP test system.

4.9 LATCHUP CHARACTERIZATION — TRANSIENT LATCHUP

Today, transient latchup is evaluated according to wafer-level methods developed by Troutman and
Zappe [33-35]. But today, new methods have been developed using transient latchup (TLU) amplifiers
as a source for evaluation of new methods.
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Figure 4.32 TLP testing procedure.
4.9.1 Latchup Characterization — Wafer-level Transient Latchup

For the evaluation of transient latchup, a transient latchup test system is required. Figure 4.34 shows the
transient latchup characterization system. The test system requires a dc power supply, an oscilloscope,
probe station and latchup test structure. In addition, a current or voltage pulse source as well as current
and voltage probes are used to evaluate the device response. In the transient latchup characterization
practice, the following test procedure is performed:

e The test structure is biased with a dc power supply voltage at some voltage level (e.g. Vpp).

e The n+ cathode and the p— substrate (e.g. or p-well) are electrically grounded (e.g. Vss).
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An ac pulse of a given width and current (voltage) level is applied to the device under test.

An oscilloscope is used to evaluate the device response. For evaluation of current and voltage, a
two-channel oscilloscope is required.

A step stress is achieved by increasing the magnitude of the pulse until latchup is evident from the
pulse event.
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Figure 4.34 Transient latchup characterization test system.
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Figure 4.35 Transient latchup test system with transient latchup (TLU) amplifier and signal applied to the input
pins. Reproduced by permission of ESDA.

The pulse source can apply positive or negative polarity events on any of the electrical nodes of the
latchup structure or device under test.

4.9.2 Latchup Characterization — Transient Latchup (TLU)
Amplifier Product-level Test

Latchup testing methods must capture all types of potential latchup events that may occur on a chip or
system level. A transient latchup upset (TLU) test was established to address all forms of transients
observed on a semiconductor component. A commercial transient latchup amplifier source was
constructed to address positive and negative voltage transitions that may occur. A primary goal was to
design a latchup test to address short-duration transient electrical disturbances. Different transients
phenomena were addressed (e.g. fast slew rate pulses, long-duration ringing events, short-duration
supply bounce, EMI and RFI-induced noise). These waveforms must be controlled and reliable
waveforms that could be simulated on latchup test equipment. Using a broadband power amplifier
(TLU amplifier), it was possible to create specific transient waveforms to better understand the
latchup response. Figure 4.35 shows the test configuration using a TLU amplifier. The test system
consists of the TLU amplifier, power supply and diagnostics such as current probes and oscilloscope.
The source is connected to the device under test through a switching matrix. In this figure, the TLU
amplifier applies a pulse to the signal pins. Figure 4.36 shows the case where the signal is applied to
the power supply.

A single cycle sine wave was also used to initiate latchup. Different frequencies, phases and half
sine waveforms can be used (Figure 4.37).

The TLU amplifier characteristics have been defined in the TLU methodology. It can be described
as a low-output impedance signal amplifier that is capable of superimposing a reference voltage source
and a rectangular pulse from the pulse generator. The TLU amplifier has the following criteria:
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supply. Reproduced by permission of ESDA.

Output voltage range: greater of +[3 x maximum DUT operating voltage (Vppmax)] or 30 V.
Output current range: greater of £[3 X failure current (Ipar)] or £3 A.

Output voltage regulation: The dc output voltage is within 5 % of the input voltage.
Output impedance: Less than or equal to 1 €2 (at dc voltage).
Output slew rate: Greater than 10 V/us with an open load (this value is sufficient to produce a 15 Vp_p,
300 kHz sine wave).
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Figure 4.37 Transient latchup test waveform. Reproduced by permission of ESDA.
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Transient latchup test system with transient latchup (TLU) amplifier and signal applied to the power
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Table 4.2 Transient latchup amplifier waveform parameters.

TLU amplifier load Measured parameter Acceptance criteria
Test load 1 (5 Q) Current clamp activation time < 1ms

Test load 2 (10 ©2) Initial dc voltage 10£02V
Test load 2 (10 ) Maximum pulse amplitude 10£02V
Test load 2 (10 ©2) Pulse width 20+ 1ps
Test load 2 (10 Q) Fall time (10 Vp_p) <2ps

Test load 2 (10 ©2) Rise time (10 Vp-p) <2ps

Output current limiting & [output current range]: The value may be continuously variable or have
preset increments.
Current limit response: The output current is limited to the final value within 1 ms.
Amplifier voltage gain: The output waveform is within 5 % of the expected amplitude with respect to
the input.
Amplifier bandwidth: The amplifier transmits a signal without distortion from DC (0 Hz) to 300 kHz or
the desired frequency of the transient signals, whichever is greater.
Amplifier output function: The output is the sum of the two inputs.
Amplifier inputs: The amplifier has two inputs, one for Vpp and one for the transient signal source. One
or both of the inputs may be scaled (amplified) to compensate for small input signals. Alternatively, the
amplifier may have only one input and the summing of the two signals is provided by a separate circuit.
Amplifier input impedance: The transient signal input shall have an impedance of 50 {2 and matching
the output impedance of the pulse generator. The Vpp input shall have an impedance of 50 €2 or more to
prevent excessive current load on the Vpp reference supply.
Table 4.2 shows the TLU amplifier waveform parameters and load conditions.
Figure 4.38 shows an example of the TLU test with a negative polarity pulse. The voltage magnitude
was —1.1 V. The lower trace is the response of the semiconductor DUT to the half sinusoid TLU pulse.
Figure 4.39 shows the same test with a larger pulse magnitude. At a magnitude of —1.32'V, the DUT on
the second trace undergoes a —80 mA surge. At higher pulse magnitudes of —1.75V, this response
increased to —200 mA surge, indicating the onset of latchup.

The latchup mechanism for this latchup event (e.g. triggering latchup from a negative polarity pulse
event on Vpp) is referred to as an ‘electron flood” event. Electron flood events are initiated by the
following latchup procedure:

e A semiconductor component is powered to normal steady-state voltage conditions (e.g. Vpp).

e A transient is placed on the power supply Vpp with a negative polarity below the ground potential
(e.g. by at least one diode Vgg).

e The transient is followed by return to the normal steady-state voltage conditions (e.g. Vpp).

During the reduction of the power supply to negative polarity, the supply current is reversed and
flows into ground due to the forward biasing of the well-substrate junctions (e.g. p— substrate); this
leads to significant minority carrier injection into the substrate. As the power supply voltage rail returns
to its steady state Vpp, the injected charge carriers leave the p— substrate creating current flows to the
ground Vgss and Vpp pads. The magnitude of this current is proportional to the trigger voltage
(undershoot on Vpp) and the rate at which Vpp returns to normal functional state (power supply
rise time). This current flows through the substrate and other structures and creates across-chip
voltage gradients and transient fluctuations. If this voltage gradient is such as to invert a metallurgical
junction, the resulting current flow can initiate and sustain latchup. Since this injected current is not
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Figure 4.38 TLU test highlighting the TLU waveform and the device under test (DUT) chip response (—1.1 V
waveform pulse). Reproduced by permission of ESDA.
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Figure 4.39 Transient latchup (—1.32 V pulse) highlighting an —80 mA DUT response.
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Figure 4.40 Oscilloscope waveform showing TLU failure. The top trace is the power supply voltage Vpp and the
lower trace is the power supply current Ipp (500 mA/div).

localized in the substrate, the latchup could potentially be triggered locally or globally in the
semiconductor chip.

Figure 4.40 shows an example of a latchup failure. The top oscilloscope trace is the power supply
voltage Vpp and the lower trace is the power supply current /pp (500 mA/div). In this event, latchup
occurred.

These types of events are sensitive to ramp rate, capacitance and slew rates. As the bandwidth of the
latchup broadband amplifier increases, results show that latchup failure occurs at smaller trigger level.
Investigations showed a strong correlation of latchup sensitivity to power supply rise time and the
voltage undershoot amplitude.

4.10 GUARD RING CHARACTERIZATION

Guard rings serve the purpose of providing electrical and spatial isolations between adjacent circuit
elements, preventing interaction between devices and circuits that may undergo latchup. This is
achieved by the prevention of minority carriers from within a given circuit or the prevention of
minority carriers from entering a sensitive circuit. In the first case, the role of the guard ring structure is
to prevent the minority carriers from leaving the region of the circuit and influencing the surrounding
circuitry. In the second case, the injection is external to the circuit, and the objective is to prevent the
minority carriers from influencing the circuit of interest. Hence, the point of view is relevant. Hence, in
the discussion of internal latchup, the role of the guard ring is to provide electrical isolation between
the pnp and the npn structure. In this case, the role of the guard ring is to minimize electrical coupling
and to prevent regenerative feedback from occurring between the pnp and the npn; stated otherwise, the
role of the guard ring is to lower the gain of the feedback loop by reducing the parasitic current gain.
Guard rings within the pnpn structures lower the parasitic bipolar gain by the following means:

e increases the base width of the parasitic pnp or npn structure;

e provides a region of collection of the minority carriers to the substrate or power supply electrodes,
‘collecting’ the minority carrier via a metallurgical junction or electrical connection;
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e provides a region of heavy doping concentration to increase the recombination within the parasitic,
‘capturing’ the minority carrier via electron—hole pair recombination.

In external latchup, the role of the guard ring is to provide electrical isolation between the first and
second regions; the role of the guard ring is not to minimize the electrical coupling between the local
pnp and the npn transistor but to prevent injection mechanisms traversing from the first to the second
region, where the concers are:

e lowering the minority carrier injection from the first region of interest to any exterior region;

e lowering the minority carrier injection from an exterior region into the circuit region of interest.

In external latchup, there is a greater focus on the transport of minority carrier injection into the
region with the initiation of a local pnpn. As a result, the issue is not the regenerative feedback
within a local pnpn but the interaction of an injection source and its electrical stimulus of a pnpn
parasitic device in both intra- and intercircuit cases. Typically, the focus is an the issue of external
initiation of latchup of an intracircuit pnpn parasitic structure, where no internal guard rings are
present.

In both cases, the guard ring structure serves as a means of lowering the effectiveness of the
minority carriers transport via recombination, collection and spatial separation. As such, the relation-
ship between the injection source and the collection region can be viewed in a generalist view as a
bipolar transistor itself. In a bipolar transistor, there is an emitter of carriers that are then transported to
the collector of the carrier through a physical region. A bipolar transistor is a minority carrier device. In
the transport of minority carriers, there is an efficiency at which the carriers transport between the
injection region (e.g. the emitter) and the collection region (e.g. the collector). Hence, in the
quantification of the guard ring structure, the ‘guard rings’ are perceived to serve as a means to
mitigate the transport of minority carriers. Hence, the effectiveness of the guard ring to lower the
minority carrier transport via collection, recombination or other means is of interest. Additionally, the
‘inside—outside’ perspective also indicates that quantification in a ‘forward’ or a ‘reverse’ operation is
also of interest.

4.10.1 Guard Ring Efficiency

A metric for evaluation and characterization of the guard ring is the ‘guard ring efficiency’. The ratio of
the captured current in the guard ring structure and the injected current is a measure of its guard ring
efficiency. In this development, two metrics will be defined. Let us define first as an injection metric F,
where F = I (injector)/I (collector) [1-3, 6, 7, 21].

F =t

Icull

Injection metric F is the ratio of the current injected into the structure inside the guard ring and the
current collected outside the guard ring [1, 3, 6, 7]. If every minority carrier that is injected is collected,
the injection ratio would equal unity. As the number of collected minority carriers decreases, the factor
F increases above unity. This metric increase is a measure of the guard ring’s ability to minimize the
transport out of the guard ring to a region of interest where the carriers are collected. This can be
trivially quantified on a test structure or simulated to quantify the effective transport ratio. Since this
term is not normalized to the injection current, the inverse relationship is better viewed for a probability
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perspective. The inverse of F, 1/F, will be defined as the ‘transport factor’. The transport factor 1/F is
the ratio of the collected current normalized and the injection current.

1 I coll

i

i

From the probability view, by normalizing to the injection carrier current, the collected current is the
probability, of given an injection current level, that the current reaches the structure of interest. The
inverse term, 1/F, is the escape probability (e.g. P(E)) in the approximation that the number of
collected electrons outside the ring is significantly greater than the number of electrons that recombine
outside the guard ring. This interpretation can change based on the structures between the injecting and
collecting structures. Hence, the ‘collected current’ normalized to the ‘injected current’ can be
quantified using an ‘injecting structure’ and the ‘collecting structure’.
The escape probability, or P(E), is then related to the following design parameters:

e physical dimensions of the injection source (e.g. width, length and depth);

e semiconductor process of the injection source (e.g. n+ diffusion, n-well and n-channel transistor);

e physical separation between the injection source and the collecting region;

e physical dimensions of the collecting region (e.g. width length and depth);

e bias conditions on the collecting region (e.g. n-well to substrate bias);

e current magnitude;

e all structures and guard ring structures between the injection source and the collection source.
Figure 4.41 shows an example of a guard ring test structure. In the structure is an ‘injecting’

structure and a ‘collecting’ structure. In between the injecting and collecting structures are the
structures that influence the transport of minority carriers. Quinke [3] defined a guard ring efficiency,

1,
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In this case, if no current reaches the collecting structure, then the guard ring has captured all the
current and the guard ring efficiency is unity (e.g. 100 %). If the guard ring is ineffective and all of the
injected current is collected by the outer structure, the guard ring efficiency would be zero.

4.10.2 Guard Ring Theory — A Generalized Bipolar Transistor
Perspective

The effectiveness of the guard ring structures to prevent latchup can be evaluated from different
perspectives. Taking a first perspective, the problem can be viewed as a quantification of a generalized
bipolar transistor. First, there is an injection structure, a collecting structure and a region of transport
in between; this forms a lateral bipolar transistor. From this perspective, the lateral bipolar
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Figure 4.41 Guard ring efficiency test structure.

characteristics can be quantified; the forward and reverse bipolar current gains can be evaluated as if
this generalized region was actually a transistor structure [6, 7, 21]. Note that the n+ injector is
enclosed inside the guard rings and n-well ring leading to asymmetrical results, just as is true that
bipolar transistors have different forward and reverse characteristics. In this process, additional
structures are placed in the ‘base’ region between the emitting and collecting structures. From this
perspective, the cumulative structures between the emitter and collector are evaluated as ‘f spoilers’.
In this fashion, a bipolar-like model can be used to quantify the relationship between the injection
structure and the collecting structure. From a bipolar perspective, the guard ring structure influences
the ‘base defect’ term.

4.10.3 Guard Ring Theory — A Probability of Escape Perspective

A second perspective is a more phenomenological formulation from a probability view. The sum of the
probability that an electron is collected plus the probability that an electron recombines equals unity

P(recombine) + P(collected) = 1.

Another perspective is that a minority carrier is either trapped or escapes from the guard ring. The sum
of the probability that an electron is trapped and the probability that an electron escapes equals unity
[1,6,7,21].

P(trapping) + P(escape) + 1.
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The probability that an electron is trapped is the probability of recombining or collecting within the
guard ring structure (spatial region within the guard ring). As noted by Troutman, the probability to
escape is the probability that an electron collects, or recombines outside the guard ring structure [1].
The probability a guard ring collecting an electron by a double guard ring structure is the current
measured at the local p+ substrate ring and an n-type guard ring normalized to the injection current.
The probability of an electron to escape from a guard ring, or series of guard rings, is the current
measured at an additional ring outside the guard rings and the p+ substrate contact outside the guard
ring normalized by the injection current.

4.10.4 Guard Ring Characterization — Electrical Measurements

In our methodology of evaluation of the guard ring characterization, the guard ring efficiency was
of primary interest [1, 3, 6, 7]. The parameters that influence the measurement results are the
following:

e the injection source type of event (e.g. diode injection, ionizing radiation, etc.);

e the injection source semiconductor region (e.g. n+ diffusion, n-well and sub-collector);

e the physical design of the injection source (e.g. dimensions of width and length);

e the injection source current and voltage magnitude;

o the collecting structure semiconductor region (e.g. n+ diffusion, n-well and subcollector);

e the collecting structure semiconductor design (e.g. width, length and width of the ring structure);

e the bias condition of the collecting structure (e.g. magnitude of the reverse bias junction).

The value of the transport factor (and the guard ring efficiency) is a function of the injection source
type and its physical dimensions. In the experimental testing, the guard ring efficiency will also will be
a function of whether one forces a current or a voltage during the sweeping of injection source. In the
collection structure, the type of structure, bias conditions and physical design also influence the
experimental results.

In this work, a test procedure needed to be defined to evaluate the measurement process. In our
experimental work, the procedure was as follows [6, 7, 21]:

e Choose an injection source dimension. This remains ‘fixed’.
e Choose a collection region design/dimension. This remains ‘fixed’.

e Choose a guard ring structure.

e Sweep a forced current in the injection structure (with the collecting structure having a fixed dc
voltage bias state).

e Repeat the forced current in the injection structure, with a new fixed dc voltage bias state (e.g. step
different voltage states after each sweep of the forced current).

e Plot F versus injection current for each fixed dc voltage bias step of the collection structure.
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Figure 4.42 Extraction of guard ring efficiency metric.

e Plot 1/F versus injection current for each fixed dc voltage bias step of the collection structure.

e Extract the value of F and 1/F at 100 mA current level.

In the experimental work, the measurements were attempted by forward biasing the junction and
injecting the current. The method of forcing a current was found to be a better methodology for
initiation of the injection current. In each case, a fixed reverse-biased voltage was set on the reverse-
biased collecting structure; this was stepped to a higher voltage with each successive sweep of the
current. The injection ratio metric F' was evaluated on the left vertical axis and logarithm of the
collector current on the right vertical axis, whereas the logarithm of the injected current was plotted on
the x-axis. In guard ring evaluation, there are ‘passive’ and ‘active’ guard rings. Active guard ring
structures and circuits will be discussed in Chapter 7. In some guard ring strategies, the guard ring is
not biased. In case the guard ring itself can be biased, the extraction procedure of injection metric F can
include the biasing voltage of the guard ring structure. Examples of unbiased guard rings can include
polysilicon-filled DT, ‘floating’ n-well regions and active guard rings not electrically connected to Vpp
or Vss (e.g. soft grounded circuits).

Figure 4.42 shows an example of the extraction of the F for a guard ring structure. An injected
current is initiated, discharging into the substrate region. The guard ring is placed between the
injector and the collector. Different well bias values are chosen to evaluate the dependence on the
guard ring well bias. The dashed line is the collected current, whereas the solid line is the
injection ratio metric. As the value of the injected current increases, there is significant variation in
the metric F. As the current increase, the metric F follows a linear increase with increasing
injection current. The slope of F as a function of the injected current becomes a constant. As the
reverse-bias voltage is modified, the metric F also changes. At high injection currents, the
difference in the metric F as a function of the collector reverse bias is decreased. For our study,
the 100 mA current level (e.g. JEDEC latchup current level) was chosen as an extraction value for
the metric F.

Note, experimentally, we can establish the partial derivatives of the guard ring metric F. For example,
the partial derivatives of interest are the change in the efficiency as a function of the injected current. A
second partial derivative of interest is the change in the guard ring F factor as a function of the bias on the
collecting structure. Both these terms are evident experimentally in the testing of these guard ring test
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Table 4.3 Transient latchup results from a negative cathode pulse event with and without guard ring.

Pulse height with Pulse height without Pulse height improvement

Pulse width(ns) n+ guard ring (V) n+ guard ring (V) with guard ring (V)

10 2.85 1.2 1.65

12 22 0.9 1.3

15 1.8 0.8 1.0

20 1.45 0.7 0.75

30 1.1 0.67 0.43

50 0.75 0.65 0.1

structures. Evaluation of guard rings can also be done indirectly based on the influence of guard ring on
the latchup measurements. The net improvement with the latchup guard rings can be evaluated based on
‘with” and ‘without’ guard rings in the latchup structure. Tables 4.2 and 4.3 show the measurements from
a transient latchup study where the pulse height to initiate latchup was evaluated as a function of pulse
width, with and without a guard ring structure present. Table 4.2 contains transient latchup measurements
for a negative polarity pulse on the n+ diffusion cathode within an p— epitaxial region. An external n-well
resistor of 100 k€2 was placed on the n-well and no external resistor was placed on the substrate. Table 4.3
contains the transient latchup measurements for a positive polarity pulse on a p+ diffusion within a
diffused n-well region. As can be observed, in the presence of a guard ring structure, a larger voltage pulse
is required to initiate transient latchup. In both cases, a latchup can be defined for a positive and a negative
polarity event. The metric can be a percent improvement or a voltage differential improvement. In
Tables 4.3 and 4.4, the differential voltage improvements with the guard rings are shown. As the pulse
width increases, the difference between the two cases decreases. Hence, if a ‘guard ring improvement
metric’ is specified, it should be defined as a function of the pulse width.

4.11 LATCHUP FAILURE ANALYSIS TECHNIQUES

Failure analysis of latchup events is a key part of characterization and the understanding of
semiconductor devices and electronics [54-82]. Latchup can occur in many locations within an
integrated circuit. A key problem in the analysis of latchup is to determine the physical structures
involved in the latchup event. For an example, in an peripheral I/O circuit, CMOS latchup can involve
the 1/O off-chip driver OCD, receiver or the ESD circuit.

Some latchup events are clear of the event without information in time. In some latchup events, it is
also important to be able to watch the time evolution to determine how these structures interact and

Table 4.4 Transient latchup results from a positive anode pulse event with and without guard ring.

Pulse height with Pulse height without Pulse height improvement
Pulse width(ns) n+ guard ring (V) n+ guard ring (V) with guard ring (V)
10 >3 2.5
15 >3 1.6
20 >3 1.45
30 >3 1.1
50 32 1.0 2.2

100 2.1 0.95 1.15
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involve in the latchup process. In this case, a tool that provides both spatial and temporal visualizations
may be critical to the understanding the latchup event. A characterization tool that can provide
significant insight into the spatial and temporal dynamic responses of the latchup process in a complex
network is critical in some integrated semiconductor chip design.

A second key problem in failure analysis and root cause evaluation is whether an event is an EOS or
a latchup event. In latchup and EOS events, significant destruction of the module and package can
prevent visualization of the location of the failure of the semiconductor. Latchup can lead to damage to
the silicon chip as well as the package, preventing an evaluation of the process involved. The failure
can be so severe that the package can melt or physically delaminate and lead to explosion. In smart
power applications and power applications, voltage levels can exceed 10kV voltage levels and 1 kA
current levels. In multichip IGBT power applications, at high current, complete failure of the entire
assembly occurs. In electrical characterization, the determination of whether the event is latchup or
EOS can only be deciphered from the terminal conditions. Hence, having a characterization tool that
provides full spatial and temporal understanding can allow us to discover interactions and the chain of
events that lead to semiconductor chip failure. For transient latchup, the transient latchup event is
initiated by a dynamic pulse event; as a result, the understanding of transient latchup may require both
the spatial and the temporal understanding. The dependence of the ramp rate and the propagation of
latchup may be critical to fully understand the latchup failure.

4.11.1 Failure Analysis — Optical Microscope

A standard device to evaluate latchup failures is optical microscope. Latchup events can be visualized
using optical microscopes by delayering and removing various levels. Figure 4.43 is an example of an
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Figure 4.43 Optical microscope image of CMOS latchup event damage. Reproduced by permission of IBM
Corporation.
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Figure 4.44 Optical microscope image of CMOS latchup damage. Reproduced by permission of IBM
Corporation.

optical image; all metal levels were removed to provide evidence of silicon failure. In the figure, it can
be observed that three different circuits show evidence of silicon damage from a latchup event that was
spatially distributed [62].

Figure 4.44 shows an example of one of the damaged transistor regions. In many cases, the latchup
event damages the package, metallization levels and silicon such that determination of the latchup
failure is not possible. Also in this example, three locations were determined that were involved in the
event; from this methodology, the time evolution of the latchup event is not clear [62].

4.11.2 Failure Analysis — Emission Microscope (EMMI) Tool

A static technique that provides dc visualization is static emission microscopy. Static emission
microscopy has been used since the early 1990s as a method of observing failure modes in integrated
circuits of many types [54—74]. Many common failure modes result in an abundance of hot electrons,
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Figure 4.45 EMMI tool optical emissions from a I/O-to-I/O CMOS latchup event. Reproduced by permission of
ESD Association.

which in turn causes large numbers of near-infrared (NIR) photons to be emitted. When the circuit is
observed under a microscope, this NIR emission is readily detectable by a CCD or similar device.
Although little or no dynamic information is available, the confirmation and location of the defect is an
enormous benefit. Figure 4.45 shows an example of optical emissions from an integrated circuit where
latchup occurred between two adjacent circuits. Latchup occurred between a p-channel MOSFET and
n+ diode elements; this occurred between neighboring peripheral I/O cells [75].

As a second EMMI tool image, a case of latchup between power supplies is shown in Figure 4.46.
The photon emissions are evident in the photograph of the semiconductor chip (dashed rectangle is

—— . el s — —

Figure 4.46 Latchup event emissions between two devices at different power supply voltages. Reproduced by
permission of ESD Association.



240 LATCHUP STRUCTURES, CHARACTERIZATION AND TEST

[0 Pulse source
100 O V,,1/0 (3.3V)
& v, core
’ VSS
<
£
E 0
5
(@)
-100
0.0 50 100 150 200

Time (ns)

Figure 4.47 Simulation of the CMOS latchup event between two devices after contacts were removed.
Reproduced by permission of ESD Association.

around failure mechanism). With mixed signal design requirements, peripheral circuits powered at
different power supply voltages are integrated into a common design. For instance, a chip can have a
peripheral I/O power supply of 3.3 V and internal networks at 1.2 V. In core-limited design floor plans,
I/O slots can be occupied by decoupling capacitors to reduce core power supply noise. In this example,
the CMOS latchup event occurred between a p-channel MOSFET at 3.3V and the n-well of a
decoupling capacitor at 1.2 V (note: a p-type decoupling capacitor inside a 1.2 V n-well). In the figure,
the lower left region is the p-channel MOSFET and the right side is the decoupling capacitor; the
latchup event occurred between the two regions. To address the problem, contacts were removed from
the decoupling capacitor n-well to increase the series resistance in the n-well; this introduces npn
emitter series resistance [75]. Figure 4.47 shows the simulation of the interaction between the power
supply rails after n-well contact removal.

Failure analysis and design layout review revealed that the OCD p-channel transistors pull-ups in
the 3.3V I/O cell and PMOS decoupling capacitor cell powered by 1.2V form a parasitic pnpn
structure. To verify this failure mechanism, latchup testing with varying core Vpp voltage was
performed at an ambient temperature of 25°C with an injection current of 100 mA. During the latchup
verification, the core Vpp power rail was increased. As the differential voltage between the two power
rails decreased, the number of failed pins reduced (Table 4.5).

4.11.3 Failure Analysis Technique — EMMI Tool Stellari Animation
Methodology

Stellari et al. [81] developed an EMMI methodology that allowed for better visual capability of the
latchup. The JEDEC78 technique was modified to improve the time resolution of latchup evaluation,
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Table 4.5 Latchup test results with different core Vpp bias conditions.

1/0 Logic state 1.2V 14V 1.5V 1.6V
A High Fail Pass Pass Pass
Low Fail Fail Pass Pass
B High Fail Pass Pass Pass
Low Fail Fail Fail Pass
C High Fail Pass Pass Pass
Low Fail Fail Fail Fail

similar to the method developed using the TLP-PICA methodology. Figure 4.48 shows the modified
emission microscope test system. A CCD camera, power supply, pin current supply and a packaged
configuration that allowed for flip-chip backside evaluation. The semiconductor chip was packaged on
a temporary chip attach (TCA) carrier, allowing the flip-chip backside evaluation. The semiconductor
chip was ground to 100 pm thickness to allow observation of the near-infrared photon emissions from
the back of the wafer. The power supply current monitoring is achieved with a current meter, as the
signal pins are stressed with a variable current source. Using a Hamamatsu C4880-21 back-illuminated
CCD camera, time-integrated images of photon emissions from latchup can be evaluated.

In the testing of the semiconductor chip, the variable current source could evaluate the propagation
of latchup spatially as a function of the applied current magnitude. Figure 4.49 shows an example of the
photons mapped on the semiconductor design layout. In this fashion, one can visualize the location of
the photon emissions and the semiconductor device and circuit locations. One of the difficulties with
the methodology is the distinction of forward-biasing versus actual latchup. Note within the I/O region,
all the regions that are emitting photons are forward biased. In the I/O physical region, an ESD
element, a MOSFET and four n-doped ballast resistors are injecting current into the substrate due to
forward biasing. Like in the work of Weger and coworkers [79, 81], this work shows that the location of
the photon emissions in the logic area is in the region of the ESD n-well diode element. From this
work, it is clear that the injection source initiates the onset of the forward biasing of the logic array,
leading to the photon emissions; this is evidence of latchup propagation [80].

Stellari et al. also showed that the propagation occurs away from the local n-well contacts [82].
Figure 4.50 shows the photon emission intensity spatially mapped on the dense CMOS logic. The
bars are the location of the n-well contacts. As the spacing increases from the n-well contacts, the
photon emission intensity increases, indicating that the emissions are related to the spacing away
from the n-well contacts in the CMOS inverter area.
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Figure 4.48 Flip-chip EMMI tool test system. Source: [82]. Reproduced by permission of IBM.
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Figure 4.49 Emission microscope (EMMI) tool example of latchup propagation. Source: [82]. Reproduced by
permission of IBM.

4.11.4 Failure Analysis Technique — Scanning Superconducting
Quantum Interference Device (SQUID)

A second technique that provides evidence of latchup events is the failure analysis tool called the
scanning superconducting quantum interference device (SQUID). The SQUID technique provides a

800

600

Figure 4.50 Photon emissions mapped on the logic area. The n-well contacts are highlighted.
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Figure 4.51 Superconducting quantum imaging device image of a CMOS latchup event.

two-dimensional mapping of high currents in a semiconductor chip. Figure 4.51 shows the SQUID
image. The light-colored region in the center is the region of highest field intensity. The extension of
high field intensity beyond the peripheral circuit indicates that the latchup event extended beyond the
initial I/O circuits. This technique allows for verification of the area of the high currents, but optical
microscope and delayering are required to determine the exact network involved in latchup [62].

4.11.5 Failure Analysis Techniques — Modified Picosecond
Imaging Circuit Analysis Tool — the TLP-PICA
Methodology

An alternative tool that allows both spatial and temporal analyses is known as the picosecond imaging
circuit analysis (PICA) tool (Figure 4.52). The PICA tool provides time-resolved emission microscopy
[77-81]. PICA has been used extensively for characterization, timing verification and failure analysis
of CMOS VLSI circuits. Mechanically, a PICA system may closely resemble a static emission
microscope (EMMI tool), the difference lying in the use of a detector capable of resolving single
photons on a picosecond timescale. A typical PICA system is used in one of the two modes. First, the
DUT may be placed in a normal or standard mode of operation. Alternatively, the DUT may be
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Figure 4.52 Picosecond imaging analysis system.

attached to a tester and stimulated by the use of test vectors. In either case, the resulting periodic
photon emissions are detected and correlated with a trigger such as a circuit output, divided clock or a
tester output signal. In commercial practice, PICA systems tend to use one of the two types of detector:
single element (single pixel) or imaging (area or multipixel). Each detector, and consequently the
resulting PICA system, has advantages and disadvantages. Single-element detectors sometimes have
higher quantum efficiency and superior time resolution, whereas imaging detectors permit identifica-
tion of many distinct spatial emission sources in the same measurement.

In many cases, the exact spatial location within the DUT is known, and hence a single-point
detector may be employed. In other cases, the source of the light emission is not known a priori or
multiple points may emit at nearly the same time; in these cases, the visualization provided by an
imaging detector may prove advantageous, especially when IR photon emission rates are high. In the
imaging PICA system used in the test setup, the DUT is observed via a microscope objective. The
spatial resolution of the imaging PICA system is a function of the spatial resolution of the Mepsicron
detector and the optical properties of the microscope. A Mepsicron detector is very high quality
detector with a sophisticated array of microchannel electron multipliers. First, the circuit is imaged on
the photocathode of the Mepsicron. Timing is derived from the electrical feed to the internal
microchannel plate electron multiplier. Finally, spatial position is derived from charge amplifiers at
the four anode corners that are fed to a position analyzer that generates voltage signals proportional to
the x- and y-coordinates of the detected photon on the photo cathode. Digital signals representing the
output of the time-to-amplitude converter (TAC) and the x- and y-coordinates of the detected photon
are stored in a three-parameter multichannel analyzer for subsequent display and analysis of optical
waveforms and time-resolved images [77-80]. The 60-um spatial resolution of the optical detector
coupled with a diffraction-limited 100x microscope objective and light emission at a wavelength of
approximately 1 um results in spatial resolution on the order of 1 um over a field of view of 0.25 mm.



LATCHUP FAILURE ANALYSIS TECHNIQUES 245

The full PICA histogram typically uses 512 x- and y- coordinate values. The time resolution of 8192
time values can provide a time resolution of as little as 10 ps, corresponding to a bandwidth in the GHz
range (10 GHz range).

One of the limitations of the CMOS latchup analysis is that the destructive nature of the CMOS
latchup failure prevents an understanding of where the failure occurred and how it evolved. In severe
latchup events, the silicon, metal and packaging materials are destroyed to the extent that failure
analysis and the determination of the failure location is too difficult to observe. Additionally, this
evolution in time of events that lead to latchup is also not observable from the terminal conditions.

Voldman proposed the application and integration of the PICA method with the TLP pulse method
to address this problem of lack of spatial and temporal information [79]. Typical applications of the
PICA tool is for semiconductor chip design at nominal voltage conditions where the chip is
functionally exercised to evaluate timing issues. In the PICA tool, the functional signal patterns are
processed in the semiconductor chip during a powered state. The repeated signal patterns allows for the
collection of photons. During a TLP test, the semiconductor chip is typically in an un-powered state.
The TLP method applies a high-current pulse to a device and measures the current- and voltage-state
across the device under test. In this methodology, a step stress is practiced where each successive step
increases the applied pulse magnitude; this continues to semiconductor device failure. This method,
cannot be used for photon collection processes since the methodology does not apply a pulse train but
only a single-pulse step-stress methodology for evaluation of the current and voltage across the
semiconductor device.

To apply the PICA tool to latchup, a similar procedure is required. The pulse event must be a
repeated event, to allow collection of the photon emissions. In the synthesis of these two methods, the
PICA method and the TLP method, a new methodology and tool is developed for the evaluation of
latchup. First, using the high-current pulse source from the TLP system, a high-current pulse train can
be used to collect photon emissions at higher current magnitudes for states before latchup is initiated.
Second, by increasing the current magnitude of the pulse train, the current can be increased at different
steps to show the evolution of latchup. Third, with the high-current step-stress method, latchup can be
evaluated in time. Fourth, since this method can be performed at a wafer level or product level, the
combined tool will allow for visualization of the latchup event.

The TLP-PICA methodology allows for visualization of evolution of latchup events spatially and
temporally by reconstruction of an animation movie in a picosecond time regime. Additionally, the
synthesis of the TLP and the PICA method allows for the extension of the ‘ESD TLP methodology’ to
spatial and time domain analysis for electrical characterization and reliability analysis. At the same
time, the high-current pulsed source extends the utilization of the PICA methodology for failure
analysis at wafer and chip levels.

The technology and science behind PICA rely on the dramatic improvement in measurement
methods for temporally resolving extremely faint optical signals on picosecond timescales, as well as
our rapidly expanding knowledge of ultrafast processes. For latchup, the PICA tool can capture both
the electron-hole pair (EHP) recombination to parasitic bipolar switching. A hybrid TLP-PICA
technique was developed to answer this need.

Since photon emission in PICA is a statistical process, it is necessary to collect time-correlated
photons over many cycles of a periodic stimulus/response. If the response to a TLP-like condition is to
be measured with PICA, a pulse train must be continuously applied to the DUT. Care must be taken to
ensure that a persistent mode of failure such as latchup does not occur, as in that case the periodic
nature of the DUT response would be destroyed and the resulting time-averaged data would not reveal
the onset of the latchup event. In the case of current injection induced latchup, with judicious choice of
terminal voltage Vpp, it is possible to enter a quasi-stable state that will persist only while the injection
stimulus is applied. Once the electron injection ceases, a new equilibrium in charge, current and
voltage distribution is established. If this state occurs and the injection pulse width and delay are
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Figure 4.53 Transmission line pulse—pico-second imaging circuit analysis tool.

chosen appropriately, both the onset and decay of the resulting latchup event can be captured by the
TLP-PICA tool.

The first demonstration of this method was achieved by Weger er al. [79]. Figure 4.53 shows a
block diagram of our TLP-PICA system [79,81]. An HP8114A high-current pulse source is used to
establish a high-current pulse train. The HP8114A pulse source provides variable pulse widths at
high currents with a fixed rise and fall time. To evaluate latchup sensitivity as a function of the rise
time (e.g. slew rate), other equivalent pulse sources can be used. A pulse source with a variable rise
time can be used to provide different ramp rates that influence transient latchup, as discussed in
Chapter 3.

The resulting TLP-PICA system can be run according to a number of different test modes. The
following test method can be utilized in different operational modes of the pulse train variables [79,81]:

e pulse number;
e pulse height (plateau);
e pulse rise time;
e time between successive pulses;
e pulse step height (e.g. increment levels).
To study latchup, a high-current pulse train was initiated on the DUT to evaluate the circuit
response. The HP8114A pulse source was used as the high-current source in a high-output impedance

mode driving a 50 2 BNC coaxial cable into a 50 €2 resistor element in series with the input pin. A
delayed trigger for the PICA was provided by a HP8082A network [79]. The test used a packaged
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product chip that was backside thinned to 70 um of silicon to allow for evaluation of the photon
emissions from the backside for evaluation of ESD-induced latchup.

For the evaluation of latchup, a 10 kHz pulse train was used with a range of current magnitude
between 100 mA and 1 A. In our case, the pulse amplitude of interest was between 50 and 500 mA. In a
given study shown below, the peak pulse amplitude was 370 mA and the latchup source pulse width
was 500 ns. The photon detection rate through 70 pum of silicon using a Mepsicron with Super S25
photocathode and 100 x 0.5 numerical aperture (NA) objective was roughly 7000 photons per second
or approximately 0.7 photons per current pulse. Notice that in this setup, as only one photon can be
processed per trigger event, it is impossible to achieve more than 1.0 photons per current pulse. As the
TAC range is set to 800 ns, a count rate below 12,500 photons/s is necessary to ensure that spectral
distortion will not exceed 1 % [79].

In this methodology, the actual design of the semiconductor chip and the photon data can be
overlaid to pinpoint the location of the CMOS latchup process. Figure 4.54 shows the computer-aided
design of the semiconductor chip. In this example, the I/O book is an ‘array I/O’ design. In array I/O
design practices, the /O books are placed within the logic and not on the chip periphery. This physical
design highlights dense CMOS logic circuits, with an I/O book containing dual-diode ESD elements
and guard ring defining the book edge.

The pulsed input pin consisted of circuitry that included a dual-diode ESD circuit and the /O OCD
network. In our study, a negative pulse train was injected into a signal pin. The negative pulse leads to
forward bias of all n-type diffusions and injection into the p— substrate. The n-diffusions in the circuit
include the ESD n-well diode, the ballasting resistors and the off-chip driver n-channel MOSFETs.
During the test, the evolution of the various elements can be observed in time.

A video animation was made to observe the temporal response of the network as well as the level
of forward biasing of the structures in the chip substrate. For a negative polarity, the photon emissions
can be observed surrounding the ESD n-well/substrate diode structure (Figure 4.55). The injection of
the n-well diode was uniform across the entire structure. A Gaussian-like photon distribution was
evident from the diode structure as a result of the current distribution and the recombination—generation
statistics in the bulk substrate wafer.

As the electron injection pulse continues, an initiation of a latchup event becomes evident outside
the I/O area (see Figures 4.56 and 4.57). Electrical testing indicated that latchup could be induced in
the test structure if more than —400 mA was extracted from the I/O pin.

Figure 4.57 highlights the onset of latchup within the gate array area to the right of the I/O book
ESD diode structure. At this time, the ESD diode structure injects current into the substrate and the
injection process triggers latchup in adjacent circuitry. The latchup event occurred significantly after
the onset of the photon emissions of the ESD element, as evidenced by the optical waveforms shown in
Figure 4.58 [79, 81].
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Figure 4.55 TLP-PICA photon emissions of ESD n-well diode structure early in the injection process.

Figure 4.59 shows that after the pulse, the photon emissions in the ESD structure due to
recombination—generation in the substrate is reduced, while the photon signal from the latchup process
continues.

In this technique, additional information can be obtained by using optical frequency filters. Using
optical frequency filters, the energy spectrum and the physical state (e.g. forward bias mid-band
recombination—generation emissions versus avalanche breakdown emissions) can be distinguished.
Hence using this method, one can distinguish the physical interaction that is occurring in latchup
(whether it is a forward bias injection or breakdown phenomena).

In summary, a latchup characterization practice and methodology is as follows:

e backside grind semiconductor chip to visualize photon emissions;

e use a high-current pulse source with a given pulse characteristic (e.g. pulse width, frequency,
plateau and rise and fall time) as an injection source to simulate CMOS latchup events;

e integrate high-current pulse source with an imaging detector, multichannel analyzer and scanning
system;

e establish a trigger network to synchronize the pulse source and the imaging system;

400
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Figure 4.56 TLP-PICA photon emissions of n-well diode and latchup, showing the onset of the latchup event (to
the right-hand side of the ESD diode).
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Figure 4.57 Computer-aided design layout with photoemission of Figure 4.54 overlaid.

e provide a high-current ‘pulse train’ step-stress and store photon emission data;
e store information in animation video;
e store the computer-aided design layout plot;

e overlay the two images (CAD data layout design and photon emission mapping) to observe the
location of the CMOS latchup event.
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Figure 4.58 Optical waveforms of light emission in ESD diode area versus that in the latchup area. Note a delay
of about 400 ns prior to rapid rise in photoemission in latchup area.
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Figure 4.59 TLP-PICA photon emissions showing the sustained latchup condition and low level bulk—substrate
photon emissions after the TLP pulse response.

4.11.6 Failure Analysis — Thermal Imaging Techniques

For single-event latchup (SEL), it is difficult to determine the locations of latchup during testing.
Thermal imaging techniques are utilized to determine the location of latchup during accelerated
particle testing. This technique includes the following:

e infrared (IR) sensitive cooled detectors;

e microscope with an optical system that transmits IR signal;

One of the problems with this methodology is that the presence of the metallization impacts the
emissivity. The lack of calibration prevents accurate determination of the temperature distribution, but
latchup sensitive areas can be identified by using the variation in the thermal emissivity. By evaluating
the thermal emissivity in powered and unpowered states, calibration can be achieved. Using two
thermal maps, the hot areas associated with latchup can be identified. The difference between the two
thermal images can be used to provide the actual temperature at the surface of the semiconductor
device. Hence in SEL testing, the thermal characteristics and the mapping can determine the regions
where latchup is occurring. Johnston and Miyahira used this technique to quantify SEL in an analog-to-
digital converter circuit [83]. Irradiation was initiated with a Californium 252 ion source. After each
latchup event, the sample was removed from a vacuum chamber with the chip. The chip was actually
removed from the vacuum chamber in a powered condition to remain in latchup. The thermal mapping
was then completed in an air environment that corresponded to the equilibrium condition in the
nonvacuum environment.

4.12 SUMMARY AND CLOSING COMMENTS

This chapter discusses the latchup characterization structure used as a vehicle for latchup evaluation
and benchmarking a semiconductor technology. The test structure and design methodology are
discussed to quantify the latchup robustness of a technology.

In the next chapter, Chapter 5, semiconductor process solutions to improve the latchup robustness
are discussed. Semiconductor process and structures will be shown that influence the latchup
robustness of a technology; this includes a plethora of solutions that starts from the base substrate
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wafer and works up to the n-wells, p-wells, buried implants, buried subcollectors, triple-well implants,
isolation structures to silicide films. The chapter will address the introduction of the new physical
regions and the evolution with technology scaling.

PROBLEMS

1. Given a four-stripe latchup structure, latchup measurements were taken using external resistor
elements and a bipolar curve tracer. The holding voltage, Vi, of 10V was kept constant as the
external resistor elements were swept. In the table, the external resistor values are shown for a
given latchup structure (e.g. a fixed p+/n+ space) for the Vg = 10 V holding voltage. Plot the data
on a log Ryep versus log Rgupstrate plot.

2. Using the same structure as discussed in Problem 1, a second set of measurements was taken to
evaluate the holding voltage contour at Vi = 2.5V in resistance space. Draw the Vg =2.5V
contour on the same plot as above. Explain the trend of the holding voltage contours in shunt
resistance space. What happens to the contour as the p+/n+ spacing decreases or increases?
Why?

3. Design the latchup pnpn structure for a test site for latchup characterization, assuming a
technology with one level of metallurgy. How do you wire the latchup structure? What are the
design issues? How does the current distribute in the structure and how does this effect the latchup
results?

4. Design the latchup pnpn structure for a test site for latchup characterization, assuming a
technology with more than one level of metallurgy. How do you wire the latchup structure? What
are the design issues? How does the current distribute in the structure and how does this effect the
latchup results? How do you wire the design so that the wire layout does not influence the latchup
results?

5. Using 25 pads, design a set of pnpn structures of different spacings. How many different
pnpn space sizes can be constructed within a 1 x 25 pad set? What do you do with the 25th
pad?

Table 4.6 External n-well resistance versus external substrate resistance for Vy=10V
(Problem 1).

External n-well resistance (k 2) External substrate resistance (k 2)
1000 1.7
500 1.7
200 1.7
50 1.8
20 2.0
10 2.5
5 4.5
4 7.5
3.75 9.6
3.50 13.5
3.25 25.0

3.0 500.0
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10.

11.

12.

13.

14.

Table 4.7 External n-well resistance versus external substrate resistance for Vy=2.5V
(Problem 2).

External n-well resistance (k €2) External substrate resistance (k €2)
1000 5.58
500 5.63
200 5.80
100 6.07
50 6.70
20 9.9
15 13.5
10 46.0
9.5 70.0
9.3 90.0
9.0 160
8.8 360

As in Problem 3, how many different substrate spacings can be obtained when one utilizes the
spacings of the next structure set (as discussed in Section 4.2.7, the p+ substrate of the next
structure can be utilized for a different substrate contact spacing)?

Using 25 pads in a 1 x 25 macro, given one wants to vary the well and substrate spacings for a one
fixed p+/n+ spacing, how many different well and substrate spacings can be constructed?

Explain the trade-offs (pros and cons) between the two test methods, the method discussed in
Problem 5 versus the one discussed in Problems 3 and 4.

Design a triple-well latchup structure with a buried n— region that extends under the n-well. How
many electrodes do you need? How do you wire the structure? How do you test it? What are the
test conditions?

Design a latchup pnpn structure with a polysilicon deep trench structure. Assume that the
polysilicon trench region is opened to electrically bias the polysilicon region, how do you design
the structure? What masks do you modify? How do you wire the structure?

In the design of inverters, the orientation of the gate structure cross the n-well to p-well edge is
perpendicular. Show an inverter circuit layout and the orientation relative to the perimeter. How
does this real layout compare to the latchup test structures? Design a test structure that represents
an inverter for latchup evaluation.

An n+ internal guard ring is constructed within an n-well for a p-channel MOSFET of an inverter.
Explain the problem that occurs when the n+ internal guard ring is a ring around the entire n-well.
Draw the entire inverter circuit and discuss the issue. Hint: draw all the design levels.

A p+ internal guard ring is constructed within a p-well for an n-channel MOSFET of an
inverter. Explain the problem that occurs when the p+ internal guard ring is a ring around the
entire p-well. Draw the entire inverter circuit and discuss the issue. Hint: draw all the design
levels.

An n+ internal guard ring is constructed within an n-well for a p-channel MOSFET of an inverter.
A p+ internal guard ring is constructed within a p-well for an n-channel MOSFET of an inverter.
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Explain the problem in designing an inverter. How can one overcome the problem? What is the
design impact?
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5 cMOS Latchup
Process Features
and Solutions — Dual-Well
and Triple-Well CMOS

5.1 CMOS SEMICONDUCTOR PROCESS SOLUTIONS
AND CMOS LATCHUP

Semiconductor process solutions can provide the best answer for addressing latchup. In this chapter,
the influence of the different CMOS semiconductor processes and structures on latchup will be
highlighted. This chapter will discuss it in the progression of the historical transitions from single-well
CMOS, then dual-well CMOS and then present-day triple-well CMOS technology. First, the substrate
will be discussed. For single-well CMOS, the influence of diffused and retrograde n-well on latchup
will be shown. This work will address the integration issues of retrograde well and p++ substrate
effects. In the next section, for dual-well CMOS issues, the p-well integration with n-well, epitaxy and
heavily doped substrate from a latchup perspective is then discussed. Isolation structures such as lateral
oxide (LOCOS) and shallow trench isolation (STI) will be addressed. This chapter will conclude with
discussions on triple-well integration, buried layers and buried grid structures; in these structures, there
is some commonality of issues that are relevant to latchup.

5.2 SUBSTRATES

Substrates have a strong influence on latchup [1-4]. From a latchup perspective, the substrate resistance is
one of the four fundamental variables that influences the latchup sensitivity of a technology, as discussed
in Chapter 3. Substrate profile and doping concentration influence many technology choices in
semiconductor development. The relationship between the latchup and the ESD response is dependent
on the choice of ESD networks. Figure 5.1 shows the two-transistor representation of latchup, as well as
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Figure 5.1 Role of substrate resistance in latchup and ESD.

two ESD networks. The ESD networks consist of a grounded gate n-channel MOSFET ESD device and
a dual-diode ESD network. In all three circuits, the substrate resistance influences their response to
ESD events, as well as stimuli that can trigger latchup. As the substrate resistance decreases, latchup
immunity improves. For the dual-diode ESD network, the substrate diode series resistance decreases,
leading to an improvement in the ESD results for negative polarity ESD events. For the MOSFET ESD
network, the snapback voltage increases, leading to a higher ‘turn-on’ voltage, which can lead to an ESD
degradation.

The substrate doping concentration plays a large role in the minority carrier transport and the shunt
resistance; both issues influence the latchup characteristics. The substrate doping concentration
influences many variables in semiconductor process and device development. In early development,
the substrate wafer was chosen to maximize yield and minimize cost. Wafers added epitaxial layers to
CMOS processes for gate oxide integrity, yield and latchup [5-7]. Epitaxial layers on heavily doped
wafers provided substrate wafer gettering. Heavily doped wafers provided a good ground plane for
noise ‘substrate bounce’ in memory products [5-7]. The epitaxial layer and heavily doped wafer
provided a high-capacitance n-well to p++ substrate metallurgical junction for stability from transient
latchup as well as provided a low substrate shunt resistance. In addition, due to Auger recombination
mechanism, minority carrier diffusion was limited to short distances (e.g. short diffusion length); this
prevented latchup within a circuit, between different circuits and between circuit subfunctions. In this
time frame, the guard rings consisted of n-well regions that extended to the heavily doped substrate
region, leading to a very high guard ring efficiency [4]. From this period, significant understanding was
achieved in latchup control. In the 1990s, CMOS memory and logic used the same base p++ substrate
wafer [7, 8]. During this period, with the introduction of semiconductor foundries, DRAM and logic
applications took different paths; CMOS development shifted toward what the needs would be in the
sub-0.1-pm era [9]. The substrate trend is toward low-cost wafers, which provide high performance,
and noise isolation accelerated anticipating high-level integration in the future.

With mixed signal applications, noise isolation is achieved using substrate wafers with low doping
concentration. As the application frequency increases, noise coupling, crosstalk and noise rejection
methods are required. For cost, the epitaxial growth process is being eliminated, with low-defect



SUBSTRATES 259

wafers. With evolution from 0.25-pm to sub-45-nm technology, this trend to lower substrate resistance
will continue, and with it, the reemergence of latchup concerns [10-16].

Although today utilization of p++4- substrate wafers has decreased, substantial understanding was
achieved that is relevant to future solutions for latchup. Although many will view this work as
irrelevant, in fact it is quite relevant to guard ring analysis, high—low (H-L) and low—high (L-H) p—p+
transitions, heavily doped buried layers (HDBLs), triple well and BICMOS subcollector understanding.
Additionally, epitaxial wafers with p++ substrates are being used in image processing technologies,
high-voltage CMOS and smart power technology. It is in the CMOS latchup discipline to utilize high-
dose p++ substrate wafers for the following reasons:

e Auger recombination dominated providing a short recombination time; this provides a short
diffusion length and low bipolar current gain.

e Auger recombination dominated short lifetime; this provides fast response time for transient latchup
phenomenon.

e Auger-dominated short diffusion lengths and high guard ring efficiency; this minimizes intercircuit
latchup.

e Introduces a high n-well to p++ substrate capacitance; this provides a high immunity to transient
CMOS latchup.

e Heavily doped p++ substrate/p~ epitaxy wafers introduce a vertical built-in electric field,
enhancing the guard ring efficiency of both passive and active guard ring structures (see Chapter 7).

For a 0.8-um technology, Troutman showed improvement of the guard ring efficiency for p— epitaxy/
p++ substrate wafer [4]. With the n-well guard ring structure extending through the epitaxial region,
abutting the p-++ substrate made it difficult for carriers to leave the guard ring region and diffuse through
the p++ substrate. Quinke also showed that the injection ratio is highly influenced with the usage of ap™
epitaxial region on a p+-+ substrate wafer [17]. For a 0.5-um CMOS technology, Voldman noted that the
probability of escape, P(E), is approximately 1 out of 1000 electrons using a guard ring structure.

5.2.1 Epitaxial Thickness

In early development, the epitaxy region thickness was wide to allow deep diffused well structures. In future
generations, the epitaxial region was scaled to thinner dimensions and p++ substrates were introduced
(Table 5.1).

With the epitaxial region thickness reduction (on a p++ substrate wafer), latchup was significantly
influenced. With epitaxial region thickness scaling, the lateral and vertical bipolar transistors are
influenced by the p~/p++ doping step transition [18-23]. As noted by Estreich [1], this can be
represented as a ‘mirror reflection” boundary.

Table 5.1 Technology features of epitaxial region thickness and n-well depth in single-well
CMOS technology.

Technology ground rule (pum) Well depth (um) Epitaxy thickness (pum)
1.2 8 12
0.75 1.5 4.0

0.5 1.1 2.2




260 CMOS LATCHUP PROCESS FEATURES AND SOLUTIONS

Table 5.2 n+ to n-well lateral npn bipolar current gain f3,,, versus epitaxial thickness.

npn bipolar current gain, npn bipolar current gain,
Epitaxial thickness (im) 0.4 pum nt/nw (@ 25°C), B, 0.275 um n+/nw (@ 25 °C), By,
2.3 2.0 2.5
2.12 2.5 4.0
1.77 3.0 4.5

Experimental results on a p—/p++ substrate wafer in a 0.25-um CMOS technology generation
show that as epitaxial thickness decreases, the parasitic npn bipolar current gain f,,, increases.
Table 5.2 shows results of the parasitic npn transistor bipolar current gain as a function of epitaxial
thickness. Measurements were taken for structures with an n+ to n-well space of 0.4 and 0.275 pum.
For the 0.4-pm n+ to n-well space, the parasitic f,,, increased from 2.0 to 3.0 as the epitaxy
thickness decreased from 2.3 to 1.77 pm. For the 0.275-um n+ to n-well space, the parasitic f,,,
increased from 2.5 to 4.5 as the epitaxy thickness decreased from 2.3 to 1.77 pm.

An explanation for the enhancement of the npn bipolar current gain is consistent with the model of
the reflective (L-H) boundary condition at the p~ /p-++ interface, which leads to a decrease in the
vertical electron transport and enhancement of the lateral electron transport [18-23].

A second interesting result showed that as the n+4 to n-well space increased from 0.4 to 1.4 um, a
much weaker dependence on the epitaxial thickness was observed (Figure 5.2). As the spacing
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Figure 5.2 npn bipolar current gain versus n+ to n-well space as a function of epitaxial thickness.
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Table 5.3 pnp bipolar current gain versus epitaxial thickness.

pnp bipolar current gain, 0.45 pm pnp bipolar current gain, 0.3 pm
Epitaxial thickness (pm) p+/nw (@ 25°C), By p+nw (@ 25°C), By,
2.3 1.2 1.3
2.12 1.0 1.0
1.77 1.0 1.0

increased from 0.275 to 1.4 um, the lateral ,,, decreased from 4.5 to near unity, where there is little
distinction between the epitaxial thickness splits.

Measurements were also taken to evaluate the change on the pnp transistor. Electrical measurements
were taken for pnpn structures with a p+ to n-well space of 0.45 and 0.3 pum. For the 0.45-pm p+ to
n-well space, the parasitic pnp bipolar current gain decreased from f,,, = 1.2 to ,,, = 1.0 as the
epitaxy thickness decreased from 2.3 to 1.77 um (Table 5.3). For the 0.3-um n+ to n-well space,
the parasitic f8,,, decreased from 1.3 to 1.0. With the correct n-well depth, no strong n-well modulation
effect was observed and only weak dependence on the lateral pnp transport was observed (e.g. the
n-well peak was not compensated by epitaxy thinning).

In the latchup semiconductor development discipline, the following observations are made:

e Epitaxial scaling on a p—/p+-+ wafer can lead to enhancement of the vertical npn bipolar current
gain f,,,, due to the reflective boundary at the p—/p-++ step junction.

e At large n+ to n-well spacings in a p—/p++ heavily doped substrate wafer, the epitaxy effect on the
bipolar npn current gain f,,, has a lesser role as the spacing of the n+ to n-well approaches the
epitaxial thickness.

5.3 n-WELLS
5.3.1 Diffused n-Well Design

Diffused wells were common in early low-voltage CMOS development prior to 1994. In the 1980s,
only a few semiconductor corporations utilized the high-energy MeV implanters for formation of
retrograde wells. Although significant development and research discussed retrograde wells, few
corporations practiced it in commercial product development. In semiconductor technologies,
isolation wells were formed to allow the placement of different semiconductor transistor types in a
common substrate. But, from a latchup perspective, these isolation wells also lead to ‘parasitic’
devices. In the case of a p-channel MOSFET, a vertical and a lateral pnp are formed where the
well region serves as a base region and the p— substrate serves as a collector region. As a result,
the diffused well semiconductor process significantly influences latchup. Today, some technologies
that require high breakdown voltages such as high-voltage CMOS still utilize diffused well
regions.

To form a diffused well, a diffusion source was created that was doped or implanted to a certain
dose level. Using thermal processing, the dopants diffuse into the substrate where the extension into the
substrate is a function of the surface dopant concentration, the diffusion coefficient of the dopant in the
material and the time of the process for the diffusion process. From the diffusion equation, the doping
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profile can be expressed as a function of the complementary error function distribution, where D is the
diffusion constant of the element and ¢ is time:

o0

/ € — V2dv~

2VDr

C(x,1) = Cserfc (2\;‘5) _ i/cﬁs

To get the total dopant,

D

N’:/C(x,t)dx:Z b
0

Doping profiles can be represented as the doping concentration N’ followed by a hot process drive-in
cycle, represented by a Gaussian distribution,

N x
C(x,1) = \/mexp(fm>.

In a diffused well process, the doping gradient of the Gaussian distribution is such that it establishes
a vertical built-in electric field. The built-in electric field in the dopant profile establishes a drift
component in the current density constitutive equation. This built-in electric field drift component
serves in transporting holes from the emitter to the collector. The built-in drift component leads to an
increase in the base transport factor of the parasitic bipolar transistor element. From the constitutive
relationships of hole and electron currents,

dpo
‘Ip = MppoEx - quE7

dn
Jn = pattoEx + gDy EO .

From the principle of detailed balancing, these equations must balance independently. Letting the
electron and hole currents equal zero, the built-in field can be

kT 1 d
E — Po

q po dx

or

This expression relates the ‘built-in’ electrical field to the equilibrium electron and hole carrier
concentrations in the doping concentration profile.

Since the diffused n-well is a function of position, its doping gradient will influence the minority
carrier diffusion of holes through this region. In the case of a vertical bipolar transistor, the diffused
n-well region serves as a base region. Minority carrier holes diffuse through the base region from the
p+ diffusion at the device surface. In a diffused well, the doping profile is such that the doping
concentration decreases from the device surface. From the above expression, given that the gradient of
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the n-type dopant is negative, the built-in electric field is positive. The positive built-in electric field
term leads to a positive hole current providing a drift component to the hole current density. The
constitutive relationship, with built-in field E,g, can be expressed as

dp d,y
Jn = quy(po + P')Exo — gD, (EO + é)

Je = g (no + 1) Exo + gD dn0+dn’
E*q,“n’wnxoqﬂdx )

In CMOS latchup, these built-in fields modulate the vertical and lateral transport. It will be shown in
this book that this concept can be utilized within latchup structures and with active guard ring
structures.

The diffused well vertical bipolar pnp transistor has the property of an increased bipolar forward
current gain as a result of the built-in field assisting the hole transport. Note that the diffused well built-
in field also leads to a lower reverse bipolar current gain. For the diffused well bipolar transistor
element, low diffused well doping concentrations lead to a low pnp base transistor. As the base doping
concentration is decreased, the bipolar gain increases.

As a result of the doping profile, an enhanced parasitic bipolar pnp element current gain exists. In
diffused well CMOS, the parasitic bipolar current gains typically were between f,,, = 10 and
Bpnp = 30 [24-31]. With these excessively high bipolar parasitic current gains, latchup was an issue
in CMOS technology. This was also a significant issue in ESD networks and design. Maloney [24, 25]
and Voldman and Gerosa [26-31] independently noted that the high parasitic pnp bipolar current gain
Bpnp lowered the forward turn-on voltage in a diffused well p+/n-well ESD diode string; Voldman and
Gerosa also noted that this effect could be alleviated through circuit elements [26-28, 31].

5.3.2 Retrograde n-Well Design

A solution for improving the latchup concern was the introduction of the retrograde n-well [2].
Retrograde well regions were accepted into the integration of CMOS technology because of its
strategic value in CMOS performance and scaling. The retrograde well allowed for the ability to lower
the junction capacitance, provide a low parasitic transistor pnp bipolar current gain and achieve a low
n-well shunt resistance. In retrograde wells, the MOSFET p-diffusion to n-well capacitance can be
lowered by lowering the implant dose near the wafer surface and providing the maximum doping
concentration deep and away from the MOSFET transistor. Retrograde wells provide an extra degree of
freedom in the semiconductor design since it can avoid influencing the transistor design point itself; in
fact, it can avoid constraining the MOSFET design box [5, 6]. Second, the retrograde well introduces a
retrograde electric field in the opposite direction of the hole current flow in the vertical pnp transistor
lowering the forward collector-to-emitter transport. Finally, the implant dose and energy can be
increased allowing a low resistance n-well shunt (e.g. in parallel with the pnp parasitic transistor). With
the introduction of commercial high-energy MeV implanters in a semiconductor manufacturing line, it
was possible to develop semiconductor manufacturing capability for retrograde wells [4-8].

Table 5.4 contains the latchup f8,,, as a function of the n-well dose (@ T =25°C) in a 0.8-um
LOCOS-defined CMOS technology; this was the first commercial technology that integrated a
retrograde n-well [5, 7]. The base wafer is a 2.5-pum thick p— epitaxial layer on a p++ wafer. With
no retrograde well implant, but just the ‘n-well fill’ implant, the n-well sheet resistance is high. Without
a retrograde well implant, the vertical f3,,, and n-well sheet resistance are high. With the retrograde
n-well implant, the sheet resistance is significantly reduced, as well as the vertical f,,, [32-35].
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Table 5.4 pnp bipolar current gain versus retrograde n-well dose.

Retrograde n-well dose (cm~2) n-well sheet resistance (£2/square) Bipolar current gain /fpnp
None 2800 8
3x 108 670 4
6 x 1083 390 3

Figure 5.3 contains the results of a transient latchup holding voltage study for different retrograde
n-well doses [36]. The study was performed as a function of the no retrograde well implant and
increments of 1.0, 2.0 and 3.0 x 10'3 cm~2 retrograde n-well doses. Experimental studies of transient
latchup were completed in the single-well, p++ substrate CMOS technology for different pulse widths.
External resistors were chosen based on the n-well and substrate contact spacings. An external n-well
shunt resistor of 200 k{2 and a substrate shunt resistor of 10 k{2 were placed in the circuit, while the
rectangular pulse was applied to the anode of the four-stripe pnpn test structure. As the retrograde well
dose increases, Vy increases for short pulse widths [36].

Table 5.5 is an example of the parasitic 8,,, versus n-well implant dose in a 0.5-pum ground rule
(0.35-um n-channel MOSFET) STI-defined CMOS technology on a 2.0-um p— epitaxial region on a

awfF O
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e
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Figure 5.3 Transient latchup holding voltage results versus pulse width as a function of retrograde n-well splits.
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Table 5.5 pnp bipolar forward current gain versus n-well dose (as a function of the
p+ to n-well space).

Retrograde n-well dose (cm™2) pnp forward bipolar current gain f,,
1 x 10" 8

3x 101 32

4% 101 22

5x 108 2.0

p-++ substrate wafer [6-8]. The experiment evaluated n-well doses from 1 x 10" to 5 x 10'3 cm™2

[26-29]. The latchup structure is a four-stripe device with a minimum 0.6 pm p+ to n-well space.

Figure 5.4 shows f,,, versus n-well dose as a function of the p+ to n-well spacing. Experimental
results show that in a STI technology, with a 0.55-pm STI depth, the lateral 5 is a weak function of
the p+ to n-well space [6-8].
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Figure 5.4 Parasitic pnp bipolar current gain as a function of retrograde n-well implant dose.
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5.3.3 Retrograde n-Well Design and Design Point Optimization

Choosing the n-well design point in a CMOS process requires the optimization of many variables
required for the technology [5,6, 26-31, 34-36]. ‘n-well engineering’ requires the ability to optimize
all the electrical parameters of interest associated with all devices within and adjacent to the n-well,
and the n-well parameters themselves. For a CMOS logic technology, these parameters are as follows:

e p-channel MOSFET p-diffusion to n-well junction capacitance;

e p-channel MOSFET body effect;

e p-channel MOSFET gate-induced drain leakage mechanism;

e n-well sheet resistance;

e n-well to substrate junction capacitance;

e n-well to substrate junction leakage current;

e parasitic pnp bipolar current gain;

e parasitic pnp collector-to-emitter transport factor;

e n-well to substrate current injection.

Figure 5.5 shows a design box plot for the n-well design point [6]. In the plot, the parasitic f,,,
n-well sheet resistance, p+/n-well junction capacitance and ESD protection results are shown. In the

Arbitrary units

Design Box

e ——————— DRAM retention time
128s

p+/n-well capacitance

0.54 fF/mm’

ESD HBM robustness

5.0 kv
10.2

n-well sheet resistance

0.3 550 Q/square

Bpnp

2.5kV
2.0

1.0 2.0 3.0 4.0

13 —2
n-well Implant dose (10 cm )

Figure 5.5 n-well design plot for cooptimization of CMOS latchup and semiconductor device design point. The
figure contains a design box with the acceptable n-well design point.
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figure, a design box is drawn to indicate the acceptable semiconductor design center and the process
variation. As the retrograde well dose increases, the p+/n-well junction capacitance increases and the

vertical f,, decreases from 8 to 2.

5.3.4 Retrograde n-Well Design for Latchup and ESD
Design Synthesis

In semiconductor chip development, it is necessary to satisfy many technology objectives. A
semiconductor design point is needed that allows for achieving both latchup and ESD objectives.
Choosing an ESD strategy that is in conformance to the latchup objectives is key to achieve total
product quality and reliability goals. In addition, it is also important that as the technology is migrated
and scaled, this synergy between ESD and latchup objectives is maintained.

It was found that using an ESD strategy, of diode-based ESD input circuits, allowed for the
capability to achieve both latchup and ESD objectives. It was also found that increasing the retrograde
well dose improved the ESD protection results in products as well as increased the latchup robustness
[6-8, 26-31, 34-36]. In the early 1990s, prior to implementation of retrograde well implants,
semiconductor corporations that introduced ESD series diode (e.g. also known as ESD diode strings)
discovered reverse amplification of the leakage currents and lower than ideal turn-on of the ESD
networks [24-28]. With the migration to retrograde well implants and the higher retrograde well doses,
this issue was not a concern [26-31].

5.3.5 n-Wells: n-Well to Substrate Modulation

Retrograde wells formed in a p++ heavily doped substrate with an epitaxial region, or abutting a
HDBL implant can undergo modulation of the retrograde well profile. This effect is known as the
retrograde well—substrate modulation effect [5, 6, 30, 31]. This effect has considerable influence on
both CMOS latchup and ESD protection. The retrograde well profile can be represented as a Gaussian
implant at x,( and n-well fill doping profile [30],

2
X — Xy
ND(x)_Nfi11+NDexp{_[ \/%0:| }’

where the effective epitaxial thickness [30] is
Tetr = Tepi + /{a

where the effective thickness is determined by the epitaxial flat zone at the end of the surface implant
(or p-well) and the beginning of the p+ substrate (or p++ buried layer). In the p++ substrate model,
as discussed in the previous chapter, the effective depth factor A addresses the extra effective thickness
between the epitaxial flat zone and the heavily doped flat zone of the p++ wafer to add an increase in
the epitaxial effective width. For the p+-+ wafer, a concentration profile can be assumed to be equal to

Ny —
Nan (%) = ;ub erfc {x " xe} ,
0

where we determine the epitaxial depth position from the above expression, letting x, = x.. This can be
expressed as the effective depth parameter
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Figure 5.6 Vertical profiles of a retrograde n-well as a function of epitaxy thickness on a p++ substrate wafer.

As the epitaxial thickness T.p; decreases, the flat zone of the p— region decreases. Variation in the
epitaxial thickness is common due to the control of incoming wafers. With the variation, the width term
A does not change but is shifted toward the device surface. Additionally, the MeV retrograde well
implant is also implanted deeper toward the p+-+ substrate. The MeV implant dose is significantly
lower than that of the p++ substrate wafer, leading to strong modulation of the profile, the capacitance
and the n-well sheet resistance. As the p+-+ substrate dopants impinge on the n-well region, the
physical well depth decreases and the n-well sheet resistance increases. Figure 5.6 shows an example of
the n-well doping profile modulation by the p-++ heavily doped substrate.

For a p-channel MOSFET structure, this leads to a higher n-well shunt resistance series.
Additionally, the vertical bipolar pnp current gain increases as a result of the smaller base width
and the reduction of the Gummel number (e.g. integral of the dopants in the base region). Experimental
results have shown that the n-well sheet resistance can vary from 700 to 1500 €2/square and the vertical
ﬁpnp can increase from 2 to 8 (Table 5.6) [6].

As the epitaxial thickness is varied, for a fixed well dose and energy implant, experimental results
show the n-well sheet resistance from 300 to 1000 (2/square. With the decrease in the epitaxial

Table 5.6 Vertical pnp bipolar current gain as a function of n-well sheet

resistance.

n-well sheet resistance (£)/square) pnp bipolar current gain (ﬂpnp)
330 2
550 4

1000 7

1500 8
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thickness, the effective film thickness of the series resistance decreases, as well as the total doped
elements. Evaluating the n-well doping profiles, as the epitaxial region is too thin, the peak n-well
concentration is consumed by the p-++- substrate region, significantly changing the doping profile in the
n-well. Although the base width decreases the vertical fi,, increases to approximately 8.

The effect of implant compensation of oppositely doped regions is important for single-well, dual-
well and triple-well CMOS for manufacturing control of CMOS latchup. As one implanted region
influences another, this modulation effect influences the physical thickness of a region, wherein this
influences both the parasitic bipolar transistor gains and the parasitic bipolar series shunt resistance.
This is true in wells, epitaxy regions and isolated epitaxial regions (e.g. triple-well regions).

5.3.6 n-Well Depth Scaling

In CMOS technology scaling, the n-well depth will be scaled in each successive generation. Figure 5.1
shows the n-well scaling trend. In dimensional scaling, the vertical and lateral dimensions are scaled to
maintain dimensional similitude. In addition, as the technology dimensions are scaled, the p+/n+
space and isolation depth will also be reduced to achieve circuit density. In this scaling process, both
the ESD protection and the latchup design point become a function of the retrograde n-well design
point and the isolation design point [37-41].

5.4 p-WELL

In this section, the latchup impact of p-well regions will be discussed. In this section, it is assumed that
the addition of the p-well assumes that the n-well is also present, leading to a dual-well CMOS
semiconductor process.

5.4.1 p-Well Design and Design Point Synthesis

In dual-well CMOS, the p-well design point is established based on a number of semiconductor device
constraints [44, 45]. The p-well design point will be influenced by the n-channel MOSFET junction
capacitance, MOSFET device ‘punch-through’, MOSFET junction leakage, as well as integration with
the isolation and n-well regions.

From a latchup perspective, the p-well influences the lateral npn structure and the ‘substrate’ shunt
resistance. The shunt resistance is the parallel resistance of the substrate and the p-well regions. The
p-well implant and the design point of the dose and energy must be established to also allow the p-well
to n-well junction to be placed under the isolation region; this constraint is critical for latchup since it
influences both the pnp and npn base widths. As a result, n-well, p-well and isolation must be integrated
together; this places a constraint on the p-well design point.

5.4.2 p-Well and p++ Substrates

With dual-well CMOS scaling, the p-well depth is reduced with the n-well depth for integration under
STI and p-well to n-well regions; the integration of both wells is required for cosynthesis. For
achieving lateral cosynthesis of p-well and n-well regions, on a p++ substrate, the epitaxial thickness
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must also be chosen to avoid breakdown of the n-well to p++ substrate metallurgical junction and
p-++ substrate modulation of the n-well sheet resistance. In addition to the poor control of epitaxial
thickness, additional space is required to avoid p-well and n-well variations and compensations over
the semiconductor process window. In addition, in foundry environments or semiconductor fabricators
with many semiconductor technology types and generations, the starting wafer specification remains
the same for the wafer and epitaxial thickness (as well as doping concentrations). In this fashion, the
identical wafer specification can be used for many processes independent of the technology generation;
this also has a practical opportunity to change the routing for one type of technology or another during
the processing flow. For example, the same p— epitaxial thickness is used on a p++ substrate wafer
and used for multiple semiconductor technologies (e.g. 0.5-0.22 um). With the usage of a common
base wafer, this can lead to latchup issues [46].

5.4.3 p-Well Connecting Implants (Epitaxial Buried Implants)

The issue of a low-doped gap between the p-well and the p++ substrate can be addressed with
additional implants [46]. Without an additional implant, a resistive region exists between the p-well and
the p+-+ substrate. Figure 5.7 shows an example of a profile of a scaled p-well on a p++ substrate
wafer. In the definition of this technology, the p-well profile was scaled to accommodate scaling
implications, but the base wafer remained the same.

As a result, a low-doped p— region exists between the p++ substrate and the p-well. This low-doped
p— region introduces a vertical series component between the p-well and the p++ substrate, which
influences the technology latchup robustness. Brown first noted the impact of the resistive region on the
latchup results [47]. Figure 5.8 shows the cross section highlighting the vertical resistance element. A p-
doped implant can be used to electrically ‘connect’ the p-well region and the p++- substrate, similar to the
concept of a ‘sinker’ or ‘reachthrough’ implant. In this case, using a ‘connecting implant’, specifically
added for latchup improvements, can provide a low-resistance region [47].

To address the resistive issue, instead of scaling the epitaxial region, a p-type ‘connecting implant’
was integrated into the semiconductor process to lower the effective substrate resistance. The p-type
connecting implant was found to improve the latchup results in a 0.22-pm technology [47]. Figure 5.9
shows the cross section with the latchup connecting implant layer.

p++ substrate

Log doping concentration

[
L

Figure 5.7 Vertical doping profile of a scaled p-well on a p++ substrate (e.g. without p— epitaxial thickness
scaling).
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Figure 5.8 Cross section region highlighting the vertical resistive region between the p-well and the p++ substrate.

Table 5.7 shows the parasitic f3,,, as a function of the epitaxial buried implant (EBI) dose (for a
p+/n+ space of 1.2 um ). In the case of no buried layer implant, the parasitic bipolar current gain
was ff,, = 9.1 @ 140°C. With a 1.5 x 10" cm™? implant, f,,,, was reduced to 4.3. As the implant
was increased to 6.0 x 103 cm~2, Bopn = 2.75 @ 140°C. Four-point resistance test structure
measurements also showed a resistance reduction from 2.25 to 1.18 {2. The connecting implant served
as a low-resistance shunt termination.

Table 5.8 shows the undershoot current /4, (required to initiate latchup) as a function of the EBI
dose (e.g. p+/n+ space of 1.2 um). In the case of no buried layer implant, the undershoot current was
Linder = 0.77mA @ 140°C. With a 1.5 x 10'3 cm™2 implant, I,yqer = 3.1 mA. As the implant dose was
further increased to 6.0 x 103 cm™2, Iypger = 3.35mA @ T = 140°C.

Voo Vss
Ny
n+ p+ n+ p+ p—
p-well p-well
an
p++ substrate Epitaxial buried implant p++ substrate
v

Figure 5.9 Semiconductor technology with CMOS connecting implant layer (epitaxial buried implant).
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Table 5.7 Parasitic npn bipolar current gain f3,,, as a function of the EBI dose. Reproduced by
permission of IBM.

Epitaxial buried layer implant dose (cm~2) npn bipolar current gain (@ 140°C), B,
No epitaxial buried layer 9.1

1.5 x 1013 43

3.0 x 1013 33

4.5 x 101 2.9

6.0 x 1013 275

Table 5.8 Undershoot current as a function of the EBI dose. Reproduced by permission of IBM.

Epitaxial buried layer implant dose (cm~2) Undershoot current (@ 140 °C) (mA)
No epitaxial buried layer 0.77

1.5 3.1

3.0 2.95

4.5 3.1

6.0 3.35

Table 5.9 shows the holding voltage Vi as a function of the deep EBI layer for a 1.2-um p+/n+
space (@ 140°C). This study was completed with a 10-(2 external Rsy and a 0-) external Ry. As the
connecting implant dose increases, the holding voltage, Vi increased from 3.25 to 4.3 V. As a result,
the connecting implant increased Vi above the 3.3 V external power supply value and allowed for
margin between the holding voltage state and the power supply voltage state. (Note: Valuable for a
2.5-V technology with a 3.3-V interface.)

A CMOS semiconductor process design practice for CMOS latchup is as follows:

e Vertical resistance regions in a p+/p—/p++ profile can exist leading to a higher shunt resistance.

e ‘Connection implants’ (e.g. also known as epitaxial buried implants) are added to establish a lower
resistance path between the p+ and p++ implants for a lower substrate shunt resistance (the
connecting implant serves as a ‘termination shunt’ in a resistive transmission line representation of
the substrate).

e Lateral npn bipolar current gain is significantly reduced with the introduction of the epitaxial buried
layer between the p-well and the p++ substrate.

Table 5.9 Holding voltage Vi as a function of the EBI dose. Reproduced by permission of IBM.

Epitaxial buried layer implant dose (cm~2) Holding voltage Vg (@ 140°C)
No epitaxial buried layer 3.25
1.5 x 10 3.6
3.0 x 1013 4.2
4.5 %10 425

6.0 x 1013 43
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Figure 5.10 Latchup simulation as a function of p+/n+ spacing (e.g. STI depth of 280 nm).

5.5 P+/N+ SCALING

With the scaling of the p+/n+ dimension, the holding voltage Vy is reduced. Figure 5.10 shows latchup
simulation as a function of p+/n+ spacing (e.g. STI depth of 280 nm). Table 5.10 contains trigger and
holding voltage simulation results as a function of p+/n+ spacing [43]. Figure 5.11 shows the latchup
simulation results as a function of p+/n+ spacing (@ Vpp = 1.2V and STI depth of 200 nm).

5.6 ISOLATION AND LATCHUP

Isolation technology can have a strong influence on the CMOS latchup robustness of a technology. The
isolation structure influences latchup in the following ways:

e lateral transport to vertical current transport ratio;

e cffective geometric base width;

Table 5.10 Trigger current and holding voltage simulation results as a function of
p+/n+ spacing.

p+/n+ spacing (nm) Itg (LA/pm) Vu (V)
860 445 1.6

600 400 1.45
380 330 1.35

270 280 1.29
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Figure 5.11 CMOS latchup simulation results as a function of p+/n+ spacing (@ Vpp = 1.2V and STI depth
of 200 nm).

e bulk recombination;
e surface recombination;

e scaling impact of p+/n+ spacing.

5.6.1 Recess Oxide (ROX) and LOCOS Isolation

ROX and LOCOS isolation processes were early NMOS, PMOS and CMOS isolation strategies for
MOSEFET development. LOCOS isolation structures were the dominant isolation strategy during the
1980s to early 1990s (e.g. 1.0-0.25-um CMOS technology). In ROX and LOCOS isolation concepts,
half the isolation structure extended above the silicon surface and the other half formed below the
silicon surface. At the edges of the ROX and LOCOS structures, a ‘bird’s beak’ effect was formed at
the silicon-silicon dioxide (Si-SiO,) interface. In these technology generations, the semiconductor
CMOS MOSFET source and drain junctions extended below the isolation depth. The key features that
influence latchup in LOCOS isolation defined CMOS technology are as follows:

e Lateral pnp transistors were formed where the sidewall of the p-channel MOSFET source/drain
junction, below the LOCOS isolation depth, defined the lateral transistor emitter area.

e Lateral npn transistors were formed where the sidewall of the n-channel MOSFET source/drain
junction, below the LOCOS isolation depth, defined the lateral transistor emitter area.

e n+ guard rings contained within the n-well, between the p-channel MOSFET and the n-well edge,
reduced the lateral current transport by increasing the surface recombination velocity and bulk
recombination.
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e p+ substrate guard rings contained within the p— substrate, between the n-channel MOSFET and
the n-well edge, reduced the lateral current transport by increasing the surface recombination
velocity and bulk recombination.

Today, LOCOS isolation technology is utilized in low-cost CMOS technology, high-voltage
CMOS technology, to smart power technology. LOCOS isolation allows for lateral heat transfer
reducing the surface heating in CMOS and power technologies. In these technologies, drain-
extended MOS (DeMOS) and lateral diffused MOS (LDMOS) power transistors, and additional
n-body and n-tub deeper implants are used below the LOCOS isolation leading to increased latchup
issues.

5.6.2 Shallow Trench Isolation (STI)

Shallow trench isolation was integrated into CMOS technology to eliminate the negative attributes of
LOCOS isolation. LOCOS isolation introduced lateral ‘bird’s beak’ effect; this issue impacted
MOSFET channel width control [36]. STI structures offers an abrupt ‘lateral dielectric barrier’.
Minority carriers that are injected from the emitter diffuse vertically as a result of the dielectric
abruptness; this forces the minority carriers to move across potential gradients in the vicinity of the STI
structure. In the presence of surface recombination and the lower recombination times with well depth
(e.g. doping increases with depth due to retrograde wells), the recombination rate increases as the
carrier diffuses toward the STI bottom region. In LOCOS isolation, there was little dielectric
abruptness to impede lateral diffusion, and hence did not interfere with minority carriers moving
across potential gradients. In 1991, STI technology was first integrated into a 0.5-um CMOS DRAM
and logic technology.

Voldman showed that for a 0.25-um STI-defined CMOS technology pnp parasitic f3,,, is not a
strong function of the p+/n+ space; results showed that the n-well doping concentration had a
significantly stronger effect [36]. With scaling, STI dimensions are scaled laterally and vertically to
maintain width-to-depth aspect ratio. Consequently, the p- and n-well depths are scaled to maintain the
same doping concentration under the STI and to reduce lateral implant scattering.

Brown first showed the STI scaling implications on latchup [42]. In Table 5.11, the parasitic f8,,,
versus n+ to n-well space as a function of STI depth is shown (e.g. for a n+ to n-well space of
0.6-1.1 pm and 7 = 140°C). For the 0.6-um n+ to n-well space, the parasitic ,,,, increased from 2.1
to 2.35 as the STI depth scaled from 0.44 to 0.35 um. For the 1.1-um n+ to n-well space, the parasitic
Bupn increased from 1.5 to 1.75. For all physical n— to n-well dimensions, there was a shift in f8,,, on
the order of Af,,, = 0.25. For the lateral pnp transistor, for a 0.3-um p+ to n-well space, the parasitic
Bpnp increased from 1.7 to 2.25 as the STI depth scaled from 0.44 to 0.35 pm. For the 0.7-um p+ to
n-well space, the parasitic ,Bnpn increased from 1.6 to 2.1. For all physical p+ to n-well dimensions,
there was a shift in 8, on the order of A, = 0.4 [42].

Table 5.11 Latchup structure npn and pnp bipolar current gains versus STI depth.

npn bipolar current gain, 0.6 pm pnp bipolar current gain, 0.3 pm
STI depth (pm) n+/nw (@ 140°C), B, p+/nw (@ 140°C), B,
0.44 2.1 1.7

0.35 2.35 2.25
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Figure 5.12 CMOS holding voltage Vi as a function of STI depth.

STI structures also have an influence on the holding voltage Vy [43]. Figure 5.12 shows a plot of the
latchup holding voltage versus STI depth. As the STI depth is reduced, the holding voltage decreases.

STI depth lowers the bipolar current gain because of an increase in both the effective base width and
the recombination rate; hence, both the ‘base defect’ term and the ‘emitter defect’ term are influenced
by the STI structure. As a result, it is anticipated that the holding voltage Vi will increase with the
lowering of the bipolar current gains. Figure 5.13 shows the holding voltage Vy as a function of the
bipolar current gain f results. The holding voltage Vi can also be shown to be a function of the bipolar

20

Holding voltage (V)

10 l | | | | |
5.0 10.0 15.0
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Figure 5.13 CMOS holding voltage Vi as a function of the bipolar ‘beta product’ (B, Bnpn)-
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Figure 5.14 Simulation of CMOS latchup I-V characteristic versus STI depth.

current gain product f,,, B, Figure 5.14 shows simulation as a function of three different STI depths
(Figure 5.14). The deeper STI depth has spoiled the lateral ,,,, which results in an increase in Vy. The
deeper STI structure slightly improves the trigger current Itg; however, the largest effect is on the
holding voltage Vy.

5.7 SILICIDE

Self-aligned silicide, known as salicide, is used to provide low MOSFET source and drain resistance.
MOSEFET source regions are the emitters of the parasitic transistor elements that are part of the parasitic
pnpn structure. During the formation of the salicide, silicon is consumed, leading to the refractory metal
penetration below the wafer surface [48]. There are two effects associated with the salicide formation.
First, the lower emitter resistance influences the latchup criterion for CMOS latchup, as discussed in
Chapter 3. As a result of the penetration into the MOSFET source and drain regions, the emitter width
decreases. Second, the bipolar current gain (for both npn and pnp transistors) changes as a result of the
effective emitter width change. The emitter width decreases, leading to a higher reverse current injection,
and modifying the ‘emitter defect’ term in the bipolar current gain equation.

5.8 TRIPLE WELL

In advanced CMOS, RF CMOS and RF BiCMOS SiGe technologies, noise isolation and back-bias
requirements for MOSFETs in an isolated epitaxial or well region that can be separated from the
physical p— substrate are desirable. Structures that allow the separation of the p-well from the low-
doped p— substrate to form an ‘isolated MOSFET’ are advantageous; this technology is also referred to
as ‘triple-well’ technology.
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5.8.1 Triple Well-Separate Wells

In the initial objective of ‘triple-well’ technology, it was believed that CMOS latchup would no longer
be a technology issue because of the ability to separate the p-channel MOSFET structure from the
n-channel MOSFET structure, avoiding formation of the parasitic pnpn device. In early concepts, the
elimination of the parasitic silicon-controlled rectifier (SCR) was to free ‘triple-well’ technology from
latchup concerns. As practiced today, circuit designers desire to remap dual-well structures to triple-
well implementations without a change in the on-chip design, ground rules or p+/n+ spacing rules. As
a result, ‘triple well’ is being practiced not as isolated regions but ‘merged triple well’, where the
n-well and associated isolating buried layers are integrated. In the following sections, we will
distinguish between dual well CMOS, triple well CMOS and merged triple well CMOS.

5.8.2 Decoupling of pnp and npn by Spatial Separation

With mixed signal, for wired and wireless applications, noise separation has led to an increased interest
in triple-well technology. RF technology must also be placed in p— substrate to provide noise isolation
between digital, analog and RF circuits. Additionally, the ability to bias the MOSFET devices at a
different potential for application needs, reliability and latchup has lead to an increased interest in
‘isolated MOSFETS’ or triple-well technology. With the rapid remapping of digital and analog
applications, circuit designers want to remap from ‘dual well’ to ‘triple well’ without the redesign
and readjustment of designs and spacings.

In this section, latchup measurements of a standard ‘dual-well’ implementation to a ‘merged triple-
well” implementation in a high-resistivity p— substrate wafer will be compared. Figure 5.15 shows an
example of STI-defined dual-well CMOS technology. The n-well and p-well implant energies and
doses are established so that the junction between the two implants remains centered under the STI
structure. A lateral parasitic pnp bipolar transistor is formed between the p+ diffusion, the n-well and
the p— substrate region. Additionally, a parasitic npn bipolar transistor is formed between the n+
diffusion, the p-well and the n-well region. These cross-coupled pnp and npn form a parasitic pnpn
element that can undergo latchup.

Figure 5.16 shows a triple-well structure, where the p-channel MOSFET is placed in an n-well and
the n-channel MOSFET is placed in an isolated epitaxial region surrounded by an n-type structure. The

VD D VSS

n+ p+ n+ p+

=i W=

p- substrate

Figure 5.15 Dual-well CMOS cross section.
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Figure 5.16 Triple-well CMOS with p-well region separated from n-well region.

p-isolating structure consists of an n— implant underneath and bordered by an n-well ring structure. In
this structure, the n-isolation structure is electrically connected to a power supply domain. With the
placement of the n-isolation region, the parasitic pnp and npn transistors are decoupled preventing
latchup between the p-channel and n-channel MOSFET structures.

5.8.3 Merged Triple-Well CMOS

With the rapid remapping of digital and analog applications, circuit designers want to remap from ‘dual
well’ to ‘triple well” without the redesign and readjustment of designs and spaces. Designers desire to
remap dual-well structures to triple-well implementations without a change in the on-chip design,
ground rules or p+/n+ spacing rules. As a result, ‘triple well’ is being practiced not as isolated regions
but ‘merged triple well’, where the n-well and associated isolating buried layers are integrated. Hence,
a key objective is to form a ‘merged triple-well’ implementation without the need for changing the
p+/n+ space, additional guard rings or latchup rules. This is achieved by placing a n-type implant
under the p-well region and using the n-well region to isolate the upper region. The n-well must form a
ring structure enclosing the p-well and merge with the n-type isolating region below, while maintaining
the dual-well p+/n+ space (Figure 5.17).

Do VSS

n-well p-well
n-well

S

L n- buried layer

p-substrate

Figure 5.17 Merged triple-well CMOS structure.
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Figure 5.18 Merged triple-well CMOS structure highlighting the parasitic lateral pnpn.

In the process of isolating the p-well regions, critical parameters that influence latchup robustness
are modified. For the parasitic bipolar elements, the placement of an n-buried layer region under the
n-channel MOSFET introduces a vertical npn bipolar transistor. The parasitic pnp transistor base
region is also modified by the n-layer (Figure 5.18). Additionally, the ‘isolated’ epitaxial region
resistance is modified by the separation from the p-type substrate region. To form the merged triple-
well latchup test structure, the four-stripe structure is modified to mimic the ground rules of merged
triple well (Figure 5.19). In the structure, the length and width of the anode, cathode, well contact and

isolated epitaxial contact are 1 and 25 um, respectively.

n-well p+ diffusion n+ diffusion p+ substrate
contact contact
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Figure 5.19 Merged triple-well CMOS latchup test structure.
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Figure 5.20 Parasitic npn bipolar current gain as a function of p+/n+ spacing for dual-well and merged triple-
well CMOS (@ 25 and 140 °C).

To provide a better understanding of the effect of the buried n+ layer on the latchup character-
istics, it is important to analyze the npn and pnp transistors independently. Figure 5.20 shows the
parasitic npn bipolar current gain 8, of a dual-well and a merged triple-well structure. In both cases,
as the p+/n+ spacing increases, the lateral parasitic npn bipolar current gain f,,, decreases. As a
result of the isolating buried layer, the vertical npn bipolar current gain f8,,, of the merged triple-well
structure is two to three times higher in magnitude compared to the dual-well structure. As the n-well
to n+ spacing increases, the triple-well 8, is dominated by the vertical npn (formed from the n+
emitter, the p-well region and the n+ buried layer). As the p4/n+ space decreases, the lateral device
effect in both the dual well and the triple well increases, with the triple-well curve shifted toward
higher values.

Using a bipolar curve tracer, the parasitic forward and reverse ﬁnpn, as well as the avalanche
breakdown voltage Vay, were measured (e.g., T = 25 °C) (Table 5.12 and 5.13). The ratio of forward
and reverse bipolar current gains is approximately 4-5. In the forward npn mode of operation, the
avalanche breakdown is 11.8 V for all p+/n+ spaces; for the reverse npn mode of operation, Vay
increases with p+/n+ spaces.

Table 5.12 Dual-well CMOS parasitic npn forward and reverse bipolar current gains (@ 25 °C).

Forward npn bipolar Reverse npn
p+/n+ spacing (um) current gain fg bipolar current gain fig Vav ®wevy(V)
0.8 3 0.6 9.2
12 22 0.55 10.2
1.6 1.8 0.40 11.8
2.4 1.5 0.35 13.0
32 1.2 0.29 14.0

3.6 1.18 0.20 14.2




282 CMOS LATCHUP PROCESS FEATURES AND SOLUTIONS
Table 5.13 Merged triple-well CMOS npn forward and reverse bipolar current gains (@ 25 °C).

p-+/n+ spacing (um) B Pr Vav ®ev) (V)
0.8 4.7 1.2 8.2

1.2 3.6 0.8 9

1.6 3.5 0.7 10.5

2.4 3.1 0.65 11

3.2 3.0 0.60 11

3.6 2.8 0.58 12

For the merged triple-well structures, the identical study was completed in evaluating the forward
and reverse bipolar npn current gains (Table 5.13). From these measurements, the triple-well forward
Bupn 1s approximately three times higher at large p+/n+ spaces. In the forward npn mode of operation,
the bipolar avalanche voltage was Vyy = 8-8.2 V. For the reverse bipolar characteristic, the bipolar
avalanche breakdown increases from Vyy = 8.2 to 12 V; the reverse bipolar avalanche voltage is lower
for the merged triple-well structure.

For evaluation of the lateral f8,,, the pnp transistor formed between the p+ emitter, the n-well and
the p-well region was measured for the dual well and the merged triple well. For the dual-well case,
the collector is integrated with the p— substrate; for the merged triple-well case, the p— substrate is
isolated from the interaction. For the parasitic f3,,,, the opposite effect occurs where the merged
triple-well structure results are lower than those of the dual-well structure. In the case of the pnp, the
triple-well bipolar current gain f,,, is reduced by approximately five times (Figure 5.21). In the case
of the triple-well structure, f,, is reduced well below unity and demonstrates a weaker dependence
on the p+/n+ space.

To further evaluate the transistors, measurements were taken on a Tektronix 576 bipolar curve tracer.
Table 5.14 contains the dual-well f3,,, for the forward and reverse pnp parasitic BJT. As the p+/n+ space
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Figure 5.21 Parasitic pnp bipolar current gain as a function of p+/n+ spacing for dual-well and merged triple-
well CMOS (@ T =25°C and T = 140°C).
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Table 5.14 Dual-well CMOS parasitic pnp forward and reverse bipolar current gains (@ T = 25°C).

p+/n+ spacing (pum) Forward npn bipolar current gain fig Reverse npn bipolar current gain fig
0.8 1.2 0.16
1.2 1.1 0.16
1.6 1.05 0.09
2.4 0.9 0.08
32 0.9 0.08
3.6 0.9 0.08

increases, the forward and the reverse f8,,,, flatten to a constant value. Also note that there is a 10-fold
difference between the forward and the reverse f,, values.

For the case of the parasitic pnp, in the merged triple well, there exist separable lateral and vertical
pnp elements that can be independently evaluated. In the automated measurements, the lateral device
was addressed for the pnpn measurements and the pnp. Figure 5.22 highlights the lateral pnp element
formed between the p+ emitter, the n-well and the p+ contact to the isolated p-well.

Figure 5.23 shows the vertical parasitic pnp BJT in the triple-well structure. In this case, the vertical
pnp BJT does not participate in the latchup characteristics but does inject current into the p— substrate.
By separating the p— substrate contact and the local p-well isolated contact, independent measure-
ments can be taken.

Table 5.15 shows the forward and reverse pnp bipolar BJT for the lateral and the vertical BJT
parasitics. For small p+/n+ spacings, the pnp lateral and vertical components are comparable in value.
As the p+/n+ space increases, the forward vertical f3,,, increases, and then saturates at 8, = 0.8. For
the lateral forward f,,,, the lateral component continues to decrease with the p+/n+ space from
Bpnp = 0.65 to B, = 0.18. Note for the largest p+/n+ spaces, the vertical-to-lateral # component ratio
is approximately 4. For the reverse bipolar characteristics, both the vertical and the lateral f,,, decrease
with p+/n+ spaces; both decrease by approximately 4 x.
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Figure 5.22 Merged triple-well structure highlighting a lateral parasitic pnp bipolar transistor.
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Figure 5.23 Merged triple-well structure highlighting a vertical parasitic pnp bipolar transistor.

In Figure 5.24, the product of the two bipolar gain terms, S, By, is shown. The interesting results
from this study show that the ‘beta product’ results are comparable in temperature and spacing relations
(except minimum spacing). Hence, to fully appreciate the difference, the results must be deconvolved
into the undershoot and overshoot sensitivities.

Figure 5.25 shows the undershoot sensitivity analysis for dual- and triple-well CMOS. As the
temperature increases, the current needed to initiate undershoot for a given p+/n+ space decreases
because of the -enhancement with temperature. Note that for minimum structure size both structure
types have comparable results. As the p+/n+ space increases, the merged triple-well structure has a
higher sensitivity to undershoot because of the vertical npn bipolar transistor. Figure 5.26 shows the
overshoot analysis. Because of the significant reduction of the pnp bipolar current gain /5, the merged
triple-well structure is less sensitive to the overshoot phenomenon.

The first key point is that although it was believed that triple-well CMOS would eliminate latchup
concerns by isolating n-channel MOSFETs from p-channel MOSFETs, as it is being practiced today, in
the form of a merged triple well, CMOS latchup has not been ‘cured’ and still remains a concern.

pnp>

Table 5.15 Merged triple-well parasitic pnp forward and reverse bipolar current gains for lateral and vertical
structures (@ 7 = 25°C).

Lateral pnp bipolar Vertical pnp bipolar Lateral pnp bipolar Vertical pnp bipolar

p+/n+ spacing (um) forward (fg) At forward (fg)y reverse (fr)iat reverse (fig)y
0.8 0.65 0.8 0.17 0.040
1.2 0.5 0.88 0.13 0.017
1.6 0.5 0.85 0.118 0.017
24 0.28 0.82 0.085 0.015
32 0.22 0.80 0.068 0.014

3.6 0.18 0.80 0.041 0.013
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Figure 5.24 Beta product of parasitic pnp and npn bipolar current gains versus p+/n+ space for dual-well and
merge triple-well CMOS (@ T =25°C and T = 140°C).
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Figure 5.26 Latchup overshoot versus p+/n+ space for dual-well CMOS and merged triple-well CMOS pnpn
structures (@ T =25°C and T = 140°C).

The second key point is that the CMOS latchup in a merged triple-well structure has a different
response from a dual-well CMOS. In our case, fi,,, was significantly reduced below the dual-well
CMOS levels; additionally, the addition of the n-type buried layer increased f,p,. The f,,,, reduction
will be a function of the buried layer design, but the f,,, increase is inevitable because of the n— region
placement under the n-channel MOSFET structure. Additionally, the reduction of the first bipolar
current gain and the enhancement of the second bipolar current gain changes the relationships, as well
as the sensitivity of the undershoot and the overshoot currents.

Latchup occurs in CMOS technology when a semiconductor pnpn network undergoes regenerative
feedback between the parasitic pnp and npn bipolar current gains. The first criterion is that the pnp and
npn bipolar transistors must be in forward active mode. The second criterion for CMOS latchup is
when the following inequality is satisfied:

1+ 1p,
Buby > [T
- wTﬁ sx

n
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where

Y7 Ry Ry,

(Vee)pwp _ Vo 1= 1w
a (o),

and

SX

(VBE)npn _ &111 |:I - ISX:|
(Lo

Ry Ry )

When latchup is initiated, the holding current condition can be expressed as

o= BB+ DIW + (B + Dffs
! BBy — 1 '

In the case where the npn current gain is significantly increased,

B, +1
Inlg s :1w+< Pﬁ I
p

and the complementary case is

+1
1H|ﬁp>>l ~ I+ (Bnﬁn )Iw-

For our case, the pnp bipolar current gain is significantly reduced below unity, the npn bipolar
current gain is greater than unity and the product of the bipolar current gain is greater than 1:

Iy ~ <ﬁ1p> I, + (ﬁ"‘[):: I)IW.

Hence, the symmetry of the product of the bipolar current gains, f,,,B,n,, in the triple-well
structure is distinct from the dual-well bipolar current gain symmetry. In advanced CMOS, typically
the npn bipolar current gain is higher than the pnp bipolar current gain; in merged triple-well structures
this asymmetry of bipolar gains is further enhanced with a greater difference between the npn and the
pnp bipolar transistors. As a result, the triple-well process may be more sensitive to the negative
undershoot phenomenon, but less sensitive to the positive overshoot phenomenon.

A very important advantage of the merged triple-well structure over dual-well CMOS is that the
latchup phenomenon is not a strong function of the substrate doping concentration but a function of
the p-well and the n-type isolation layer design choices. Additionally, the electrical isolation of the
n-channel MOSFETs from the substrate can also reduce the effects from SEL from ionizing radiation
sources and cable discharge events (CDEs).
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5.8.4 Merged Triple Well with Blanket Implant

In the migration from dual-well to triple-well CMOS, many product development teams want to ‘map’
the layout design without significant redesign of a product. In the migration of a layout design
within the same technology generation, it is desired that the dimensional features of physical designs
remain the same, and in the case of a design migration to a future technology generation, it is an
expectation that the dimensional features will be scaled.

In the case of integration of the triple-well region that is placed selectively, there are dimensional
issues. First, there must be overlap of the n-well edge and the triple-well implant edge to guarantee
electrical isolation of the p-well epitaxial region. Second, implant scattering issues of the buried
implant require a minimum space between the implant mask edge and n-channel and p-channel
transistors. As a result of alignment issues and implant scattering issues, the ability to maintain the
p+/n+ spacings or scale them to smaller spaces is more difficult when the edge of the triple-well
implant is required to intersect the n-well to p-well region. Hence, it is desirable for technologies to
allow either the buried layer extend under the n-well region or blanket buried layer implants
(Figure 5.27). The extension of the n-doped triple-well implant under the n-well region leads to the
following advantages:

e larger vertical pnp base width;
e formation of a high-low or low-high n—/n+ step transition;
e Jower shunt resistance in series with the pnp transistor;
e clectrical isolation from the p— substrate;
e higher capacitance in the latch network.
First, the vertical pnp bipolar current gain f,, is significantly reduced with the buried layer under

the n-well structure. Hence, the entire length of a p-channel MOSFET will have low vertical f,,,
current gain. Second, a step transition is formed; depending on the doping concentration of the well and
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Figure 5.27 Cross section with a ‘blanket triple-well implant’.
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the buried layer, this can lead to either a lower or a higher lateral parasitic pnp bipolar current gain. As
noted in Chapter 3, the doping step transition of the vertical bipolar device influences the lateral bipolar
device current gain. Third, the combined structure of the n-well and the triple-well implant leads to a
lower ‘n-well shunt resistance’. The fourth issue is that the injection into the p— substrate does not
affect the local pnpn structure, which is electrically isolated.

The fifth issue is that the area of the buried layer is larger than the n-well region, leading to a
significantly larger total capacitance to the chip substrate. As a result, the transient latchup response
and external latchup will be altered. In the case of transient latchup, the capacitance of the pnpn latch
network has been altered changing the ramp rate — capacitance (e.g. KC term, where K = dVpp/dr
from Chapter 3). Second, injection in the substrate will be collected by the blanket n-buried layer to
p— substrate junction.

A latchup triple-well design practice is as follows:

e Extension of the triple-well layer under the n-well leads to lower vertical pnp bipolar current gain.
e Extension of the triple-well layer under the n-well lowers the n-well shunt resistance.

e Injection into the p— substrate from the vertical pnp transistor can be isolated from the lateral pnpn
latchup structure.

e Large area blanket buried layer implants can lower the transient response of the pnpn latchup
influencing the KC product term for switching the latchup pnpn network.

e Large area blanket implant can minimize the issue of external latchup by collection of minority
carriers in the large buried layer to p— substrate region.

e p— substrate injection sources can be eliminated with the blanket buried layer minimizing external
latchup concerns.

5.9 HIGH-DOSE BURIED LAYER

A concept that has been proposed for mainstream CMOS is the high-dose buried layer (e.g. also
referred to as the heavily doped buried layer) whose dopant type is the same as the substrate wafer.
HDBL research focused on the influence of the MeV implanted layers on semiconductor devices.
Zappe and Hu [49], Lin and Ting [50], Kuroi et al. [51], Jacobson et al. [52], Borland [53, 54] and
Morris and Rubin [55-59] pursued the semiconductor research and integration issue to integrate HDBL
into semiconductor technology. At that time, the concept was replaced with p++ substrate wafers.
With the migration of low-doped substrate wafers, the issue of the use of the HDBL for advanced
mainstream CMOS has a renewed interest and is valuable as technology integration continues to sub-
45-nm technologies.

5.9.1 Buried Implanted Layer for Lateral Isolation
(BILLI) Structure

Borland developed a structure known as the ‘buried implanted layer for lateral isolation’ for
the purpose of latchup improvement and the elimination of epitaxial growth steps on a p++ substrate
wafer [53, 54]. In this process, a blanket p++ implant was implanted across the entire wafer, where the
implant impinged on a thick mask level. In this BILLI concept, the MeV implant penetrated through
the mask and all sections of the semiconductor device forming a blanket layer with a transition step at
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Figure 5.28 Cross section of the BILLI structure.

the mask edge. In the area formed by the n-well, the p++ implant was below the n-well and abutted the
n-well to p— substrate junction. In the masked region, the implant formed an ‘upper layer’ that was a
continuous boron layer closer to the substrate surface (Figure 5.28). The objective was to surround the
n-well with a p+ implant on the bottom and the edges to ‘spoil’ the vertical and lateral bipolar
elements. In this concept, this was for full integration with retrograde n-well and p-well regions. In this
BILLI concept, there are practical integration issues. First, the ability to provide a good ‘transition
region’ between the two ‘layers’ of the p+ implant that guaranteed good latchup results was key to the
success of the concept. Second, the ability to integrate the n-well design point, the p-well design point,
isolation and the two BILLI layers is difficult. Third, the implantation through a mask leads to
photoresist and mask hardening issues.

5.9.2 Continuous High-Dose Buried Layer

Morris and Rubin focused on the second concept for CMOS latchup improvement, which is the usage
of a continuous buried layer that is not masked but uniform across a semiconductor chip [55-59]. Using
a continuous p++ implanted buried layer in a p— substrate wafer solves implanting through
photoresist masks and integration into the n-well, p-well and isolation design point. By not constraining
the CMOS n-well/p-well/isolation integration, the implant can be integrated without significant
alteration of the design ground rules or semiconductor product design. The latchup semiconductor
design practice of HDBL demonstrated the following:

e Lower substrate shunt resistance is achieved allowing for improved latchup or design relaxation of
the p+ contact to n-channel MOSFET space.
e Shorter minority carrier recombination time (e.g. electron recombination time) is achieved in a p—

substrate improving immunity to external latchup.

Figures 5.29 and 5.30 show an example of a vertical doping profile of a dual-well process (e.g. under
the n-well and p-well, respectively) with a boron HDBL in a boron p— substrate. The HDBL is a boron
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Figure 5.29 CMOS vertical doping profile highlighting n-well and high-dose buried layer.

implant with an implant energy of 1.7 MeV and a dose of 1 x 10" cm™2. The deep p++ HDBL
provides a low substrate shunt resistance. Figure 5.31 and Table 5.16 show that the HDBL has more
than doubled the trigger current ITg, as well as improved the holding voltage Vy. Since the bipolar pnp
collector current will predominately flow in the lowest resistive path to the Vsg terminal, the low-
resistivity shunt layer is much more effective in sustaining the local ground potential at the n+/p—
diode; this results in the much improved trigger current. As the substrate shunt resistance is reduced, a
much larger pnp collector current is required to produce the IR drop within the p-well (e.g. necessary to
forward bias the n+/p— diode and initiate latchup).

A p++ HDBL

19

10
c
kel pt+
IS
€ 18 -well
8 10 P
c
Q
(&3
2
= 17
g 10
o
()]
o
-

1016

| | | >
0.0 1.0 2.0 3.0
Depth (um)

Figure 5.30 CMOS vertical doping profile highlighting p-well and high-dose buried layer.
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Figure 5.31 Simulation of the CMOS latchup -V characteristic with and without HDBL.

5.9.3 HDBL Characterization

Experiments have shown that the implanted HDBL is a more effective p+ shunt than the p—/p+ epi
substrate, resulting in a more robust latchup isolation [43]. Even though the HDBL is much thinner
than a p+ substrate, the peak doping is more than twice as high as the nominal p+ substrate doping,
leading to increased trigger currents. Figure 5.32 and Table 5.17 illustrate the effect of dose on the
trigger current Itg, holding voltage Vi and the holding current /. As can be seen, as the HDBL dose
increases, the latchup parameters all improve. Figure 5.33 shows that with an increase in the STI depth
as well as the HDBL, the CMOS latchup parameters improve.

5.9.4 HDBL Recombination Time and Resistance Measurements

With the introduction of the HDBL, as the doping concentration of the buried layer increases the
minority carrier recombination time decreases. Figure 5.34 shows a plot of the minority carrier lifetime
as a function of the boron dose. It can be observed that as the HDBL dose rate increases, the minority
carrier lifetime is reduced. Morris et al. showed that in a p— wafer the minority carrier recombination
time of a p— wafer was 7. = 100 ps and the diffusion length was 500—600 um. With the introduction

Table 5.16 Experimental results of CMOS latchup structures with and without HDBL.

Percent improvement

Parameters Bulk Si Bulk with HDBL with HDBL (%)
Vu (V) 1.25 1.38 10.5
Trigger voltage (V) 2.2 2.69 22

Trigger current (LA/um) 280 600 114
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Figure 5.32 Simulation of the latchup I~V characteristic versus HDBL dose.

of a p++ high-dose buried layer, the minority carrier recombination time was 7. = 100 ps and the
diffusion length was 170-200 um [59]. With the HDBL, series resistance was also reduced approxi-
mately three to five times. A latchup discipline design practice is as follows:

e HDBL can lead to a reduction in the minority carrier lifetime and diffusion length for improved
CMOS latchup robustness.

e p++ HDBL provide a lower substrate shunt resistance.

5.9.5 HDBL and Reachthrough Implant

The HDBL concept can achieve a larger improvement with the addition of a ‘reachthrough’ implant.
With the addition of a ‘reachthrough’ implant, there is an improvement in the dc and transient response.
Morris showed that the addition of the reachthrough implant to the HDBL structure improves both the

Table 5.17 Parametric data of the latchup /-V characteristic versus HDBL dose.

HDBL dose (cm’Z) Vi (V) It (LA/pm)
1 x 10 1.43 600
5% 10 1.39 490
1 x 10" 1.33 345
5x 101 1.31 320

None 1.28 280
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Figure 5.33 Simulation of the latchup /-V characteristic with and without HDBL as a function of STI depth.

dc and the transient latchup tolerance [43]. With the lowering of the HDBL shunt resistance, the
latchup trigger current will improve. Morris showed that the improved contact to the HDBL shunt layer
is extremely effective in preventing latchup triggering up to a vertical pnp collector current as high
as 1.6 mA/um (with a Vpp of 1.5 V and an STI depth of 280 nm) [43]. Note that this type of structure
clearly offers a most robust solution compared to the HDBL without the reachthrough implant.
Figure 5.35 shows simulated latchup /-V characteristics of different processes with and without the
reachthrough implant. With this structure, the parasitic pnpn has not triggered at high injection current
and is kept in the desired ‘off” blocking state (Figure 5.35).
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Figure 5.34 Minority carrier lifetime as a function of the boron concentration.
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Figure 5.35 Simulation of latchup /-V characteristics of different semiconductor processes.

5.10 FUTURE CONCEPTS

With the continued scaling of CMOS technology, alternative concepts may be needed to address
CMOS latchup in the future. These concepts can include the following:

e dual depth shallow trench isolation [60];

e dual depth shallow trench isolation and edge implant [61];

e dual tone resist and edge implants [62];

e buried grid of opposite doping;

e deep trench [63-65];

e BiCMOS implants (e.g. subcollectors and varactor implants) [65];

o fully isolated triple well (isolated n-channel and p-channel regions);

e silicon on insulator.

Although today these concepts are not implemented into mainstream CMOS, it is possible to integrate
them with today’s semiconductor tools.

5.11 SUMMARY AND CLOSING COMMENTS

This is a critical chapter in the understanding of the influence of semiconductor revolutionary and
evolutionary semiconductor processes and structures on CMOS latchup. Many of the transitions were
part of the natural evolution of CMOS technology as it was scaled from 1-pum to 45-nm technology
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generations. As technology migrated from single well, to dual well, to present day triple well, the
latchup robustness also altered.

In the next chapter, semiconductor process solutions associated with BICMOS technology will be
discussed. In Chapter 6, the influence of semiconductor features associated with bipolar transistors will
be utilized on the CMOS sector of the semiconductor chip. The structures of interest include epitaxial
formed subcollectors, implanted subcollectors, polysilicon-filled deep trench, biased deep trench and a
new isolation known as trench isolation. These will be discussed in a dual-well and a triple-well CMOS
environment. In this discussion, different structures will look at both independent and combined effects
on latchup.

PROBLEMS

1. Substrate wafers have evolved from p— substrate to p++ substrates, and then back to p— wafers.
As the substrate doping concentration is decreased, project how the substrate doping concentration
will influence the p— substrate contact (tap) to n-channel MOSFET scaling.

2. Given that the spacing between the substrate contact (tap) and the n-channel MOSFET must be
reduced, what is the influence on the noise as the density of substrate contacts increases in
magnitude and periodicity?

3. Given a ‘constant latchup robustness’ with MOSFET technology scaling, how should the p-well
doping concentration scale with dimensional scaling for the cases of the lateral dimensions: the
case of lateral dimensions and substrate scaling and the case of lateral and vertical dimensional
scaling.

4. Experimental results showed that with an increase in the n-well doping concentration, the ESD
robustness of a p+/n-well diode improved. How did the latchup robustness improve with the ESD
robustness?

5. With technology scaling, the depth of STI is reduced with the lateral dimensions to maintain a
constant aspect ratio. How does the latchup robustness of a technology change with the decrease of
the STI width (with technology scaling)?

6. Assume that the lateral parasitic bipolar base width is one half of the width of the STI isolation
between the p+ and n+ diffusion. Assuming STI is scaled, show how the bipolar current gain
should scale for 180, 130, 65, 40 and 22 nm. Assume the doping concentration is a constant.
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6 cmos Latchup
Process Features
and Solutions — Bipolar
and BiCMOS Technology

6.1 CMOS LATCHUP IN BIPOLAR AND RF BiCMOS
TECHNOLOGY

In mainstream CMOS technology, the technology goals are focused on circuit density, chip
performance and cost. Derivative technologies, such as RF CMOS, bipolar, RF BiCMOS and power
technologies, have a significant larger set of semiconductor devices that contain many additional
masks, implants and structures. Many of these features can be used to improve the latchup robustness
of the CMOS circuitry within the derivative technology, or can be added to a base CMOS technology.
In this chapter, the focus will be on utilization of these semiconductor features and structures for
latchup prevention. Today, many of these features are not present in mainstream CMOS or RF CMOS;
but, these processes and structures can be added in future sub-0.1 um and sub-65nm CMOS
technologies.

6.2 SUBSTRATES — HIGH-RESISTANCE SUBSTRATES

Today, high-resistance substrates are needed to avoid noise coupling between circuits. In a mixed signal
chip, a concern exists between the digital CMOS circuits, analog and radio frequency (RF) circuitry.
High-resistance substrates will be needed in mixed signal CMOS (MS-CMOS), radio frequency CMOS
(RF CMOS), BiCMOS silicon germanium (SiGe) and gallium arsenide (GaAs) technologies [1-5]. As
technologies are scaled and as the application frequency increases, noise coupling, crosstalk and noise
rejection methods will be needed. Hence, a key issue in the CMOS latchup robustness is the role of the
substrate resistance. Figure 6.1 shows a plot of the trend of substrate resistance in the future.

Latchup Steven H. Voldman
© 2007 John Wiley & Sons, Ltd
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Figure 6.1 Substrate resistance projection as a function of year and application frequency.

The trend in the industry is the migration from 1 to 50 {2 cm [4,5]. RF BiCMOS typically migrates
to higher resistance substrates prior to advanced digital CMOS or RF CMOS due to the needs of the
bipolar transistor in the MS applications. Additionally, BiCMOS technologies provide bipolar
transistors that are typically one to three generations ahead of the RF performance of a RF CMOS
technology. For example, BICMOS migration to 50 {2 cm substrates will occur at 0.13-pum technology
generation, whereas Boselli et al. showed that 50 €2 cm substrates occur later at a 65-nm CMOS
technology node [4]. The starting wafer substrate resistance has an affect on the substrate spreading
resistance term. As a result, this influences both ESD and latchup [4-7]. For latchup, the spreading
resistance has a role in the cathode-to-substrate contact spacing. As the distance increases, the
influence is more significant. Additionally, the spreading resistance does not saturate but continues
to increase in latchup analysis [4]. In order to initiate latchup, the product of the npn and the pnp
bipolar current gain needs to satisfy the following inequality,

buby > () ,
- G-

(Vbe)pnp _ VO In I— Iw
Rnw Rnw (IO)p ’
and where the substrate current expression can be modified as follows [2]

(Vbe)npn _ V() ln [[ — Is,\:|
Rpw [ R Ropw [ Ree [ (o), |

where

I, =

I =

where the effective substrate resistance comprises both the p-well resistance, Ry, and the base wafer
resistance, Ry, spreading resistance terms,

1 1 N
Rpw ” Ry, Rpw

1
RSX '
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In the generalized tetrode formulation, the latchup condition can be expressed as

* *
Xfng + afps 2 17

where
Olfns
* J—
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Ry || Rpw
and
Oltps
a;ps = prcp !
14+
RHW

where the substrate resistance is explicitly shown as the parallel resistance of the p-well resistance and
the substrate base wafer resistance. As the substrate wafer resistance increases, it influences the
generalized npn transport factor. As the substrate resistance becomes large compared to the p-well
resistance, the affect on the differential generalized stability criteria is minimal. Note that the parallel
resistance of the substrate and the well is approximately the p-well resistance,

1 1
———— X — Ry > Ryy.
Ry |[Re Rpw ™

From the f,,,B,pn criteria, the solution of what is the substrate resistance value that initiates latchup can
be derived. Given,
I
(5

P GHED G

the expression for the substrate current can be factored and expressed as follows,

()Y

T Ba(L+By) ’
and
I <I Py {1 ﬁngll;?gjnﬁ: 1)]

From this expression, the relationship of the forward bias of the npn and the resistance can be
substituted into the equation. The effective substrate resistance can be expressed as the parallel product
of the p-well and the substrate resistances. The effective substrate resistance needed in order to initiate
latchup can be expressed as

(Vbe)npn ﬁn(l +ﬁp)

Ry || Rpw >
bR 0]
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Hence, the ‘effective substrate resistance condition’ to initiate latchup can be expressed as

1 — 1,
VOIH( Iy ) Ba(1+B,)
(RS)C)eff 2 Ji Ji B + 1
1= (5]

In future applications, high-resistance substrates will be sensitive to cable discharge events (CDE) and
injection sources. Hence, the condition for initiation of latchup, in the ‘alpha formulation’ is when
[5.8,9]

1 I r

or the current for latchup initiation for an external current source occurs when

r :1{1 +cx,,{(ll—W)f 1] +an{(1;x) - 1”

where the well and substrate current expressions can be shown to be (respectively),

o (Voo )pmp Vo, [1 - IW]

Rv Ry | (lo),

and
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Hence, the condition for latchup from an external source can also be expressed as

. o [hw_ o |ls _
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or
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For the same circuit, this can be expressed as a function of the bipolar current gains. The ‘f product’
relation for undergoing latchup in the environment of an external injection can be written in the form,
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In an alpha representation,
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Solving for the substrate current needed to initiate latchup,
o I 1 *
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Hence, the substrate resistance condition needed to initiate external latchup under a condition of an
external injection source can be quantified,

and
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(RSX)eff 2 o Ji 5 1 T*
i+ (21 =+ (=) |=-1
o 1 ap
or expressed as follows,
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(R< ) > (IO)n
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From these formulations, we get the substrate resistance condition for the amount of resistance in the
substrate in order to initiate latchup for the case of external injection. As the external injection
increases, the denominator of the expression increases in magnitude, where the effective resistance
needed to undergo latchup is lower. Hence, as the external source increases, the substrate resistance
requirement to undergo latchup decreases. In the case that the substrate resistance continues to increase
with scaling, circuits will become more sensitive to the external sources. High-resistance substrates
will influence the latchup design practice as follows:

e The impact of substrate resistance on the local pnpn latchup substrate shunt resistance will lessen as
the substrate resistance is significantly less than the p-well resistance.

e A high-low p+/p— step junction transition will occur as the p— substrate doping concentration is
lower than the p-well doping concentration forming a n+-+/p+/p— diode structure; this will
increase the vertical diode injection to the substrate.
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e The substrate thermal impedance will increase, leading to a higher self-heating within the pnpn
structure.

e Minority carrier recombination time will increase, leading to larger diffusion lengths and longer
propagation distances of minority carriers.

First, since the shunt resistance is the parallel resistance of the p-well and the p— substrate, the p-well
will play a greater role as the p— substrate resistance is significantly increased. Second, with the transition
from a first substrate resistance to a higher second substrate resistance, the change will be less than
anticipated. For the second item, as the p— substrate decreases below the p-well, a p+/p— high-low
junction is formed; this increases the vertical injection of carriers. As a result, the lateral npn current gain
should be reduced based on the early discussion in Chapter 2. Third, as the conductivity of the substrate
decreases, the thermal conductivity also decreases; this leads to a higher thermal impedance. Hence,
latchup events that introduce self-heating will have a higher junction temperature for the same amount of
power dissipated. As a result, the rise in temperature and the change in parameters with the temperature
will be more significant for high-resistance substrate wafers. Fourth it is anticipated that transient
and external latchup considerations will be worse. Minority carrier recombination time will increase,
leading to longer diffusion lengths and longer distances that carriers traverse the substrate. Additionally,
the ability to shunt the excess carriers is increased, making products more vulnerable to single-event
latchup to transient phenomenon.

The majority of reported latchup measurements were taken on CMOS wafers with substrate
resistivity below 1 2 cm wafer. The first measurements on 50 €2 cm were taken by Boselli et al. [4]
and Voldman er al. [5]. As an example of the latchup characterization and the influence of higher
substrate resistance, latchup measurements were evaluated for 10 and 50 © cm substrate wafer.
Experimental pnpn latchup test structures were constructed in a 0.13-um CMOS within a BICMOS
technology. The latchup experimental work was completed using a low resistivity 10 {2 cm and a high
resistivity 50 Q2 cm wafer.

6.2.1 Fifty Ohm Centimeter Substrate Resistance

Figure 6.2 is a plot of f8,,, versus the p+/n+ space as a function of the 10 and 50 {2 cm substrate
wafers. Measurements of f8,,, show that as the p+/n+ space increases, f3,,, decreases. At a small
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Figure 6.2 Parasitic npn bipolar current gain, f,,,, versus p+/n+ spacing as a function of substrate resistivity.



SUBSTRATES — HIGH-RESISTANCE SUBSTRATES 307

3.0
g
o< " T=140°C
£
s ® T=25°C
o 20 +
t
o
5
Qo
=
o
o 1.0 —
f=]
c
o
c 50 Q cm
0.0 | ' '
0.0 1.0 2.0 3.0 4.0

p+/n+ space (um)

Figure 6.3 npn bipolar current gain as a function of p+/n+ spacing in a 50 © cm substrate wafer (at 7= 25 °C
and 7= 140 °C).

n+ diffusion to p— substrate contact space and the presence of p-well implants, only a small change in
the extracted npn f,,, is evident (e.g. By, extraction is at a 1 mA current level) [5].

Figure 6.3 shows the npn transistor bipolar current gain, f3,,,, versus the p+/n+ space for the
50 2 cm substrate wafer for both ambient and elevated temperatures [5].

Figure 6.4 is a plot of the pnp bipolar current gain, f,,,, versus the p+/n-+ space as a function of the
10 and 50 © cm substrate wafers. Experimental measurements of 8, show a weak sensitivity to the
p+/n+ space; for both substrate wafers, f,,,, exceeds unity.
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Figure 6.4 Parasitic pnp bipolar current gain, f3,,,, versus p-+/n+ spacing for 10 and 50 2 cm substrate wafers.
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Figure 6.5 pnp bipolar current gain, f,,, versus p+/n+ spacing for a 50 Q cm substrate (at 7=25 °C and
T=140 °C).

Figure 6.5 shows the parasitic f8,,, as a function of p+/n+ space for ambient and elevated
temperatures in the 50 {2 cm substrate wafer; fi,, is near unity at room temperature but increases with
both decreased p+/n+ space and increased temperature.

Figure 6.6 is the evaluation of f8,,, ., as a function of large substrate spacing for 10 and 50 2 cm
substrate wafers. A CMOS design practice for the evaluation of large-scale space effects is that in a test
site structure, a p+ substrate contact from the next pnpn test structure can be utilized; in that fashion, a
p+ substrate contact effect can be evaluated over thousands of microns within a family of test
structures (e.g. a 1 X 25 macro). As the space increases, f,,,,pn @pproaches unity for both wafers [5].

The latchup overshoot results are shown in Figure 6.7. In the case of the 50 2 cm wafer, the
overshoot voltage decreased, as expected due to the higher substrate shunt resistance. At small
substrate spacings, the overshoot voltage is comparable; but as the spacing increases, the overshoot
voltage is reduced by approximately 0.2 V [5].

Undershoot current versus p+/n+ spacing for the 50 2 cm wafer is shown in Figure 6.8. As the
p+/n+ space is decreased, the current required to initiate latchup decreases. As the bipolar current gain
increases, the current needed to latchup at a minimum structure spacing decreases from 25 to 10 mA
(for a 20-pm wide latchup test structure).

The undershoot voltage for the 50 2 cm wafer as a function of p+/n+ space is shown in Figure 6.9.
With the elevated temperature and smaller p+/n+ spacing, the voltage required to initiate latchup
decreases. For increased temperature and small p-+/n+ space, the undershoot voltage needed to initiate
latchup decreases toward —1 V. Hence, latchup is initiated in these structures for voltage levels 0.3 V
beyond the diode turn-on voltage. For —1 V undershoots, the 0.13-um technology is vulnerable to
potential latchup conditions.

Figure 6.10 is a plot of the current required to initiate latchup due to an overshoot phenomenon. The
overshoot current is shown as a function of the p+/n+ space and temperature (e.g. 7 = 25 and 140 °C);
results show that the temperature dependence leads to approximately 2x reduction in the overshoot
current.
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6.2.2 Ultrahigh Substrate Resistance

Presently, and in the future, there is, and will be, a high level of focus on integration for analog and
mixed signal, as well as system-on-chip (SOC) and network-on-chip (NOC) semiconductor chips
[1,2,5]. The integration of different circuit functions, performance objectives and noise isolation will
require even lower substrate doping concentrations. Hence, the question is what will happen when the
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substrate wafer concentrations are extended logarithmically from 50 to 100, 200 and 500 €2 cm
substrate wafers? What will results be with 1 and 5k cm substrates? What will happen to CMOS
latchup as technologies progress to ultrahigh resistance?

The first measurements of CMOS latchup structures in this ultrahigh resistance regime have been
measured recently [5]. At first glance, it would seem that as substrate wafers approach 1, 2 and 5 k{2 cm
resistance values, it would lead to forward-bias voltage of the diffusions at milliampere (mA) substrate
current levels (e.g. simplistically, V. = I, R;,). But, as the substrate resistance becomes significantly
larger than the p-well resistance, the influence of low-doped substrate wafers will decrease. The local
nature of the spreading resistance, as well as the p-well resistance itself will dominate the parallel
resistance condition. Yet, at the same time, as the substrate resistance increases, injected current will
lead to less minority carrier recombination and longer diffusion lengths. But, as the substrate resistance
increases to very low doping concentrations, the differences also will become smaller; as the substrate
doping concentration decreases significantly, the influence on the diffusion coefficient will be weaker,
and the recombination will depend only on Shockley—Read—Hall (SRH) and be inversely proportional
to the doping of the substrate. With the relative doping differential between the p— substrate and the
p-well, the vertical built-in field will also serve to reduce the net collection near the surface.

Table 6.1 contains latchup results of a dual-well CMOS process in standard and ultrahigh substrate
resistivity wafers. The parameters were measured on a curve tracer to evaluate the latchup ‘turn-on’

Table 6.1 Experimental results of latchup parametrics for ultrahigh resistance substrates for dual-well CMOS
structures.

Substrate resistivity Von (V) Vir (V) Itr (MA) Vi (V) Iy (mA)
10 Q cm 11 12.1 26 1.4 12
1kQ cm 11 12.2 25 1.8 15

5kQ cm 11 12.2 24 1.8 15
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Table 6.2 Experimental results of latchup parametrics for high-resistance substrates for triple-well latchup
structures.

Substrate resistivity Von (V) Vrr (V) Itr (MA) Vi (V) Iy (mA)
10 2 cm 10 11 12.5 1.5 3
1k cm 10 11 13 1.2 3
5kQ cm 10 11 12 1.2 4

voltage as well as the trigger and holding states. The pnpn structure is a 0.6-um p+/n+ space, with a
50-pum p+ to n-well contact space and a 50-um n+ to p+ substrate contact space [5].

Latchup measurements clearly show that the latchup parameters are weakly influenced by the high
substrate resistance wafers. Note that the ‘turn-on’ voltage is not influenced by the substrate resistance.
Secondly, there is a slight increase in Vg and a slight decrease in Itg. The holding points, Vy and Iy,
show a slight increase with the ultrahigh resistivity wafers.

Table 6.2 contains latchup results of a triple-well process in standard and ultrahigh substrate
resistance wafers. The test structure is a 0.6-pm p+4-/n+ space, a 50-um p+ to n-well contact space and
a 50-pm n+ to p+ substrate contact space. It is clear that the substrate resistance has a small role in the
pnpn latchup parameters; comparing the results of Table 6.1 with table of Table 6.2, the difference
between the dual-well and a merged triple-well structure has more influence than the presence of high-
resistance substrates [5].

The considerations for a latchup design practice are as follows:

e Latchup sensitivity to high-resistance wafers is lowered by the presence of low-resistance p-well
region.

e Latchup shunt resistance is a function of the parallel resistance of the p-well and the p— substrate
region.

e Compensate the p— substrate latchup scaling impact by reducing the p-well resistance.

6.3 SUBCOLLECTORS

In CMOS processes, retrograde n-well design was shown to have a significant impact on latchup [10-16].
Bipolar and BiCMOS technologies have used subcollectors in both homojunction and heterojunction
(HBT) bipolar transistors for transistor performance. Subcollector has a number of advantages for bipolar
transistors which can be utilized for latchup [17]. First, they provide a low-resistance collector. Second,
they minimize the Kirk effect at high currents. Third, they establish a low subcollector/substrate junction
capacitance. Fourth, they minimize minority carrier injection into the substrate. These fundamental
characteristics of a subcollector have natural advantages for latchup prevention.

There are two methods of forming a subcollector region — epitaxial and nonepitaxial. In the first
process, subcollectors are formed prior to an epitaxial growth step. A substrate wafer is implanted
through a masked area, followed by an epitaxial growth process; in this process, the region can be
placed deep into the substrate wafer with a very high doping concentration. The dose level of these
subcollectors is typically 10'®cm™2. This doping concentration can be at a silicon saturation level
(e.g. 10" to 10*' cm™?) providing very low sheet resistance (e.g. 1-10 Q/square sheet resistance).
These subcollectors provide a deep subcollector to p— substrate metallurgical junction on the order of
3-5 um below the wafer surface. Additionally, the doping concentration is so significant that the
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Figure 6.11 Latchup structure for dual-well CMOS with implanted subcollector.

minority carrier recombination time is Auger recombination dominant. In the second process, the
subcollectors are formed in a nonepitaxial process using a high-energy MeV implant. In this case, the
implant depth is shallower, limiting the dose, concentration and sheet resistance. From a CMOS
latchup design practice, the addition of a subcollector (added under CMOS devices) provides the
following advantages:

e wider pnp base width of vertical parasitic pnp transistor;
e higher dopants in the base region of the vertical parasitic pnp transistor;

e Jower ‘n-well’ shunt resistance between the n-well contact and the p-channel MOSFET device.

Experimental work demonstrates CMOS latchup trade-offs exist between the enhancement of f8,,,
and reduction of f,,,.

Figure 6.11 shows the dual-well CMOS latchup structure incorporating the subcollector implant,
where the subcollector implant was placed under the retrograde n-well region. The implanted
subcollector design point for the subcollector was defined to be suitable for a low-cost bipolar
transistor technology for a 0.13-um CMOS base technology [17].

6.3.1 Subcollector — npn and pnp Bipolar Current Gain

Figure 6.12 shows 3, as a function of the p+/n+ space for the case of standard CMOS (e.g. without
subcollector) and with the additional subcollector implant. The first important result is that the addition
of a subcollector increases the bipolar npn current gain, f,,, (contrary to the desired result). At large
p-+/n+ space, the two cases converge to a common result — but the case of the dual-well CMOS with an
additional subcollector is worse; the addition of a subcollector increases the bipolar npn current gain,
Bupn> approximately 2x (e.g. 0.76-1.7). This latchup degradation effect can be associated with three
possible issues: (a) an increase in the effective ‘collector area,” (b) subcollector lateral out-diffusion
leading to a smaller base width and (c) an improved electron transport with deep collector.

There are three factors that lead to an increased bipolar current gain. First, the increased collector
area (due to the subcollector depth) increases the bipolar current gain. Second, the out-diffusion of the
subcollector decreases the base width. Third, the deeper structure leads to a change in the minority
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Figure 6.12 npn bipolar current gain for dual-well CMOS structure with and without subcollector implant.

carrier trajectory. In the case of a shallower well region, the electron trajectory is of a more two-
dimensional nature. However, as the emitter or the collector extends below, the worst-case trajectory
path is decreased, leading to a shorter effective base width and higher bipolar gain. Figure 6.13 shows
Bpnp Versus p+/n+ space for the case of standard dual-well CMOS (e.g. without subcollector) and
CMOS with the additional subcollector implant [17].
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Figure 6.13 pnp bipolar current gain, f,,, for dual-well CMOS structure with and without subcollector implant.
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The subcollector implant provides a significant reduction in the bipolar pnp current gain, f3,,,. Note
that the f3,,, for dual-well CMOS with and without subcollector shows a weak sensitivity to the p+/n+
space.

6.3.2 Subcollector — g Product f,,,fnon

Figure 6.14 plots BB, With and without subcollector. First, the dual-well CMOS B, is
significantly higher. Second, as the p+/n+ space is reduced, the [)’pnp ﬁnpn increases significantly for the
case of dual-well CMOS technology. An interesting result is that the subcollector depth increases the total
area, leading to an increase in f3,,,by approximately 2, but at the same time leading to a 10x decrease
in [)’pnp. But, [)’pnp reduction has a greater effect of lowering the ‘f product’ term. Additionally, one
can note that in the dual-well CMOS case, f,,,f,pn increases above unity as the p+/n+ space decreases;
yet, in the case of the n-well and subcollector implant, B,y Temains well below unity.

6.3.3 Subcollector — Overshoot and Undershoot Currents

Figure 6.15 shows overshoot current, Ioygr, as a function of the p+/n+ space. For dual-well CMOS,
the Ioygr is 23 mA (for a 25 pum long structure). As the p+/n+ space decreases, Ipypr decreased
slightly from 25 to 23 mA. With subcollector, the overshoot current exceeded the tester limit of 100 mA
(e.g. at least a 4x increase was evident for all p+/n+ space) [17].

Figure 6.16 shows the latchup undershoot results. As the f,,, and f,,,, increases, it is more easier to
initiate latchup; as the p+/n+- space is decreased to a minimum space of 0.8 pm, the undershoot current
required to initiate latchup decreases to 27mA (e.g. a 2 xdecrease with the spacing).
When the subcollector is added to the n-well structure, the undershoot current increases over
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Figure 6.15 Overshoot current versus p+/n+ spacing for dual-well CMOS for the cases of with and without
implanted subcollector.

100 mA (tester maximum condition). Hence, the addition of the subcollector provides at least a 4x
improvement (at minimum p+/n+ spacing).
From a latchup design practice, the addition of subcollectors provides the following advantages:

e significantly lower n-well shunt resistance is achieved (e.g. 10-100 x);

e lower f,, is achieved with subcollector;
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Figure 6.16 Undershoot current versus p-+/n+ spacing for dual-well CMOS with and without implanted
subcollector.
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o lower f,,,B,pn is achieved providing improved latchup robustness;

e Higher undershoot and overshoot currents are required to achieve latchup.

6.4 ALTERNATIVE ISOLATION CONCEPTS

With technology scaling, each technology generation is reducing physical dimensions; as a result, the
p+/n+ spacing is being reduced. As the p+/n+ space is reduced, the STI width and depth are also
being scaled. A solution to minimize the scaling impact to CMOS latchup is the usage of two isolation
depths in the physical structure between p-channel and n-channel MOSFETSs. This was first proposed
by Rung et al. [18], Yamaguchi [19] and more recently Bohr [20]. Bohr proposed a ‘dual depth
isolation structure’ that has a scalable shallow depth and a deeper second depth [20]. By providing
alternate process solutions and new isolation structures, the latchup robustness of CMOS circuits can
be improved. There are second isolation structures that are normally intended for the bipolar transistor
that can be utilized for this purpose.

6.5 TRENCH ISOLATION (TI)

Figure 6.17 shows a low-cost TI structure that is utilized today in a low-cost BICMOS technology [21].
The TI structure is an isolation structure with no polysilicon-filled regions [21]. The TI structure
penetrates through the standard CMOS STI. The final structure formed is similar to a proposed ‘dual-
depth’ STI, but is dissimilar in that the integration is not completed as a dual-damascene process. As a
result, the structure is constrained neither to the STI process optimization (e.g. density, polishing
requirements) nor to the process flow placement. As an independent technology step, it can be
independently optimized for width, depth and density requirements. The usage of the TI structure was
intended to provide a low-capacitance subcollector-to-substrate junction region and an improved
density (e.g. improved spacing relative to adjacent wells and other structures). The TI structure also has
advantages for ESD protection elements [21-23].

DD Ss
n+ p+ n+ p+
n-well p— substrate

Figure 6.17 CMOS pnpn structure with TIL.
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6.5.1 Trench Isolation and Latchup

For a CMOS latchup design practice, the TI structure can be integrated into a mainstream base CMOS
technology. The TI structure can be used as independent guard ring structures or integrated into the
n-well and p-well regions. It is formed as a ring, making it a natural process for bordering the n-well
region. Placement of the TI structure on the n-well edge makes n-well breakdown voltage a function of
neither the p-well nor the adjacent structures. From a latchup perspective, this improves the latchup
trigger voltage, Vg, for positive ramp test modes of the n-well. Additionally, the lateral parasitic pnp
transistor gain will be significantly reduced because of the inability for the holes to flow from the
p+ emitter to the p-well collector region. As a result, the lateral parasitic pnp bipolar device is
eliminated, leaving only a vertical parasitic pnp bipolar device. An advantage of this feature is that as
the technology is scaled, there will be no p+/n+ space sensitivity. Additionally, the placement of the
TI-bordered n-well also impacts the lateral parasitic npn bipolar. The minority carrier electron flow
from an npn emitter structure to the trench-bound n-well collector structure is inhibited by the TI
structure; this decreases the npn bipolar current gain. Additionally, the dependence on spacing will also
be weakened, since it will be less dependent on lateral current flow and more dependent on the flow
from the emitter to the collector under the isolation structure.

Figure 6.18 shows the TI-defined isolation structure test site elements. The latchup structures
consisted of a four-stripe pnpn structure with the TI integrated along the n-well border.

Figure 6.19 shows the npn bipolar current gain as a function of the p+/n+ space for the cases of
standard CMOS with and without TI structures [21].

At large p+/n+ space, f,,, of the no-TI and the TI-bound structures are low. For the case of the
standard CMOS, B, is 1.2 and 1.69 at ambient and accelerated temperatures, respectively (e.g. space of
p+/n+ of 3.2pm). In the case of the TI-bound structures, f,,, = 0.68 and 0.91 at ambient and
accelerated temperatures, respectively (e.g. p+/n+ space of 3.2 pm). Notice that f,,, is below unity in
both the cases. As the p+/n+ spacing is decreased, f,,, increases for the standard CMOS case. In the
case of the TI-bound structure, a key experimental result actually shows a decrease in the result with
decreased spacing. Hence, the no-TI and TI-bound structures results show an opposite CMOS latchup
scaling characteristic response for the parasitic npn bipolar transistor [21]. Figure 6.20 shows the
measurement results for the lateral pnp structure. For the case of the standard CMOS, f,,,, = 0.99 and
1.53 at ambient and accelerated temperatures, respectively (e.g. p+/n+ space of 3.2 um). At T = 25 °C,
the pnp bipolar current gain was unity in the ambient case and above unity in accelerated temperature
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Figure 6.18 CMOS pnpn latchup structure with TI bordered n-well region.
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Figure 6.19 npn bipolar current gain versus p-+/n+ spacing with and without TIL.

case. As a result, for all p+/n+ spacings, Bp,,Bupn Will be higher than unity for all CMOS cases for
both room and accelerated temperatures. For the TI-bound structures, the pnp bipolar current gain, Bpnp, is
0.96 and 1.45 at ambient and accelerated temperatures, respectively (e.g. p+/n+ space of 3.2 um). As
the p+/nt+ spacing decreases, the non-TI structure f,,, increases, while the TI-bound structure
[)’pnp decreases. From these results, again, the p4/n+ scaling impact on CMOS latchup is opposite in
nature [21].
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Figure 6.20 pnp bipolar current gain, f,,,, versus p+/n+ space with and without TIL
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Figure 6.21 Bipolar pnp—npn current gain product versus p+/n+ spacing with and without TI.

To evaluate the forward and reverse f3,,,, the measurements were taken on a bipolar curve tracer.
The forward f8,,, uses the p+ diffusion as the emitter and the local substrate contact as the collector;
for the reverse bipolar current gain, the electrodes are switched. Bipolar current gain measurements
were extracted for Ig = 1 mA and Vg = 5.0 Vat T =25 °C. In the experimental results on the bipolar
curve tracer, the forward and reverse pnp bipolar current gains in a p+/n+ space is f,,, = 0.95 and
0.055, respectively. Notice that the forward bipolar current gain is also significantly greater than the
reverse bipolar current gain (e.g. on the order of 20x). As the p+/n+ space increased, the reverse pnp
bipolar current gain decreased from f,, = 0.055 to f8,,, = 0.047 (as the spacing increased from 1.6 to
3.6 um). Figure 6.21 shows the latchup results for the bipolar current gain product. As the p+/n+
spacing is reduced, the BB, increases from 2.69 to 13 for the non-TI case, whereas f,.,Bmpn
decreases from 1.33 to 1.197 for the TI case [21].

Figure 6.22 shows the undershoot current, /ynpgr, for the pnpn structures. For the no-TI case, as the
p+/n+ spacing decreases, Iynper heeded to initiate CMOS latchup decreases. As the temperature
increases, the amount of undershoot current, Iynpgr, required to initiate latchup further decreases
because of the enhanced bipolar current gain. With TI, at room temperature, the amount of /ynper
needed to initiate latchup exceeded the JEDEC latchup tester capability of 100 mA. Second, at 140 °C,
Iunper decreases to a level that is still above the base technology. Third, from these results, it is evident
that Jynper required for latchup increases with decreased p+/n+ spacings; based on the improvement
in the parasitic bipolar current gain with decreased p+/n+ space, these results are not surprising.
Although these increases are small, what is important is the trend in the results that the TI latchup
robustness improves with decrease in p+/n+ space while the non-TI latchup robustness continues to
degrade.

Figure 6.23 shows the latchup overshoot study. For the case of no TI, Ioygr required to initiate
latchup decreases from 25 to 15.85 mA at T =25 °C. At accelerated temperature, the overshoot current
decreases from Ioygr = 10.9 mA to Iopygr = 6.31 mA.

However, for the case of trench isolation, the overshoot current remains close to 100 mA levels at
room temperature. In the case of large p+/n+ space above 2.4 pm, the elevated temperature results
show a degraded Ioygr level to 17 mA. As the p+/n+ space decreases, the overshoot current improves.
Hence, the scaling of the p+/n+ spacing leads to an improved overshoot condition.
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Figure 6.22 Undershoot current versus p+/n+ spacing with and without TI.

An additional issue is the voltage triggering conditions. Prior to latchup initiation, current begins
to flow while the CMOS pnpn is in a high-voltage/low-current state. The onset of the triggering is
preceded by avalanche breakdown at the n-well-to-substrate voltage. As avalanche multiplication
increases, current flow (e.g. in the milliampere (mA) level) begins in the pre-triggering state. We
refer to this point as the ‘turn-on’ voltage, Von. To evaluate the onset of current flow, the ‘turn-on’
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Figure 6.23 Overshoot current versus p-+/n+ spacing with and without TIL.
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Figure 6.24 Turn-on voltage, Von, versus external substrate resistance as a function of with and without trench
isolation (for p+/n+ spacings of 1.2, 2.4 and 3.6 um).

voltage, Von, is measured with and without TI versus substrate resistance (Figure 6.24). In many
cases, Von and Vpg are equal. In a 0.22-um technology, with no additional external substrate
resistance, Vp = 13.7 V without TI-bordered n-wells. Without a TI border, the ‘no-TI’ case shows no
sensitivity to the external substrate resistance or the p+/n+ spacings of 1.2, 2.4 and 3.6 um. With a
TI-bordered n-well, the turn-on voltage increases to over 60 V. The increase in the ‘turn-on’ voltage
has increased over 43 V for all p+/n+ spacings evaluated. With a turn-on voltage of Von = 60V,
the latchup trigger voltage was measured at levels of Vg =90V conditions. Hence, in order to
initiate latchup, a trigger state of over 90 V applied to the p+ anode must be applied in order to
initiate latchup. As the p+/n+ spacing decreases and the external resistance increases, these results
are reduced toward the no-TI case. Trigger voltages increase from Vg =25V to Vg =90V for
no-TI and TI, respectively [21].

In the 0.18-um technology, as the turn-on voltage increases, the trigger voltage also increases.
Figure 6.25 shows the trigger voltage as a function of p+/n+ spacings for the case of dual-well
technology with and without TI. The Vg = 13 V for dual-well technology with no T and Vg =70V
for that with TL.

A latchup design practice is as follows:

o a TI perimeter to an n-well region lowers the lateral f,,,, scaling with p+/n+ space;

e a TI perimeter structure on a CMOS n-well region lowers the lateral f,, with p+/n+ scaling;

e a TI perimeter structure to a CMOS n-well region lowers the f,,,f,,, scaling with p+/n+
space;

o a TI structure demonstrates an improvement in all latchup metrics (e.g. bipolar current gain, bipolar
current gain product, overshoot, undershoot, turn-on voltage and trigger voltage).
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Figure 6.25 Trigger voltage, Vg, versus p+/n+ space for the case of with and without TI.

6.5.2 Trench Isolation and Subcollector

Latchup robustness can be further improved by integrating both the subcollector implants and TI. The
addition of implants to the well structure can improve the latchup by decreasing the pnp bipolar current
gain and reducing the n-well shunt resistance. In this study, an implanted subcollector and the TI are
integrated [21].

The development of implanted subcollectors avoids the usage of epitaxial-formed subcollector
semiconductor processes. With the scaling of BICMOS SiGe HBT devices, the vertical profile is
reduced allowing for the integration with lower energy implanted profiles. The implants available for
the SiGe HBT devices can be used for improving latchup robustness in the digital circuits, analog
circuits, I/O circuits and ESD elements. These structures, both the implanted subcollector and the
trench isolation structure, can also be integrated into RF CMOS and mainstream sub-0.1 pm scaled
CMOS technology. Figure 6.26 shows the integration of the subcollector implant and TI structure. The
subcollector implant is placed below the CMOS n-well implant. The subcollector sidewall capacitance
is also reduced using the TI structure. The TI depth and the subcollector are chosen to optimize the
subcollector capacitance and the other device parameters.

Figure 6.27 shows the lateral 8, versus p+/n+ space with subcollector and TI for ambient and
elevated temperatures, as well as the standard base process. With the addition of subcollector and TI,
the lateral f8,,, = 1.02 at large p+/n+ space and f,,, = 0.99 at the smallest space (at T = 140°C).
Again, in contrast to the standard CMOS process, the lateral f3,,, decreases with p+/n+ space (e.g.
instead of an increasing nature in the base CMOS technology). Additionally, the temperature sensitivity
is weak in the case of the TI case, remaining close to unity even at elevated temperatures.

In Figure 6.28, the ﬁpnp is shown for the case of (a) no TL, (b) TI and (c) TI and subcollector implant.
Evaluation of the parasitic lateral pnp current gain for case (a) is that as the p+/n+ spacing decreases,
the bipolar pnp current gain increases. With TI, there is a decrease in the lateral f3,,, with a decrease in
the p+/n+ spacing; as the p+ diffusion approaches the isolation sidewall, the vertical current
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Figure 6.26 CMOS pnpn latchup structure with trench isolation and implanted subcollector.

decreases, providing a small decrease in the current gain. With the addition of an implanted
subcollector, the parasitic bipolar current gain significantly decreases well below unity.

In Figure 6.29, the effect of the subcollector on CMOS latchup is highlighted. At the smallest
p+/n+ space and the highest temperature, the case of TI has a pnp bipolar current gain of 8, = 1.38
and the case of the TI and sub-collector has the current gain of f8,,, = 0.41; hence, the presence of the
subcollector provides an additional 3x reduction in the pnp bipolar current gain, f,,,, at worst-case
conditions [21].

To evaluate the forward and reverse f,,, measurements were take on a bipolar curve tracer for
improved accuracy (Table 6.3). For the forward bipolar current gain, the p+ diffusion is the emitter and
the local substrate contact is the collector; for the reverse bipolar current gain, the electrodes are
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Figure 6.27 Parasitic npn bipolar current gain with p-+/n+ space with and without the addition of trench isolation
and subcollector implants.
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Table 6.3 Bipolar parameters versus p+/n+ space for CMOS pnpn structures with TI and subcollector.

Forward pnp bipolar Reverse pnp bipolar Avalanche breakdown
p+/n+ spacings current gain, fig current gain, fig voltage, Vay (V)
1.6 0.21 0.009 55
2.4 0.22 0.009 55
32 0.22 0.008 55
3.6 0.24 0.007 55

switched. Bipolar current gain measurements were extracted for /g = 1 mA and Vg = 5V at ambient
temperature. In the results, as the spacing of the p+/n+ decreases, f,, decreases instead of increasing.
Notice that this is not true for the reverse bipolar current gain. Notice that the forward f,,, is also
significantly greater than the reverse f,,,. Additionally, the avalanche voltage, Vay, occurs at 55 V (for
the case of zero base current).

In Table 6.4, the parameters are shown for three different processes for the forward and reverse
Bpnp for the p+/n+ spacing of 1.6 pm. The results show that the ‘subcollector-only’ case has a
stronger influence on the pnp bipolar current gain (e.g. 3 x lower), whereas f,,, is reduced at the
addition of TI 30 %.

Figure 6.30 shows the impact of the subcollector and TI on the npn and pnp bipolar transistors. The
experimental results show that B, B, with only TI is below unity at ambient temperature, but above
unity at elevated temperatures, for all p+/n+ spacings. Measurements show that S, B, decreases
with the smaller p+/n+ spacings. For the case of the additional subcollector, the latchup B, Bupn
results remain below unity for all structure sizes tested and maintaining a 3 x improvement (over the TI
case only).

For the undershoot analysis, it was shown that with TI, the latchup undershoot parametric does not
decrease with spacing. With TI, but without the subcollector implant, the undershoot current drops to
Iunper = 70 mA (e.g. for a 25 pm wide pnpn structure) at elevated temperatures. Figure 6.31 shows the
undershoot with both TI and subcollector (note: with the subcollector and TI, the undershoot current
level, Iynper, 18 pinned at the maximum tester level of 100 mA).

This same effect is evident with the Ioygr analysis of the pnpn structures. Figure 6.32 shows the
experimental results of a latchup overshoot condition. With elevated temperature, the wider spacings
show evidence of Ioygr degradation in the TI case. With the addition of the implanted subcollector, the
maximum test level of 100 mA overshoot (e.g. 4 mA/um) is preserved at 140°C.

It was also discovered that the advantages of TI structure and subcollector implants provide
excellent low capacitance ESD network elements [23]. ESD elements that utilized both trench isolation
and subcollector achieved the best HBM and MM experimental results [23].

The introduction of TI has significant implications for the future of prevention of latchup in
advanced semiconductors for RF BiCMOS, as well as power, automobile and space applications. In

Table 6.4 Bipolar parameters for CMOS pnpn structures with combinations of TI and implanted subcollector.

p+/n+ Forward pnp bipolar Reverse pnp bipolar
Process spacing (um) current gain, fg current gain, ffg
Trench isolation 1.6 0.95 0.055
Subcollector 1.6 0.29 0.019
Trench isolation 1.6 0.21 0.009

and subcollector
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Figure 6.32 Overshoot current, Ioygr, versus p-+/n+ space for three technology cases (case A: no TI; case B: TI;
and case C: TI and subcollector).

essence, the integration of TI structure with the STI structure is structurally equivalent to a ‘dual depth’
isolation structure that has been proposed for mainstream CMOS technology, but has never been
implemented. In the 1980s, Rung ez al. [18] and the team of Yamaguchi et al. Eiden [19] proposed the
concept for mainstream CMOS for sub-1 pm technology generations. More recently, in the 1990s, to
address STI scaling, the concept of a dual depth isolation structure was proposed by Bohr [20]. From a
scaling perspective, the TI dimensions can be scaled with the scaling of the subcollector implant. The
width scaling of the TI structure will allow smaller p+/n+ space, as this structure is utilized for latchup
solutions. Hence, the scaling of the structure is natural to the objectives of CMOS MOSFET scaling
and BiCMOS SiGe HBT device scaling.

A CMOS latchup design practice, combining both trench isolation and subcollector, is as follows:

e A TI perimeter to an n-well region with a subcollector lowers the lateral npn current gain scaling
and eliminates any subcollector npn enhancement concerns.

o ATI perimeter structure and subcollector implant on a CMOS n-well region significantly lowers the
lateral pnp current gain.

e A TI structure and subcollector demonstrates an improvement in all latchup metrics (e.g. bipolar
current gain, bipolar current gain product, overshoot, undershoot, turn-on voltage and trigger
voltage) and eliminates the dimensional scaling impacts observed in CMOS technology.

6.6 DEEP TRENCH

Deep trench (DT) structures have been utilized for early bipolar development for the high-performance
bipolar memory. In the early development, the ‘fill’ region changed from fully silicon dioxide, to an
interlevel dielectric polyimide to finally a polysilicon fill material. Today, high-performance BiCMOS
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applications utilize the polysilicon-filled deep trench structure for definition of the subcollector. In a
high-performance BiCMOS silicon germanium carbon (SiGeC) technology, DT structures are used to
provide both performance and density. For RF bipolar applications, DT isolation reduces subcollector-
to-substrate capacitance by elimination of the subcollector sidewall capacitance.

DT structures are also utilized in trench DRAM capacitor elements and embedded DRAM
technology for SOC applications. In DT capacitor structures, thin dielectric exists to provide a
high-capacitance element. For smart power applications, standard CMOS technology is extended to
integrate high-voltage power devices. Drain-extended NMOS (DeNMOS), lateral diffused MOS
(LDMOS) and insulated gate bipolar trench devices (IGBT) are used in high-voltage CMOS to
provide 20-120 V CMOS applications. Trench structures exist in power electronics to provide
sidewall vertical MOSFETs and other novel structures. With the high-voltage CMOS applications,
there is a motivation to provide latchup robustness at levels significantly above the native power
supply voltage of advanced CMOS. In automotive applications, there are states of mis-installation of
electronics leading to reverse pin conditions (e.g. negative instead of positive voltage) to mis-
installation of batteries. In addition, there are environments with high inductive load dumps and
switching conditions that lead to high transient states. Hence, there is motivation to provide high latchup
immunity. For space applications, it is desirable to provide technology that is immune to SEL events.
Hence, process solutions that can provide a high trigger voltage, Vg, or high holding voltage, Vy, are
desirable. As discussed in Chapters 1 and 3, SEL can occur in space applications from heavy-ion particles
to cosmic ray events.

Deep trench isolation can be utilized in multiple ways to provide improved CMOS latchup
robustness:

e Stand-alone DT guard rings structures can be used to isolate injection sources from adjacent
circuitry in conjunction with other independent guard ring structures [24-26].

e DT guard rings can be utilized on the perimeter of n-well regions, such as the n-well containing
p-channel MOSFETs [27-32,34].

6.6.1 Deep Trench as a Guard Ring

DT structures can be used as a stand-alone guard ring for CMOS latchup prevention, structural
isolation and noise isolation. DT guard rings provide barriers for lateral parasitic npn transistors,
as well as it can be integrated into both passive and active guard ring concepts (see Chapter 7).
Electrons injected into a p— substrate must diffuse below the DT structure in order to be transported
from one n— diffusion region to another. In the minority carrier diffusion process, bulk minority
carrier recombination can occur along the path. Additionally, surface recombination can also occur on
the sidewall of the DT structure. Given the injection source exists within the guard ring, the
probability to escape is the probability that an electron collects or recombines outside the DT guard
ring [24-26].

6.6.2 Deep Trench Guard Ring Characterization — Guard Ring
Efficiency Methodology

To characterize the DT guard ring efficiency, as discussed in Chapter 4, the factors F, 1 /F and 1— 1/F
can be evaluated. An injection source is used within the DT ring structure and an n-well is used outside
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Figure 6.33 Characterization structure highlighting the n+ injection source, an internal p+ guard ring, a deep
trench guard ring structure and the n-well collecting structure.

the trench to collect the current, as shown in Figure 6.33. In CMOS, injection sources may be
n-diffusions, n-well regions, buried layers or triple-well n-diffusion regions. In BiICMOS, the injection
source may be a trench-defined or nontrench-defined subcollector region; and in smart power
applications, the injection source can be a LDMOS n-tub region. From Chapter 4, metric F is defined as

F = I(injector) /1(collector).

Table 6.5 shows the collection efficiency results as a function of the trench depth for a DT guard
ring. The inner injector is a STI-bound diode structure and the outer collector is an n-well ring to
measure the collected current that escapes the guard ring.

As the injection current is ramped, the collected current is measured and the ratio factor F is plotted.
In the study, the bias condition on the collecting structure is increased, leading to an improved
collection with the increasing depletion region of the collection structure. In our study, the value of
F is of interest when the injection current is 100 mA. As part of the CMOS design practice, injection

Table 6.5 Deep trench depth versus guard ring metrics (F, 1/F, 1 — 1/F and guard ring efficiency).

Experimental split Actual trench Guard ring efficiency (%)
trench depth (um) depth (um) F 1/F 1-1/F [100 x (1 —1/F)]

1 1.6 4.64 0.2155 0.7845 78.45

2 2.46 6.29 0.1590 0.8410 84.10

3 3.38 8.71 0.1148 0.8852 88.52

4 4.14 10.6 0.094 0.9060 90.60

6 6.25 17.1 0.05848 0.9415 94.15
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ratio plots are produced for all physical structures. In our experimental work, the procedure was as
follows [26]:

e Choose an injection source dimension. This remains ‘fixed’.
e Choose a collection region design/dimension. This remains ‘fixed’.
e Choose a guard ring structure.

e Sweep a forced current in the injection structure (with the collecting structure having a fixed d ¢
voltage bias state).

e Repeat the forced current in the injection structure, with a new fixed d c voltage bias state (e.g. step
different voltage states after each sweep of the forced current).

e Plot F versus injection current for each fixed d c voltage bias step of the collection structure.
e Plot 1/F versus injection current for each fixed d ¢ voltage bias step of the collection structure.

e Extract the value of F and 1/F at 100 mA current level.

Figure 6.34 shows an injection ratio plot. The x-axis is the injection current, the left-hand side y-axis
is the F parameter and the right-hand side y-axis is the collected current. As the current increases, the
values become well controlled and weak function of the bias conditions on the collecting structure, and
the derivative of F as a function of injection current approaches a constant.

From a semiconductor CMOS latchup design perspective, the slope of the metric F (e.g.
equivalently 1/F) is a measure of the guard ring effectiveness as a function of current. Hence, the
derivative of the guard ring efficiency metric is of significant interest. Notice that in Figure 6.34, the
slope of the derivative approaches a linear value, or
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Plotting the results, Figure 6.35 shows the injection ratio F' as a function of DT depth (note: value
extracted at the 100 mA current injection level). At the extracted value of 100 mA, the metric F' shows a
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Figure 6.34 Guard ring injection ratio plot F versus forced injection current.
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Figure 6.35 Guard ring injection ratio plot F versus deep trench (DT) depth.

linear increase with trench depth. Evaluation of the DT depth in the form of the F' factor shows that the
expression becomes linear as a function of the DT depth. In linear form, we can assume a form
F = ALpr + B, where A and B are constants. Figure 6.36 shows F as a function of trench depth, leading
to the fitting parameters [24],

F = 2.7087Lpy — 0.19.

Inverting the factor, we can introduce the 1/F factor that is more physically associated with the
probability of escape and the guard ring efficiency. Assuming a functional and power relationship [24]
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Figure 6.36 Guard ring injection ratio plot 1/F versus DT depth.
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where Lpr is the DT depth (in pm) and A and B are constants, the data fit for A = 0.3575 and
B = 0.9568 (e.g. unity). From this definition, it can be shown that the guard ring efficiency can be
expressed in a power form,

1 A

VYre=1—-—=1- .
F (Lor)®

In this form, it can be observed that as the factor 1/F approaches zero, the guard ring efficiency
approaches unity (e.g. or in percentage form, 100 %).

6.6.3 Deep Trench Guard Ring Characterization — Bipolar
Transistor Methodology

A second characterization method viewed the structure as a parasitic bipolar transistor and the ‘beta
spoiling” nature of the DT within the base region. From the electrical characterization of the guard ring
structure, the n+ injection structure, the p— substrate and the n-well collecting structure form a
parasitic bipolar transistor. From this structure, the forward and reverse bipolar current gains of the
structure as a function of the trench depth can also be characterized. In this measurement technique,
the substrate was used as a bipolar base region and Ic versus Vg characteristics were obtained to
evaluate the injection characteristics with the substrate grounded [24-26].

As the DT depth increases, the ability to transport the electrons from the injecting structure to the
collecting structure decreases. This is measured by the decrease in the forward bipolar current gain.
Figure 6.37 shows the forward and reverse bipolar current gains as a function of the DT depth using the
injection—collection structure as a parasitic bipolar transistor element. The measurements were taken
by obtaining the collector current versus the collector—injector voltage as a function of the base current.
The parasitic bipolar current gain was then extracted from the /¢ versus Vcg characteristics. As the
trench depth increases, the forward bipolar current gain decreases. This is anticipated on the basis that
the trench structure prevents the lateral diffusion of the electrons from the injector to the collector
decreasing the parasitic bipolar current gain and the transport efficiency. This ‘bipolar method’ uses the
bipolar characteristics as a measure of the ‘beta spoiling’ within the structure, and is related to the
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Figure 6.37 Forward and reverse bipolar current gains versus DT depth.
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Table 6.6 Trench depth study and the ‘bipolar’ and guard ring efficiency methodologies.

Experimental split Actual trench Forward bipolar Reverse bipolar

trench depth (um) depth (um) current gain, fig current gain, fig F 1/F

1 1.6 0.205 0.244 4.64 0.2155
2 2.46 0.191 0.323 6.29 0.1590
3 3.38 1.36 0.381 8.71 0.1148
4 4.14 1.20 0.424 10.6 0.094

6 6.25 0.050 0.513 17.1 0.05848

guard ring efficiency metrics. Table 6.6 shows the bipolar methodology and the guard ring efficiency
methodology results. Notice that the forward bipolar current gain tracks with the 1/F metric [24].

Hence, the usage of DT-independent guard rings lowers the probability of electron escape and
improves the latchup margin to the ‘external latchup’ problem observed in integrated electronics.

These results demonstrate that the usage of DT structures as independent guard rings in a
p— substrate wafer significantly improves the problem of ‘external latchup’ where an injection source
leads to the triggering of latchup in adjacent circuitry. Electrons injected from the forward biasing of an
n— or n-well region in a p— substrate can initiate latchup in an adjacent structure. From this
experimental work, the deeper the trench, the lesser the probability of an electron to escape outside the
trench guard ring and get collected by an adjacent well structure.

6.6.4 Deep Trench Structure Within the pnpn Structure

Trench structures can be used to improve the latchup robustness of a technology by reducing the
lateral bipolar current gain of parasitic elements. To evaluate the DT structure, the standard latchup
structure was modified to allow placement of the DT structure within the pnpn structure (Figures 6.38
and 6.39). The DT structure was centrally placed on the perimeter of the n-well region that contains
the p+ diffusion. The p+/n+ spacings were not altered to allow the placement of the DT structure
[28-32].
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contact contact
[ | [ | [ | [ |
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[ | [ | [ | [ |

| | p+/n+ u u

[ | I H ¢ m [ [ |

[ | [ | [ | [ |

[ | [ | [ | [ |

n-well
Deep trench

Figure 6.38 DT pnpn latchup structure.
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Figure 6.39 DT pnpn latchup structure cross section.

The lateral f8,,, can be reduced by placement of a trench region on the sidewall of the n-well region.
Forward biasing of the p-diffusion in the n-well leads to minority carrier holes in the n-well region that
diffuse to the collector region. The minority carrier holes flow from the low-doped well region to the
heavily doped retrograde well region. The built-in electric field established by the mega electron volt
retrograde well implant creates a drift component opposite to the flow of the holes to the collector
region. Holes will flow laterally out of the well region in the case where no trench structure is present.
Holes that flow from the p— diffusion to the p—substrate contribute to the forward pnp bipolar transport
factor, opnp. Placement of the trench region also reduces the lateral parasitic npn formed between an
n-diffusion outside the n-well and the n-well itself. Minority carrier electrons that are transported from
the n+ diffusion region (emitter) to the n-well (collector) contribute to the forward lateral npn bipolar
transport factor, oppn.

The latchup trigger voltage is shown as a function of the DT depth (Figure 6.40). In the case of no
DT, the latchup trigger voltage is approximately 10 V. When DT depth is below 2 pm, the trench depth
does not penetrat through the retrograde n-well region. As the DT structure extends below the
retrograde n-well region, Vg increases 2x. As the DT depth increases, Vg continues to increase. With
a 6-um DT structure, the trigger condition increases 5x. For a 2.5V technology, this establishes a
latchup trigger condition over 25x the Vpp power supply value. For applications, such as 10V Vpp
conditions, this provides a 4x margin above Vpp. For automotive or space applications, this provides
an increased assurance of high-voltage spikes initiating latchup.

Figure 6.41 shows Vy versus DT depth results [28-32]. These data are associated with the
aforementioned trigger voltage conditions in the prior figure. Experimental results show that Vy is
approximately 2.5V without a DT structure. As the DT depth is increased, Vy increases above the
2.5V Vpp levels. As the DT depth increases to more than 3 pm, Vy increases over 10 V.

This provides a 4x margin to a 2.5V Vpp power supply application. With the full DT depth of a
SiGe HBT device, Vy increases to approximately 20 V. To fall into this state, a voltage impulse must
exceed 55V and then be able to sustain 20 V condition to remain in this latched state. The trench
structure provides a latchup robustness of 7 x Vpp for this technology generation. Addressing the
trigger voltage condition, we can further explore its sensitivity in its design space. Trigger and holding
voltage conditions form loci of points in its design space which satisfy the latchup stability criterion.
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Figure 6.40 CMOS latchup trigger voltage, Vg, results of the DT pnpn latchup structure as a function of deep
trench depth.

There are four parameters that strongly influence the latchup conditions from the design perspective.
These parameters include the npn, and the pnp bipolar current gain, the n-well contact to p+ diffusion
space and the substrate contact to n-well space. The bipolar current gain terms in the plane can be
modulated by varying the p+/n+ space between the two physical emitters. Well and substrate bypass
resistors can be used in parallel with the emitter—base junctions in order to evaluate the stability in
resistance space. In a two-dimensional (2-D) plot of log(R;,) and log(Ry.n1), the loci of points for the
holding and the trigger voltage can be plotted to demonstrate the values of the resistance of the well and
the substrate that provide the latchup state for a given p+/n+ spacing. This two-dimensional log(R)
space can be viewed as a three-dimensional (3-D) space by adding the DT parameter as an additional
axis in the design space. In our experiment, it was found that the results were a weak function in
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Figure 6.41 CMOS latchup holding voltage, Vy, results of the DT pnpn latchup structure as a function of deep
trench depth.
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Figure 6.42 CMOS latchup trigger voltage results versus the logarithm of the external substrate resistance for a
6 um deep trench (as a function of p+/n+ spacing).

log(Ry,.11) space and a very strong function of the log(Ry,) space. For easier viewing and understanding,
we will focus on the two dimensions of DT and log(R;,) space cuts in the 3-D design space.

Figure 6.42 shows an example of the latchup trigger voltage as a function of external substrate
resistance on a trigger voltage—log(Rs,) plot. External substrate and well resistance boxes were used to
modulate the well and substrate shunt resistances. A bipolar curve tracer was used to observe the
latchup turn-on mechanism, the trigger regime, the negative resistance regime and the holding
condition.

Significant ‘structure’ was evident in the latchup electrical measurements in the turn-on and
instability regimes. As the external resistance was increased, the trigger condition was modulated and
the observations in trigger and holding conditions could be dynamically recorded for a given structure.
In Figure 6.42, the p+/n+ spacings are shown for the cases of p+/n+ space of 1.2, 2.4 and 3.6 pm. In
these cases, the npn and pnp spacings are symmetrical and equal. Experimental latchup results show
that the trigger condition is a weak function of the p+/n+ space and very strong function of the
substrate resistance value. As the substrate resistance increases, the trigger value decreases [27-32].

Hence, it is clear that using minimum spacings does not significantly degrade the latchup robustness
in the presence of a DT structure and a low-doped substrate wafer. As the substrate resistance increases,
the trigger voltage decreases significantly with the increase in the external substrate resistance. For
small resistance values from 1 to 10 2, there is little reduction in the latchup trigger voltage. As the
resistance increases from 10 to 300 €2, the trigger voltage rapidly decreases from 55 to 15 V. For
significantly higher resistance values, the trigger voltage is asymptotic. Hence, our experimental results
show that for maintaining high trigger voltage conditions, the external resistance must be kept below
100 €. This sets the design box for the substrate contact spacing that is required to preserve the latchup
stability.

In Figure 6.43, Vi versus log(Rs,) is shown as a function of the DT depth for a fixed p+/n+ space.
From the plot, it is evident that the trigger condition is a strong function of DT and log(Rs,) up to an
external resistance below 300 2. The trigger voltage as a function of DT depth is a function of the
substrate external resistance value. As the DT depth decreases, the trigger voltage decreases and each
successive contour has a more gradual dependence on the external substrate resistance condition [27].
In this plot, there exist multiple solutions for a given trigger voltage condition. There is a set of points
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Figure 6.43 CMOS latchup trigger voltage results versus the logarithm of the external substrate resistance as a
function of DT depth (for a fixed p+/n+ spacing of 2.4 um).

(DT depth, Ry,) that will provide a given trigger condition. Hence, re-plotting this into a new (DT depth,
log(Rs,)) design space, the loci of points form a contour in this space for each trigger condition.
Trigger condition loci can be created in log(R,)-DT depth space to optimize the trigger condition
for the technology (Figure 6.44). In log(R.)-DT depth space, trigger contours can be constructed from
the results in Figure 6.43. These loci of points can be used as a design curve to trade-off the DT and
p— substrate contact distance for a fixed n-well to p+ space and fixed minimum p+/n+ space [27].
DT structures when bordering a n-well structure have the advantage of reducing the lateral bipolar
gain of both the lateral pnp transistor and the lateral npn transistor. The differential tetrode condition of
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Figure 6.44 CMOS latchup trigger voltage (Vrr) contours in DT-log(Rsx) space for a fixed p+/n+ space
(e.g. p+/n+ spacing of 2.4 um).
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inequality for initiation of latchup can be expressed as the sum of the generalized effective transistor
gain transport factors exceeding or equaling unity,

O(;ns (LDT) + O{;ps (LDT) > 11

where the generalized transport terms can be stated as a function of the trench depth, DT,

+ _ Ome(Lpr) + _ Omps(Lpr)
e s = Tep
Ry Ry

Also the resistance term can be represented as the derivative of the emitter—base resistance with respect
to the emitter current for the npn and pnp transistors, respectively,

(dVbe), (dvbe)p

(), "7 (),

Ten =

From this general inequality expression, the effective transistor gain factors are a function of the
transistor gain and the shunt resistance values that establish an alternative current path. In the
generalized transport term, the numerator is influenced by the transport within the transistor structure
and the denominator is influenced by the substrate and the well resistance terms. Hence, the choice of
substrate and well doping concentrations influence the denominator of the generalized transport terms.

In the case of DT structure, the numerators of both the lateral pnp and npn transistors are influenced
by the trench depth. Hence, in the generalized alpha space, as the trench depth increases, the transport
terms decrease for both transistors. Assuming that the initial state was in the unstable region of alpha
space (e.g. latchup instability is satisfied and outside the SAFE regime), as the trench depth is
increased, the condition follows a characteristic from outside the SAFE region to inside the triangular
SAFE region. The characteristic will not be parallel to the axis of the SAFE space since both transport
factors are being reduced with increasing trench depth. This is a double advantage of the DT structure
in that it addresses the reduction in the current gains of both the pnp and the npn transistor concurrently
(Figure 6.45).

1.0 * * * *
O st O g =1 a fps+a fns >1

Unsafe state ®

Increasing trench depth

A\ J

Figure 6.45 DT characteristic in generalized ‘alpha’ space (otfps—0pns)- A characteristic path is shown highlighting
the path of the technology with increasing DT depth.
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The utilization of the DT structure for CMOS peripheral circuits such as I/O output driver
networks to isolate the p-channel MOSFET pull-up, the n-channel MOSFET pull-down, resistor
elements and the ESD elements can provide a considerable latchup robustness improvement. The
stand-alone guard ring structures, as discussed in Section 6.1, demonstrate the improvement in the
probability of escape for the trench guard rings. The usage of DT guard rings around n-channel
networks improves the latchup robustness for negative undershoot phenomenon. The usage of DT
guard rings abutting the n-well structure of the p-channel pull-up transistor demonstrates latchup
robustness improvement from positive overshoot events. Additionally, the isolation of the p+/n-well
diode ESD element and the p-channel MOSFET from the n-channel MOSFET provides improvement
in the latchup of the p-doped elements in the well with the n-doped elements in the substrate.
Placement of the DT guard ring around I/O output driver cells also prevents the interaction between
two I/O cells when placed adjacent to each other; this will reduce 1/0 to I/O latchup events. In ‘array I/
O’, I/O elements may be adjacent to logic circuitry or gate array elements. Placement of the guard
rings about an array I/0 book will reduce the likeliness of intralatchup events between the I/0 and
adjacent circuitry.

The DT structure can also be used for bordering CMOS elements such as ESD elements and
circuits. Minority carrier injection into the substrate can lead to the initiation of latchup in adjacent
circuits or in conjunction with the injecting element. Voldman demonstrated the use of the DT and
subcollector structures on STI-bound p-+/n-well diodes. The new ESD STI-bound p-+/n-well diode
elements proposed demonstrate that excellent ESD results can be achieved with the presence of DT in
these elements in a forward bias mode of operation [23]. In this fashion, the subcollector region and the
DT region act as an isolation region. In this fashion, the DT region serves as an isolation region and the
subcollector region separates the p-well region from the p—substrate. Latchup was also minimized in
this structure by the formation of a ‘triple-well’ type structure. Using the DT structure as a guard ring, a
DT-bound n-well region or a DT-bound triple-well isolation structure, the latchup robustness can be
significantly improved.

6.6.5 Deep Trench Structure and Subcollector

The DT structure can also be integrated with a subcollector implant [28,29]. The first advantage of
the subcollector is the lowering of the well shunt resistance. Lowering of the well resistance
modulates the denominator of the generalized transport term for the pnp transistor improving the
stability of the pnpn network. Hence, the combination of the DT and the subcollector leads to
variation of three variables in the generalized tetrode relationship, leading to an improved stability.
The second advantage is when using the DT structure integrated with the subcollector, there are no
additional cost or density implication concerns since the DT structure limits the out-diffusion of the
subcollector structure. Figure 6.46 shows the CMOS latchup structure with a DT and subcollector
implant.

Figure 6.47 shows the Von with and without subcollector. For a 1-um DT depth, with or without
subcollector implant, there was no improvement in the turn-on mechanism. As DT depth increased
(with subcollector), the turn-on voltage, Von, increased as the trench penetrated through the
subcollector region. This effect was first discovered experimentally by Watson and Voldman
[28,29]. When the DT depth exceeded the subcollector depth, Von remained constant; this experi-
mental discovery shows that at the pre-trigger voltage condition, the ‘turn-on’ mechanism can be
eliminated when the trench penetrates through the subcollector.

To evaluate the nature of the turn-on mechanism, the latchup structure was biased as an npn
transistor between the n-well/subcollector structure, the substrate and the n-diffusion. The avalanche
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Figure 6.46 Latchup structure with deep trench and subcollector.

breakdown voltage was extracted from the /c—Vg npn characteristics (Figure 6.48). As the DT depth
increased, the reverse f,,, decreased and V,y increased. From these experimental results, it is evident
that the turn-on voltage condition tracks with this condition [27].

Figure 6.49 shows the trigger voltage condition, Vg versus DT depth, with and without the
subcollector implant in the n-well. A key experimental discovery was the improvement of Vg from 50
to 100 V. Hence, the combined effect of the trench structure and subcollector allows for a significant
latchup robustness improvement by an increase in the trigger voltage of the technology [28,29].

DT structures have the advantage of reducing the lateral bipolar current gain of both the pnp and
npn transistors. The addition of the subcollector leads to the elimination of the sidewall trench
mechanism, lowering of f,,, and lowering of internal well shunt resistance. Lowering of the well
resistance modulates the denominator of the generalized transport term for the pnp transistor,
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Figure 6.47 Latchup ‘turn-on’ voltage versus trench depth for the case of with and without subcollector implant.
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Figure 6.48 Lateral parasitic npn bipolar avalanche breakdown voltage versus trench depth (in a pnpn structure
with deep trench and subcollector).

improving the stability of the pnpn network. Hence, the combination of the DT and the subcollector
leads to variation of three variables in the generalized tetrode relationship, leading to an improved
stability. Another advantage is that there are no additional cost or density implications of using the DT
structure integrated with the subcollector, since the DT structure limits the subcollector out-diffusion.

From the SAFE condition, as the trench depth increases, the trajectory along the vertical line moves
away from the east corner of o, = 1 as oy, decreases until it intersects the hypotenuse. In the case of
the addition of the subcollector, the trajectory moves away from the northern most corner of the SAFE
triangular region to a lower o, away from the condition of off,; = 1. As the trench depth increases and
the subcollector is added, the trajectories for given Ry, and Ry, are changed within the SAFE regime
widening the possible resistance values in resistance space (e.g. log(Rs,) versus log(Ry)).
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Figure 6.49 Latchup pnpn trigger voltage versus trench depth (for the cases of with and without heavily doped
subcollector).
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6.6.6 Electrically Connected Deep Trench Structure

In the evaluation and comparison of a polysilicon-filled DT isolation and TI it was noted that the
latchup robustness of the TI structure for a given depth was higher than anticipated (based on the
projection from the deep trench structure). From the DT measurements, it would be anticipated that for
a 2 pum trench isolation structure, the trigger voltages would increase to 20 or 30 V [22].

One of the primary reasons of the paradox is the fact that in the case of DT structures, the polysilicon-
doped region is ‘floating’. As the n-well region is biased to high voltages, the polysilicon region within the
DT capacitively couples to a positive voltage; a capacitor divider is formed between the well-to-
polysilicon DT fill region and the polysilicon DT fill region to the substrate (e.g. p-well) [32]. Assuming
the trench polysilicon region is a capacitor node, it is clear that the potential of the physical node will be
between the voltage of the n-well region and the substrate during CMOS latchup testing. Figure 6.50
shows the DT structure highlighting the capacitor elements of the DT structure [32].

During latchup testing, the voltage state of the DT polysilicon region is associated with the
capacitor divider formed between the n-well to trench capacitor, Cxw—tr, and the trench capacitor-to-
substrate capacitor, Ctr_sy, Where

Vaw — Vsx

CTR—SX] ’
|4 R
{ Cnw-TR

Vir =

Assuming an equal bias condition, as the trench region is raised to voltage V*, the polysilicon trench
region will be biased at a potential between the value V* to the p-well/p— substrate potential. The
voltage potential is a function of the size of the capacitor formed between the n-well and trench
sidewall, Ctr_~w, and that formed between the trench and substrate capacitor, Crr_sx. Notice that the
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Figure 6.50 Latchup pnpn test structure highlighting the capacitance components of the deep trench structure.
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area of the trench in the substrate region, Atr—_sx, is larger than the area of the trench in the n-well
region, ATR_Nw.

As the DT depth is increased, the capacitance voltage divider ratio also changed with a larger
coupling to the substrate node. Additionally, as the n-well doping concentration increases, the size of
the n-well to trench capacitor increases (e.g. adding the subcollector implant). Additionally, adding the
subcollector region also increases the area of the sidewall capacitor element. Also notice that as the
doping concentration on the side of the n-well increases, the threshold voltage of the sidewall vertical
p-channel MOSFET increases.

In all the earlier DT studies, the polysilicon-filled DT structure is capped with a STI; as a result,
the state of the polysilicon-filled region is floating and unbiased. Hence, in the utilization of the
STI-capped polysilicon-filled DT structure, the polysilicon-filled region would capacitively couple
between the n-well and the substrate voltage. A first capacitor is formed between the n-well tub
and polysilicon-filled DT trench region (Cxw-tr), and a second capacitor is formed between the
polysilicon-filled DT and the p-well/p— substrate region (Ctr—sx).

A new structure was constructed that allowed contaction of the polysilicon DT structure; a series of
masks were modified to allow the contact of the deep trench. An opening was formed in the STI mask.
The STI mask was opened to allow the physical connection to the polysilicon trench fill. The STI etch
formed a trough over the polysilicon and sidewall of the trench structure. The STI trough was filled and
polished, exposing the polysilicon region of the DT structure to the surface. This step was followed by
the UHV/CVD deposition of the silicon germanium (SiGe) epitaxial film, depositing the SiGe base
film on the DT structure. In this fashion, the SiGe film is utilized as an electrical connecting structure.
This is followed by silicidation of the SiGe film, interlevel dielectric films and the tungsten contact.
Figure 6.51 shows a cross section of the pnpn structure with a contact placed in the opening of the STI
to contact the polysilicon DT ring (e.g. surrounding the n-well region).

Trench bias
Voo electrode Ves
n+ p+ n+ p+
n-well _
== ... = .
p— substrate

Figure 6.51 Latchup pnpn test structure with contacted trench structure with the capacitance components
highlighted.
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Figure 6.52 Latchup pnpn test structure with contacted trench structure.

Figure 6.52 shows the electrical contact with the electrical connection within the p+/n+ space. In
this structure, five electrical contacts were used, adding one more additional signal pad to the DT bias
contact region [32].

Experimental work was completed on a Tektronix 576 bipolar curve tracer to be able to observe the
latchup characteristics and modify the states of the experiment. In a first condition, the DT structure
was biased to a ground potential (e.g. Vsgs). For the case of the DT structure biased at a ground
potential, the maximum voltage condition occurs across the n-well to trench capacitor (e.g. and no
voltage drop between the trench and substrate potential). In this state, the latchup trigger voltage was
40 V. Figure 6.50 shows a latchup I~V characteristics highlighting the trench grounded state.

In a second condition, the DT was electrically connected to the n-well as the n-well was ramped; in
this case, the latchup trigger voltage, Vg, increased to 80 V (Figure 6.53).
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Figure 6.53 Latchup pnpn /-V characteristics with (a) trench-biased ramped with n-well and (b) trench grounded
at substrate.
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Table 6.7 Latchup pnpn metrics as a function of the DT bias state.

Trench state Vonx (V) Vg, (V) IR, (mA) Vi (V) I (mA)
Trench grounded to Vsg 12 40 8 25 45
Floating trench 12 58 8 22 38
Trench biased at nw 12 80 3.5 N/A N/A

In a third condition, the DT structure was electrically disconnected and allowed to ‘float’ during the
sweep characteristics of the bipolar curve tracer. Table 6.7 summarizes the latchup metrics results with the
electrically contacted deep trench structure as a function of the trench bias state. In all cases, the turn-on
voltage was the same. But, V1 and the holding conditions were modified by the trench bias state [32].

In a second study, accidentally, an additional condition was discovered. As the DT structure was
biased with the n-well, the CMOS latchup structure achieved the high trigger condition. In anticipation
of performing the low-state test, the electrical connection to the n-well was removed. While the
electrical connection was removed, the SCR did not undergo a low-state transition, but remained in
the high Vg state as if biased. It was determined that because of charge storage in the DT structure, the
trigger state remained at the higher trigger state; this state remained without decay. The charge
remained in the polysilicon DT capacitor structure and modulated the latchup state. As a second step,
the electrical connection was then manually shorted to ground (e.g. the oscilloscope ground electrode)
and the latchup characteristic switched to a low trigger state.

In a third study, the DT electrode was connected to a step current generator (e.g. base drive of a
bipolar curve tracer). In this condition, while the voltage was applied, a series of /-V characteristics
were generated between the 40 and 80 V states. In this condition, the /-V characteristic was a function
of the step generator number of steps and current injected into the DT structure. In this condition, the
latchup I-V characteristic was a function of the step generator number of steps and current injected into
the DT structure. Hence, by charge pumping the current into the deep trench structure, intermediate
trigger states were established between the highest and lowest states. In a fourth study, adding current
to the trench structure varied the voltage trigger to 58 V at 10 mA, 52V at 1 mA and, for negative
current, 38 Vat —1 mA and 32 V at —10 mA [32].

Experimental results show that in the case of floating polysilicon DT structure, the bias state and
stored charged state of the polysilicon region modulate the latchup trigger voltages. Additionally, this
has significant implications on charging phenomenon and on the high-voltage, power electronics,
automotive, and space applications.

6.7 TRIPLE-WELL AND BiCMOS PROCESSES INTEGRATION

As practiced today, circuit designers prefer to re-map dual-well structures into triple-well implementa-
tions without changing the on-chip design, ground rules or p+/n+ spacing rules. As a result, ‘triple well’
is being practiced not as isolated regions but as ‘merged triple well’ where the n-well and associated
isolating buried layers are integrated. With the introduction of merged triple well in advanced CMOS
technologies, the vertical bipolar transistor is enhanced well above the dual-well CMOS structures. In
advanced BiCMOS technologies, for merged triple-well CMOS, there are many options [33,34]:

e merged triple well with deep trench;
e merged triple well with deep trench, with triple-well implant only under p-well region;

e merged triple well with deep trench, with triple-well implant under both n-well and p-well;
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e merged triple well with deep trench, with triple-well implant under both n-well and p-well, with
additional BiCMOS implants (e.g. subcollector).

6.7.1 Triple Well — Deep Trench and Triple Well Integration

This experimental work is completed in a high resistivity 50 {2 cm p— substrate wafer in a 0.13-pm
BiCMOS technology to highlight the enhancement of the npn bipolar current gain; these results will be
followed by the first measurements demonstrating integration of DT structures and subcollector
implants in a triple-well environment [34].

In order to reduce the lateral f8,,,, the DT structures can be used to separate the triple-well buried
layer from the n-well region. Because of scattering phenomenon influencing MOSFET threshold
implants, the spacing between the implanted buried layer edge and the n-channel MOSFET and the
p-channel MOSFET must be large to avoid p-channel MOSFET and n-channel MOSFET threshold
modulations. Hence, in some technologies, adequate spacing must be established between the edge of
the buried layer implant, the n-channel MOSFET and the p-channel MOSFET; this provides an
opportunity to place deep trench structures between the p—and n-channel MOSFETs in merged triple-
well technology (Figure 6.54).

To avoid the issue of the buried layer implant edges, some circuit designers would like to convert the
technology from dual-well CMOS to triple well using a blanket n— buried layer under all structures [34].
Using a ‘blanket’ buried layer (e.g. unmasked), this can impact devices and circuit elements. Additionally,
using a continuous n— buried layer under the p+/n+ spacing allows for avoidance of mask edge
scattering phenomenon and provides improved latchup. Figure 6.55 shows the triple-well structure with
DT isolation and a continuous n-buried layer under both the n-well and the p-well region.

In this structure, the role of the n-buried layer under the n-well provides latchup advantages:

e Low resistance shunt for the pnp transistor.

e Lower pnp bipolar gain due to increase base width and larger Gummel number (e.g. total
implant dose integrated over the base region). The placement of the n-layer under the
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Figure 6.54 Triple-well structure with DT and triple well under p-well region only.
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Figure 6.55 Triple-well structure with DT and continuous triple-well implant.

n-well prevents scattering mask phenomenon and improves the latchup robustness of the
structure.

Figure 6.56 shows an example of the parasitic bipolar current gain for three cases: (1) the triple well
under the p-well region (e.g. p— epi) only, (2) a continuous n-buried layer under the p— epi and n-well
and (3) the n-buried layer and the DT structure. From the experimental results, with a continuous
n-buried layer (e.g. case II), the npn bipolar current gain is the highest for smallest spacings; the second
highest is the case of the n-buried layer only under the p-well. With the presence of the DT structure,
the lateral npn current gain is significantly reduced for small spacings [34].

6.7.2 Triple Well — Deep Trench and Subcollector

With the introduction of a subcollector, the pnp bipolar current gain can be reduced due to the added
dopant to the vertical parasitic pnp base width (Figure 6.57). Typically, the bipolar subcollector doping
concentration is significantly higher than the n— buried layer.

Figure 6.58 shows the results of the three cases of merged triple well, where the subcollector is
added in the n-well region in the third case. In the first case, the scaling of the npn base shows
significant increase in the npn bipolar current gain. In the case of continuous triple well, the npn current
gain also increases to very levels for small p+/n+ spacings. With continuous triple well implant, the
high level of npn current gain is evident. With the introduction of the DT structure and the subcollector
implant, the npn current gain is significantly lowered [34].

Focusing on the parasitic pnp bipolar current gain, the dual-well CMOS with DT can be compared
to the triple well (Figure 6.59). An interesting issue is the pnp bipolar current gain is higher than
with dual-well CMOS with DT compared to the merged triple-well structure. These two converge as
the p+/n+ spacing is reduced. But, the dual-well CMOS with DT and subcollector is superior to the
merged triple-well only structure [34].



TRIPLE-WELL AND BiCMOS PROCESSES INTEGRATION 349

20
™ B Triple well
.15 & <> Continuous triple well
oSy
'é [ Triple well and deep trench
5
L 10
5 |
[&]
3
(o]
Qo
£
c
g 50 o -
< m
0.0 ! I 0 l
0.0 1.0 2.0 3.0 4.0

p+/n+ space (um)

Figure 6.56 Parasitic npn bipolar current gain with (a) triple well, (b) triple well with continuous buried layer
and (c) triple well with DT.

DD SS

n+ p+ n+ p+ n+

n-well
p-well n-well

Subcollector w

n—

p— substrate
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Figure 6.58 Parasitic npn bipolar current gain with (a) triple well, (b) triple well with continuous buried layer
and (c) triple well with DT and subcollector.
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Figure 6.60 Integration of a HDBL structure into a BiCMOS technology.

6.8 HEAVILY DOPED BURIED LAYER IMPLANT AND BiCMOS
TECHNOLOGY

High dose buried layers (HDBL) can also be integrated into CMOS [35-39] or BICMOS technology
[40]. Integration of HDBL structures into a BICMOS process requires the ability to place the
implant deep below the subcollector through the subcollector or selectively implant regions outside
the subcollector region [40]. With epitaxially formed subcollectors, the subcollectors are implanted
prior to the epitaxial deposition. With the long hot process cycle and high doping concentrations
used in traditional high-performance subcollectors, the depth of the subcollector region can be
significantly greater than that of n-well regions used in CMOS base processes. As a result, the
implant energy of the heavily doped buried layer must be above 1 MeV and extend to 2.0 MeV or
higher [40] (Figure 6.60).

HDBL implants were performed in p— substrate wafers prior to processing of the silicon
germanium process steps. The implant energy and dose were chosen to provide a deep implant that
would minimize impact on the semiconductor devices and yet provide a low-resistance shunt for
latchup improvement. The HDBL implants were placed in a DT-defined SiGe HBT technology. The
placement of the HDBL implant can influence the collector-to-emitter junction that can influence
functional characteristics. Optimization of the HDBL implant may be critical for some RF applications.
Table 6.8 shows the collector-to-substrate breakdown voltage of the SiGe HBT device as a function of
the HDBL implant dose and energy. Results show that the high-energy implant has the least affect on
the breakdown voltage [40].

With the integration of HDBL implants into BICMOS technology, the integration may require
masking to avoid impact to the bipolar transistor. Using a blanket HDBL, the trench structure can be
used to segment chip sectors for noise isolation and guard ring structures [40].
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Table 6.8 DT bound collector-to-substrate breakdown voltage as a function of HDBL energy and dose.

Split Implant energy (MeV) Implant dose (no. #em ?) Ver(V)
No HDBL N/A N/A 20.7
HDBL 2.0 5x 10" 19.0
2.0 1 x 105 16.0
1.6 5x 10 11.0
1.6 1 x 105 9.0
1.2 5x 10 7.0

6.9 SUMMARY AND CLOSING COMMENTS

This chapter focused on semiconductor process features of a BICMOS process for improving CMOS
latchup in a mixed signal chip environment. In this chapter, the topics systematically evaluated
different process features and then demonstrated the cosynthesis of these features. In this chapter, at the
same time, the analysis of the features taught new CMOS design practices; new characterization
methods and design plots were highlighted as a way to analyze the CMOS latchup results. These
CMOS design methods can be applied to other technology features. In this chapter, it is also noted that
although these features today are integrated in BiCMOS technology, all of these features can be
integrated into mainstream CMOS technology that was discussed in Chapter 5.

Chapter 7 will discuss circuit solutions to address CMOS Latchup. First, the discussion will address
intradevice, intracircuit, intercircuit and interfunction latchup in integrated chip design. Chip-level and
system-level latchup issues and solutions will be discussed. As part of the CMOS latchup design
discipline, circuit solutions exist to address power-up to circuits that determine the onset of CMOS
latchup. The chapter will discuss CMOS, BiCMOS to smart power issues. A key area of interest is
sequence-independent circuits and networks that allow decoupling from power supply rails. The
chapter will close with examples of ‘anti-overshoot and anti-undershoot’ circuits, such as active clamp
networks, to active guard ring networks. In these examples, circuit concepts will be demonstrated that
are utilized in the CMOS latchup circuit design discipline.

PROBLEMS

1. Draw a latchup pnpn test structure with a subcollector implant where the subcollector is under the
n-well region. Draw a second latchup pnpn test structure with a subcollector under both the n-well
and p-well, where the subcollector does not isolate the p-well from the p— substrate. Draw a third
latchup pnpn test structure where an n-well encloses the p-well (isolates the p-well from the
p— substrate).

2. As in Problem 1, create a circuit schematic of the pnpn structure for each of the three cases. Label
the resistance terms and identify the resistances in the test structure cross section and in the circuit
schematic.

3. A trench isolation is formed after the STI isolation, leading to a ‘dual depth’ isolation structure.
What is the depth required for maintaining latchup robustness?

4. Draw a pnpn test structure with shallow trench isolation and the TI structure. Assume three cases:
(1) the trench isolation is shallower than the n-well region, (2) the trench isolation is equal to the n-
well depth and (3) the trench isolation is deeper than the n-well depth. Explain the lateral and
vertical parasitic transistors in the three cases.
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. Derive a parasitic transistor model for trench isolation, where (1) the trench isolation is shallower

than the n-well region, (2) the trench isolation is equal to the n-well depth and (3) the trench
isolation is deeper than the n-well depth.

. Draw a pnpn test structure with shallow trench isolation and the DT structure, where the DT is

polysilicon-filled and borders the n-well. Assume that the wafer is a p—/p++ substrate wafer.
Assume the following cases: (1) the deep trench is shallower than the n-well depth, (2) the deep
trench is equal to the n-well depth, and (3) the deep trench is deeper than the n-well depth but
shallower than the p—/p++ interface, (4) the deep trench is deeper than the n-well depth but abuts
the p—/p++ interface and (5) the deep trench is deeper than the n-well and extends beyond the
p—/p++ interface. Explain the lateral and vertical parasitic transistors in the three cases.

. For Problem 6, create a lateral bipolar model for all the above cases.

. A series of deep trench rings are placed around an n+ injection source. Show the cases of the

minority carrier transport for the following structure where the listed guard rings are in sequence:
a. p+ diffusion, n-well;

b. p+ diffusion, n-well, deep trench;

c. p+ diffusion, n-well, deep trench, n-well;

d. p+ diffusion, n-well, deep trench, n-well, deep trench;

. Explain the voltage conditions of the polysilicon region in a deep trench structure used as a border

on the edge of an n-well region in a pnpn. What is the potential of the polysilicon?

Show the test structure for integration of deep trench, subcollector and triple-well implant under
both the n-well and p-well regions. Describe the lateral and vertical transports for the parasitic pnp
and npn structures.
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7/ cmos Latchup — Circuits

Latchup is highly influenced by the types of circuits and how these circuits interact during design
integration and synthesis. In this chapter, we will focus on the types of circuits that cause latchup, the
integration of these networks and the interactions that can occur. We will close the discussion by
providing examples of circuit solutions, novel circuits, active clamps and active guard rings to address
latchup.

7.1 TABLE OF CIRCUIT INTERACTIONS

Latchup occurs in semiconductor chips as a result of interaction within a circuit, between circuits and
between chip subfunctions. Table 7.1 shows examples of CMOS latchup events within a given circuit. As
a first example, latchup occurred between an ESD ‘dual diode’ (DD) network and an OCD p-channel
MOSEFET pull-up device for a negative undershoot phenomenon; improper sequencing leads to a latchup
issue. In this case, Vpp was established on power-up, but due to a poor ground connection, Vsg ground
was not well defined. Negative signals were applied to the input signal prior to the establishment of the
ground potential. In this case, an n-well to substrate diode forward biased, and the current flowed to the
p-channel MOSFET of the OCD network. This case study is interesting in that all the proper solutions and
design layout issues were addressed, yet latchup occurred due to improper power sequencing on the
system level.

In the second case study, latchup occurred in a RC-triggered MOSFET ESD power clamp. In this
implementation, a p-channel MOSFET clamp device is present between the Vpp and Vsg power supplies.
For this circuit, an RC discriminator circuit responds to an ESD event for initiating the p-channel
MOSFET clamp device. An n-diffusion resistor was electrically connected to the Vgg power rail. Latchup
occurred between the p-channel MOSFET, which is electrically connected to Vpp, and the n-type resistor
electrically connected to Vsg. In this case study, this interaction was unanticipated, so no spatial spacings
and physical size of the single p-channel MOSFET were considered.

Table 7.2 provides examples of intercircuit latchup events. Intercircuit latchup events occur due to
unanticipated interactions between circuits. Hsu er al. [1] quantified interaction between a dual-diode
ESD input circuit and an ESD power clamp. Latchup can occur between ESD input circuits and ESD
power clamps. In the second case study, latchup can occur in identical circuits that are adjacent but in

Latchup Steven H. Voldman
© 2007 John Wiley & Sons, Ltd
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Table 7.1 Internal circuit CMOS latchup.

Internal circuit Solution

ESD dual diode and p-channel MOSFET W. Noble Power sequencing
off-chip driver pull-up and n-well diode

RC-triggered MOSFET n-resistor and p-channel M.D. Ker Spatial separation
ESD power clamp MOSFET

opposite states. Salcedo-Suner et al. [2] reported a case study of latchup between two adjacent /O
networks. Given two adjacent off-chip driver networks, both contain a p-channel MOSFET pull-up and
an n-channel MOSFET pull-down. As a result, there is a possibility of interaction of a p-channel
MOSFET pull-up of one I/0O network with the n-channel MOSFET pull-down of the second network.
Given the state that one p-channel MOSFET has a signal that leads to overshoot, and at the same time,
an adjacent n-channel MOSFET pull-down has a signal that leads to undershoot, the voltage difference
is such that latchup may occur between these two elements. Salcedo-Suner also reported interaction
within the ESD network that consisted of a diode string serving as a ‘substrate pump’ for a grounded
ESD n-channel device. Inadequate guard rings between the diode string and the MOSFET led to
latchup.

Latchup can occur between circuits of chip segments or subfunctions. Latchup can occur between
I/0 and core memory circuits, I/O and core CMOS logic, digital and analog segments, and digital
and RF segments. In chip design synthesis, many segments are designed separately, and not integrated
until the final product chip. For example, the I/O peripheral circuit designs are optimized, tested
and qualified for ESD and latchup independent of the chip cores and other sectors. Hence, interactions
between the chip sectors are evaluated as a second step after all the subfunctions are defined, and then
placed. As a result, the interactions on the subfunction ‘boundaries’ are not understood until
afterward. Additionally, latchup events that spatially propagate may not be understood when only
local interaction is addressed. Transient events and external source issues can bypass today’s latchup
ground rules. Examples are shown in Table 7.3.

As a first case study, Huh et al. [3, 4] demonstrated that latchup can occur between two power rails,
where a parasitic npn was formed. Given the n-well contains a p-type device, a parasitic pnpn is created
between two chip subfunctions. As a second example, Huh et al. demonstrated latchup between an
OCD in the I/O sector and another chip sector that contained decoupling capacitors [3, 4].

As a third example, Weger et al. demonstrated interaction between ‘array I/O’ and surrounding
CMOS logic [5]. Minority carrier injection from negative undershoot in an ESD DD network can
initiate latchup in the surrounding core logic. Brennan also demonstrated that this can occur using
GGNMOS ESD networks [6].

Table 7.2 Intercircuit CMOS latchup.

Circuit-to-circuit Solution

Dual-diode ESD Dual-diode p+/n-well diode C.T. Hsu Physical separation of
and field oxide and field oxide device input ESD and FOD
device ESD power clamp ESD power clamp ESD power clamp

Off-chip driver to p-channel MOSFET to J. Salcedo-Suner  Improved guard rings

Off-chip driver n-channel MOSFET within ESD circuit
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Table 7.3 Subfunction to subfunction CMOS latchup.

Subfunction to subfunction Interaction Solution
Vbb to Vpbp Parasitic npn formation Y. Huh Spatial separation of
between two n-wells power domains
OCD-to-decoupling p-channel MOSFET Y. Huh Ground rule
capacitors pull-up and n-type development between
decoupling capacitor power domains
Dual-diode ESD and n-well diode and A. Weger n-well guard ring
CMOS logic internal logic
GGNMOS ESD and GGNMOS ESD and C. Brennan Improved guard ring
CMOS logic CMOS logic design

7.2 INTRABOOK LATCHUP MECHANISMS

Latchup can involve ESD networks since these networks exist at the periphery of the semiconductor
chip. ESD networks can contain p+/n-well diodes, p-channel MOSFETs and p-diffusion resistors that
can serve as parasitic pnp elements. ESD networks may also contain n+/p— substrate diode elements,
n-channel MOSFETs and n-type resistors that can serve as parasitic npn elements. These elements can
be contained within the same circuit or between circuits. CMOS latchup can occur from the following
cases:

within an ESD input network;
e within an ESD power clamp;
e between an ESD input network and an I/O circuit;
e between an ESD power clamp and an I/O circuit;

e between the ESD input network and the ESD power clamp.

7.2.1 CMOS Latchup Within an ESD Input Network

For latchup to occur within an ESD input circuit, the ESD network must contain both parasitic pnp and
npn elements, which are electrically configured to form a pnpn network. Since the parasitic elements
are optimized for ESD, the injection characteristics of the pnp and the npn are designed to allow the
forward active state condition of the silicon-controlled rectifier (SCR) to occur. Parasitic pnpns can also
form between the desired SCR and unanticipated parasitic SCRs in parallel with the desired element. It
is in these cases that latchup can occur between the input node and the power supply (e.g. interaction
with guard rings and power supplies). ESD input circuits that only contain n-channel MOSFET device
can not undergo latchup. In a grounded gate NMOS (GGNMOS) ESD network, typically there is no
parasitic pnpn element; hence, ESD input networks that only contain GGNMOS devices are not latchup
prone.

ESD DD networks can consist of a mix of both p-type and n-type elements used for the positive and
negative ESD events [7-9]; this network contains both a pnp and an npn parasitic element. But the
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electrical configuration is such that latchup does not occur within the two elements since they
are electrically connected to the same electrical input node. Also note that ESD input networks are
encompassed by a guard ring structure. Latchup can occur between the pnp element and the guard ring
(e.g. n-diffusion or n-well guard ring) under the condition of current injection into the p+/n-well diode
with the n-well guard ring at the Vpp potential. Whereas this is possible, in the case of a p+/n-well
diode which is designed with low resistance, the current is shunted through the diode to the Vpp power
supply without latchup. The electrical potential across the diode is a function of the diode series
resistance. Hence, a latchup condition exists where as the resistance increases, the likelihood of this to
occur is possible. The condition for latchup is that the forward bias voltage of the first diode and the
voltage drop across the diode must exceed the forward active condition of the parasitic pnpn element.
Hence, one of the conditions for this to occur is as follows:

(Vbe)pnp + IR 2 (Vbe)pnp + (Vbe)npn7

with I the diode current and R the diode resistance.
Hence, this can be simplified to

IR > (Vie)

npn*

In the case of a mixed voltage diode string ESD network, the electrical potential between the
input node and Vpp increases with the diode resistance and the number of diodes. Additionally, in a
‘diode string ESD network’ the n-well region is ‘floating’ and not directly coupled to the Vpp power
supply. As the series resistance of the diode elements increases, as well as the number of diodes, a
parasitic pnpn can form between the p+/n-well diode and the n-well guard ring structure
(electrically connected to Vpp). Hence, the condition of latchup is when the diode string turn-on
condition exceeds the forward active state of the parasitic pnpn. A precondition for latchup is as
follows [8, 9]:

Vr =N(Vbe) =+

N(N —1) (kT
pnp 2

;) ln[ﬁpnp + l] > (Vbe)pnp + (Vbc)npn'
This can be simplified to

[V = 1](Vhe) pp + NN -1) (kT

: ?) (B, + 11 > (Vo) ypn-

Note that the inclusion of the voltage drop through the diodes increases the likelihood of latchup
between the first stage and an adjacent guard ring structure. A key latchup design practice is as follows:

e Latchup can occur within an ESD network when a parasitic pnpn element is formed that is
electrically configured such that a forward active state can occur during chip operation.

e ESD input circuits can form parasitic pnpns between the elements and its own electrical guard rings
when p-type elements exist within the ESD network.

e Latchup can be eliminated with low-resistance ESD elements and adequate guard ring structures to
avoid the forward active condition for CMOS latchup.
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7.2.2 Intrabook Latchup Mechanisms — ESD Input Circuit
and I/O Circuit Latchup

Latchup can involve ESD networks since these networks exist at the periphery of the semiconductor
chip. As a result, intrabook latchup can occur from the following cases:

e within an ESD input network;

e within an ESD power clamp;

e between an ESD input network and an I/O circuit;
e between an ESD power clamp and an /O circuit;

e between the ESD input network and the ESD power clamp.

Within a peripheral circuit ‘book’, a semiconductor chip may contain an I/O OCD circuit, a predrive
network and an ESD input node device. An example of a latchup event that occurred within a
peripheral book can occur between an ESD input node device and the CMOS off-chip driver.

In this case, a ‘dual-diode’ network was placed on an input node (Figure 7.1) [8]. The DD network
consisted of a LOCOS-defined p+ diffusion within a retrograde n-well CMOS technology. The
technology was a 0.8-um CMOS technology on a p++ substrate and a p— epitaxial region. In addition,
there was an n-well diode electrically connected to the input node as the diode element for negative
discharge to the Vsg power rail.

In the system, the semiconductor chip sequencing of the power rails and the input signals was not
adequately defined. The input pins biasing was established prior to the ground power rail Vsg. In this
case, a negative signal was established that led to a negative discharge through the ESD n-well diode to
the p++ substrate. The ESD network current was injected into the substrate and into the n-well of the
LOCOS-defined p-channel MOSFET. The OCD p-channel and n-channel MOSFETs established a
parasitic pnpn that underwent latchup. In this case, the failure mechanism leads to the destruction of the
semiconductor chip and package module. A key issue in this condition was that in this incident the
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Figure 7.1 Intrabook ESD dual-diode input network and OCD latchup.
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latchup robustness of the base technology was significant with adequate process solutions, good design
and established design rules, yet with the improper sequencing condition, latchup still occurred.
A key latchup design practice is as follows:

e Sequence-dependent ESD input networks can lead to injection into the Vpp or Vg rail.

e Latchup can occur in latchup robust technologies given improper sequencing of the power rails,
ground power rails and input pins.

e ESD input circuits electrically connected to Vpp and Vg can lead to external injection into the input
circuitry leading to an intrabook latchup.

7.3 INTERBOOK LATCHUP MECHANISMS

Interbook latchup events can occur between different electrical circuits or subfunctions. When the ana-
lysis of the circuits is evaluated independently, these events will not be observed until full-chip inte-
gration. In this section, interbook latchup events will be discussed in detail, as shown in Tables 7.1-7.3.

7.3.1 Interbook Latchup Mechanisms — ESD Input Circuit
and Power Clamp Latchup

Latchup can involve ESD networks since these networks exist at the periphery of the semiconductor
chip. Within ESD networks are semiconductor devices as well as parasitic devices that can contribute
to latchup. Interbook latchup can occur from the following cases:

e between an ESD input network and an I/O circuit;

e between an ESD input network and core logic circuits;
e Dbetween an I/O and core logic circuitry;

e between an ESD power clamp and an /O circuit;

e Dbetween the ESD input network and the ESD power clamp.

7.3.2 Interbook Latchup Mechanisms — ESD Input Circuit
and Power Clamp Latchup (Hsu et al.)

Hsu et al. demonstrated a case study where latchup occurred between an input node ESD network and
an ESD power clamp [1]. In this case, an ESD DD network was placed on an input node (Figure 7.2).
The dual-diode network consisted of a LOCOS-defined p+ diffusion within an n-well structure in a
single-well CMOS technology. In addition, an n-type field oxide device (FOD) was used as a local ESD
power clamp. The n-type ESD power clamp consisted of a MOSFET gate on a LOCOS region to form
the n-type field oxide device (e.g. also known as a LOCOS thick oxide MOSFET structure). The
placement of the FOD ESD power clamp was adjacent to the signal pad (Figure 7.2) A p+ substrate
guard ring was also placed between the ESD DD input and power clamp circuits. With the local
placement of the ESD DD input network near the thick oxide MOSFET ESD power clamp, a parasitic
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Figure 7.2 ESD DD and n-type FOD circuit highlighting the parasitic npn bipolar transistor of the ESD power
clamp. Source: [1].

pnpn structure was formed between the input node and the ground node of the power rail. Hsu et al.
stated that two parasitic npn BJTs were involved in the latchup triggering [1]; the first npn was formed
between the ESD input network n-well and the source of the thick oxide NFET ESD power clamp. The
second npn also exists between NFET ESD power clamp drain and the NFET ESD power clamp
source. The first npn triggering is associated with an anticipated pnpn structure. In the case of
the second npn interaction, the discharge of the current to the n-well contact is then electrically
connected to the Vppa power supply; this power supply is electrically connected to the ESD power
clamp thick oxide drain, which also leads to a parasitic npn bipolar turn-on initiating latchup.
Figure 7.3 shows an example of a positive latchup pulse on the Vppa power rail. From the EMMI tool
emission study, it can be observed that the latchup trigger pulse initiated turn-on of the FOD power clamp.
The FOD structure can undergo MOSFET snapback without involvement of the ESD input network.
Figure 7.4 shows the latchup interaction between the ESD DD network and the FOD ESD power
clamp. From the photograph, photon emissions can be observed between the ESD networks and the FOD
region. In this case, current flowed from the input node through the p+/n-well diode. In the operation of

Positive latchup trigger

Figure 7.3 Emission microscope (EMMI) tool results highlighting FOD drain-to-source current and the
metallization due to positive trigger latchup pulse. Source: [1].
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Positive latchup trigger

Figure 7.4 A photograph highlighting the latchup failure associated with the interaction of the ESD dual-diode
input circuit and the FOD ESD power clamp. Source: [1].

this network, some of the current flowed through the vertical parasitic pnp transistor to the substrate,
whereas some of the current flowed to the Vppa power supply and through the FOD power clamp.

Figure 7.5 shows the CMOS latchup failure mechanism in the p+/n-well diode structure. The p+
anode is shown with the n-well region for the contact. From the failure analysis image, it can be
observed that failure damage is observable at the p— substrate region.

From the latchup event, the FOD drain structure also showed evidence of silicon damage at the
drain region (Figure 7.6).

A key latchup design practice is as follows:

e Placement of ESD input networks near the ESD power clamps can lead to the formation of parasitic
pnpn elements between them.

e ESD input circuits electrically connected to Vpp can lead to electrical coupling to an ESD power
clamp leading to latchup through the power supply rail.

e ESD CAD systems should address the parasitic pnpn formed between ESD input and ESD power
clamp networks.

e Latchup can be eliminated with adequate guard rings around the ESD input circuits to prevent
latchup pnpn parasitic interaction with ESD power clamps.

Figure 7.5 ESD input device p+/n-well diode failure due to CMOS latchup. Source: [1].
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Figure 7.6 CMOS latchup damage at the drain diffusion of the n-type FOD. Source: [1].

7.3.3 Interbook Latchup Mechanisms — I/O to ESD Power Clamps
(Huh et al.)

Since I/O circuits are exposed to voltage overshoot and undershoot phenomena caused by signal
reflection, I/O latchup design layout rules are more conservative compared to internal logic layout
rules. Unfortunately, latchup design layout guidelines do not typically address the parasitic pnpn
formed between I/O devices. Huh noted that in a semiconductor chip latchup can occur through
adjacent 1/O cell to I/O cell interactions [3, 4].

In Figure 7.7, the emission pattern is shown in a 5-V PCI buffer immediately next to ESD power clamp
cells. The p-channel MOSFET OCD pull-up and a Vgg n+ junction in a neighboring ESD power
clamp cell form an unexpected latchup path. In this interaction, the diffusion area of the p-channel OCD
pull-up element and the n-diffusion of an ESD power clamp are both large area regions; this forms a large
parasitic pnpn. Since I/O latchup rules are checked in unit I/O cells, it is hard to detect this type of I/O to
I/O cell interaction-induced latchup path between the first /O and the second adjacent region. In most
design environments, conformance to the latchup rules is verified within the I/O cell, but not between an
I/O cell and an ESD power clamp in an adjacent cell. A key latchup design practice is as follows:

e Placement of OCD networks near the ESD power clamps can lead to the formation of parasitic pnpn
elements between the OCD input network and the ESD power clamps.
e OCD p-channel pull-up MOSFET can lead to electrical coupling to an n-diffusion within an ESD

power clamp (whose n-diffusion is at a ground potential) leading to latchup.

Vs 0+ junction in p-n diode

ESD cell

/O cell

PMUS driver

Figure 7.7 1/0 to I/O latchup of adjacent signal pads. Reproduced by permission of ESD Association.
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e ESD CAD systems should address the parasitic pnpn formed between OCD input networks and
adjacent ESD power clamp networks.

e Latchup can be eliminated with adequate guard rings around the OCD circuits to prevent latchup
pnpn parasitic interaction with ESD power clamps.

7.3.4 Interbook Latchup Mechanisms — Power Supply
to Power Supply (Huh)

Today, most semiconductor chips with different power supply voltages exist in a common system.
Some semiconductor chips have multiple voltage levels contained within the same chip. Typically,
the peripheral I/0 voltage and the core circuit blocks will be at different voltage levels. Unfortu-
nately, latchup design layout guidelines do not typically address the parasitic pnpn formed between
(1) power supply to power supply (e.g. I/O Vpp to core Vpp) and (2) between 1/O devices and core
devices, and other interchip subfunctions (e.g. I/O to I/O, I/O to memory). Huh et al. demonstrated
that the aforementioned cases of ‘I/O Vpp’ to ‘core Vpp’ latchup and other cross-‘book’ latchup can
occur in semiconductor products [3,4]. For instance, 3.3- and 1.2-V I/Os can be placed adjacent to
each other with different cell heights in an advanced IC design. In core-limited design floor plans, I/O
cells can be occupied by decoupling capacitors to reduce core power supply noise. Thus, a 3.3-V I/O
cell can be physically placed adjacent to a 1.2-V decoupling capacitor. Since latchup design layout
guidelines for I/O cell design do not typically address latchup between I/0O power (3.3 or 2.5 V) and
core power (1.2V) supplies, latchup occurred between the two different Vpp power supplies.
Latchup failure was observed in a mixed signal design that had a decoupling capacitor powered by
1.2V in the I/O area.

Failure analysis and design layout review revealed that the OCD p-channel transistor pull-ups in the
3.3-V I/O cell and p-channel MOSFET decoupling capacitor cell powered by 1.2 V form a parasitic
pnpn latchup structure. To verify this failure mechanism, latchup testing with varying core Vpp, voltage
was performed at an ambient temperature with an injection current of 100 mA [3,4].

Huh et al. [3,4] noted that since there were no Vpp to Vpp latchup rules, the 3.3-V n-well to 1.2-V
n-well space did not have any guard ring structures electrically separating the physical domains. An
indication of latchup was that core Ipp current was reduced by approximately 100 mA once the device
under test (DUT) went into latchup mode; this implies that a latchup path exists between Vpp (I/0) and
Vpp (core) through the neighboring decoupling capacitor cell placed near the I/O region. Latchup
simulation was performed to confirm the trigger mechanism. The simulation structure results show that
the vertical pnp device turns on by injecting current through the I/O pad and its base begins to push out;
the npn transistor also turns on, injecting carriers into the base, leading to regenerative feedback and
initiating of the pnpn ‘turn-on’ (note that the current flow is deep below the n-well). The device stays
‘latched’ even after the injection pulse is removed. A latchup design solution for this failure was as
follows:

e Increase the pnpn emitter resistance by removal of n+ contacts (e.g. Vpp n+ contacts).

By removing Vpp n+ contacts in decoupling capacitor cells close to an abutting I/O cell, the emitter
resistance is increased; consequently, the lateral npn transistor does not supply enough trigger current
to couple to the vertical pnp transistor since current flow through the npn is limited by the increased
n-well resistance. Huh et al. [3,4] also noted that Vpp to Vpp latchup can also occur for the case
where a high-voltage Vpp (I/0) is abutting a low-voltage Vpp (I/0) or ESD power clamp cells.
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A proposed concept in these environments is the introduction of a ‘transition cell’. With the
introduction of a transition cell with p+, n+ and n-well guard rings, the following objectives would
be achieved:

e Transition cells can be integrated into a design methodology.
e Transition cell can provide a method for layout design checking.

e Transition cell can provide a method for design verification.

A transition cell concept would be a good solution to prevent undesirable Vpp to Vpp latchup since
it will provide enough space between two neighboring I/O cells powered by different Vpp power
supplies, can be automatically placed by using a CAD tool, as well as provide conformance to CMOS
latchup design rules.

7.3.5 Interbook Latchup Mechanisms — I/O to I/O Networks
(Salcedo-Suner et al.)

I/0 to I/0 latchup can occur due to interaction of adjacent circuits. In these cases, the I/O to I/O latchup
can occur between adjacent OCDs, ESD to OCD or ESD to ESD. A unique characteristic of this failure
type is that the parasitic pnpn anode is the signal pin, instead of the Vpp power supply. Parasitic pnpn
elements can exist within an ESD network itself, wherein injection from other I/O cells can influence
its trigger state.

Salcedo-Suner et al. reported latchup in a voltage-tolerant I/O cell [2]. The low-impedance path is
formed between a signal I/O pin and a ground pin while triggering an adjacent I/O pin with negative
current pulse. In this case study, the ESD circuit consisted of a series cascode n-channel MOSFET
network between the signal pin and the ground rail Vgg (Figure 7.8). In addition, there exists a series
diode string to the Vpp power supply (forming a set of common collector parasitic pnp structures).
With the network containing both p-+/n-well diode and MOSFET elements, a parasitic pnpn exists
between the parasitic pnp of the p+/n-well diode and the parasitic npn of the n-well and n-channel
MOSEFET source. Since a pnpn structure with floating n-well is contained within the ESD protection
device, the ESD network is vulnerable to latchup. In this case, the parasitic pnpn structure easily turned
on when a negative current pulse was injected through the neighboring I/O cell.

When a negative pulse was applied to a neighboring input pin, the injection current would influence
the parasitic pnpn of the ESD network. Table 7.4 shows the relationship between the physical spacing
of the I/O cells and the current needed to initiate latchup. As the spacing between the I/Os decreases,
the current needed to initiate latchup decreases. As the injecting source moves farther from the 1/0
parasitic pnpn, it requires more current to lead to latchup [2].

Salcedo-Suner e? al. provided solutions to address latchup [2]. In this implementation, there was a
trade-off between the ‘substrate pump’ feature of the injection utilized for improved ESD and the
latchup robustness. Salcedo-Suner et al. noted that with the introduction of guard ring to improve the
latchup robustness, the low substrate resistance impacted the ‘substrate pump’ feature of the circuit,
and hence the ESD results. Second, separating the diode string from the cascode elements to improve
the latchup robustness also impacted ESD robustness since more current was needed to influence the
potential under the MOSFET elements.

The following solutions were provided:

e reduce the ‘substrate pump’ feature of the ESD network;
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Figure 7.8 Schematic of the I/O signal pin ESD network.

e add p+ substrate contacts between each p+/n-well diode region;
e add n-well guard ring around first diode and electrically connect to the first signal pad;

e add n-well guard ring around all diodes after the first diode element and electrically connect to the
Vbp power supply.
7.3.6 System-Level Latchup

System-level latchup failure can occur due to many interactions. Typical failures in systems can occur
due to the following issues:

e system component power-up missequencing;

Table 7.4 CMOS latchup injection current as a function of I/O to I/O space (e.g. injection
source to pnpn parasitic spacing).

1/0 to 1/0O space (pm) Latchup initiation current (mA)
64 -30
90 —-80

150 —250
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Table 7.5 System-level chip-to-chip latchup.

Chip-to-chip system Interaction Solution
Wire-bond failure Wire-bond breakage leads None
in parallel multichip to subsystem failure,
system leading to nonuniform
current distribution in system
Wire-bond inductor Voltage differential occurs None
mismatch in parallel due to inductive mismatch,
multichip system leading to nonuniform current

distribution in system

e system ground not well established prior to signal pin power-up;
e reverse polarity initiated on a signal pin;
e cable discharge event (CDE) into signal pin;

e reverse battery installation.

In addition to these system-level events, multichip interactions can occur that can lead to the system-
level latchup. Table 7.5 shows chip-to-chip interactions in a multichip system where system-level
anomalies can occur.

System-level latchup can be addressed by the introduction of latchup prevention specific semi-
conductor components. Today, specific control chips can be integrated into systems to avoid latchup.
For example, spacecraft system electronics have incorporated techniques into systems to provide single
event latchup (SEL) immunity to events. The latchup protection circuitry is integrated on the same
physical package as the latchup-sensitive device. These latchup prevention networks can set a
‘threshold’” based on a known sensitivity level, provide a means of detection of particle event, provide
a current limitation of the device that is undergoing latchup, can shut down the system, and then reset to
its original state. These are techniques used today to address latchup to avoid system-level latchup
concerns.

7.4 CIRCUIT SOLUTIONS - INPUT CIRCUIT
7.4.1 Latchup Prevention Circuit — Dual-Well ESD Networks

Depending on the circuit and the physical design, ESD networks can either be a latchup preventive
network or cause latchup. In this section, the preventive nature of ESD networks will be discussed. In
dual-well CMOS networks, ESD input networks consist of the following classes [7-9]:

dual-diode ESD networks;

diode string ESD network;

grounded gate n-channel MOSFET (e.g. GGNMOS) ESD networks;
SCR ESD networks.
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Dual-diode networks consist of a p-diffusion in an n-well and an n-well diode in the p— substrate. Dual-
diode networks can lead to CMOS latchup depending on the semiconductor process and physical design
layout. In the physical design, both internal and external guard ring structures can be used to minimize the
impact of CMOS latchup. In the physical design of the p-diffusion, placing an n+ well contact on all sides
of the p-diffusion reduces the risk of lateral injection and minimizes the well series resistance. Using a
heavily doped retrograde n-well minimizes the vertical injection [7,8]. In the physical design of the n-well
diode to substrate, placement of an n-well guard ring around the n-well to p— substrate diode minimizes
injection to the p— substrate contact and injection outside of the n-well guard ring. External latchup will
occur given that this is not adequately designed. A latchup circuit practice to decrease the risk of latchup
in diode networks is as follows:

e utilize an n-diffusion to p— substrate diode;
e use two p-diffusion/n-well diodes for the dual-diode network;

e provide ESD networks with low well series resistances.

In the first case, since the n+ diffusion is not as deep as the n-well layer, the injection characteristics
are lower. With a smaller area injector region and shallower structure, the ‘emitter’ injection
characteristics are decreased using an n-diffusion. A lateral bipolar transistor is formed between the
n-well and the n-well guard ring structure [7]. When the n-diffusion is used, the effective emitter area is
decreased.

In the second case, two p+/n-well diodes are used, as shown in Figure 7.9 [9]. In this case, the
‘down diode’ electrically connects the n-well to the input circuit and the p+ diffusion to the Vgg ground
rail. An advantage of this network is that the current is not directly injected into the substrate region,
but discharged to the power rail; this reduces the chip substrate injection and lowers the risk of external
latchup. Additionally, in this concept, the diode series resistance is a function of the n-well resistance,
not the p— substrate.

In diode string networks, there are a plurality of p-diffusions in an n-well, which are interconnected in
series [7,8]. In these networks, one disadvantage is that the n-well regions of the successive diodes are not

Signal pad
Vs @ | | Voo
n+ p+ n+ n+ p+ n+
'l 'l 'l
n-well J L n-well —»‘J
Latchup current discharge Latchup current discharge
to power rail to chip substrate

Figure 7.9 Dual-diode ESD network using two p+/n-well diodes.
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electrically connected to the power supply. As a result, the diode potential can be raised, leading to
substrate injection. It has been observed that latchup can occur between the first input diode and the
adjacent guard ring; a parasitic pnpn element can be formed between the first p+/n-well diode and the
n-well guard ring. Latchup can be minimized by (1) reducing the number of diodes in series, (2) increasing
the spacing between the guard ring and the first diode element, and (3) low series resistance ESD elements.

Grounded gate n-channel MOSFET ESD devices can minimize latchup by electrically limiting the
voltage level observed on input pads and discharging current to the Vsg power rail, instead of substrate
injection. As MOSFETsS are scaled to lower voltages, the MOSFET snapback voltage reduces. As a
result, the GGNMOS ESD network limits the input signal voltage levels and will voltage clamp the
input pads. Note, in this fashion, the p-channel MOSFET pull-up of an off-chip driver circuit will only
discharge current into the substrate to the GGNMOS turn-on. But, for negative pulse events, the
GGNMOS will serve as an injection source into the substrate. In this case, it can serve as a source of
current injection into the substrate [7].

For silicon-controlled rectifiers, or pnpn networks, these ESD elements operate on the same
principles as latchup; as a result, they are vulnerable to CMOS latchup. Many solutions to these
networks are used to turn ‘off’ these ESD SCR elements during chip operation and turn ‘on’ when the
chip is unpowered. One advantage of ESD SCR elements is that low-voltage triggers are integrated to
minimize the turn-on voltage. This is achieved using n-channel MOSFET elements. Low-voltage
trigger SCR (e.g. LVTSCR) ESD networks will reduce the voltage level of the signal pad and reduce
the risk of the MOSFET OCD from undergoing CMOS latchup. LVTSCR ESD network trigger voltage
scales with the MOSFET channel length [7].

7.4.2 Latchup Prevention Circuit — Triple-Well ESD Networks

Triple-well technology can provide opportunities for the prevention of latchup failures. With
integration of triple-well ESD networks, isolation from the physical substrate can lead to the
minimization of injection phenomenon. Triple-well ESD networks can include latchup solutions to
avoid latchup. Depending on the circuit and the physical design, triple-well ESD networks can either be
a latchup preventive network or cause latchup. In triple-well networks, ESD input networks consist of
the following classes:

e triple-well grounded gate n-channel MOSFET (e.g. GGNMOS) ESD networks;

o triple-well diode string ESD networks.

In dual-well CMOS, GGNMOSs are not physically isolated from the semiconductor chip substrate,
leading to avalanche current injection and interaction with other device elements. With the physical
isolation of the p— epitaxial region from the p— substrate, injection phenomenon can initiate latchup
such as adjacent circuit or single events. Figure 7.10 shows an example of an ‘isolated MOSFET’
structure [10]. Minority carrier injection from adjacent structures is removed by the triple-well n+
buried layer, preventing ‘external latchup’. In addition, ‘substrate pump’ phenomenon will also not
influence the MOSFET device. As a result, a solution to avoid latchup is the utilization of the triple-
well isolating region for electrical decoupling of the substrate region.

In dual-well CMOS, ESD networks are not isolated from the semiconductor chip substrate. Triple-
well ESD diode strings can physically isolate these elements from the chip substrate. Figure 7.11 shows
an example of a triple-well diode string developed for triple-well technology by Pequignot ef al. [11].
In this case, to avoid injection into the substrate, the triple-well region consists of a buried layer. The
buried layer prevents the lateral shallow trench isolation p+/n+ diode from injecting into the substrate
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Figure 7.10 Triple-well MOSFET structure isolated using deep trench and subcollector.

region. In addition, the triple-well ‘tub’ isolates the ESD network from external injection phenomenon.
In this network, further ‘power supply decoupling’ can be instituted with a ‘triple-well tub bias control
network’ [11]. A latchup circuit practice to decrease the risk of latchup is as follows:

e utilize ‘isolated MOSFET’ for ESD networks;

o utilize ‘triple-well diodes’ for ESD networks.

Voo
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X XA A4
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Figure 7.11 Triple-well ESD device with bias control network.
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7.4.3 Sequence-Independent Input Networks

In some system applications, it is desirable to not require a sequencing condition between the signal
pins and the power supply. In this case, the sequencing of the power-up or power-down of Vpp does not
need to be established prior to the states of the signal pins; this is a ‘sequence-independent’ condition
between the signal pins and the power supply. This condition can also be stated as a “‘power boundary
condition” where no power flows in or out of the signal pins independent of the power supply state. In
this condition, signal pins can be voltage activated without current flowing out of the signal pins into a
sector of a system that is ‘shut off” or below the signal pins state. The sequence-independent condition
applied to signal pins requires a certain class of circuitry that can support this condition [12-20]. For
input pin sequence independence, the OCD, the receiver and the ESD input protection networks must
not forward bias or lead to the flow of dc constant current either into the system or out of the system.
Hence, there are classes of circuits that can provide this capability.

7.4.4 Sequence-Independent Input Networks: Off-Chip Drivers

The sequence-independent condition applied to signal pins requires a certain class of circuitry used in
OCD networks [12—17]. For input pin sequence independence, the OCD must not forward bias or lead
to the flow of dc constant current either into the system or out of the system. An OCD network that
does not provide this feature is a simple p-channel MOSFET pull-up whose n-well is electrically
connected to the power supply. A similar condition also exists for many mixed voltage interface (MVI)
circuits. Mixed voltage interface circuits have many classes of networks, where some MVI circuits are
sequence dependent and other classes are sequence independent [12—17]. For mixed voltage interfaces,
OCDs and receivers must be able to transmit or receive voltage level conditions above its native power
supply voltage. In the circuit design practices provided for MVI compatibility, the circuitry must be
able to support the voltage state without reliability. In addition, the circuits must not forward bias when
the power supply of one of the two chips is ‘off” or not at its final voltage condition. Hence, MVI OCD
circuits must address the ‘power boundary condition’ that continuous current flow into or out of the
interface circuit exists as a result of the power supply states.

From a latchup perspective, a forward bias condition of the p-type device (e.g. contained within an
n-well) within receivers, OCDs or ESD networks can initiate latchup. Therefore, the class of input
signal sequence-independent networks that prevent forward biasing helps reduce the risk of latchup.
Input signal sequence-independent circuits eliminate continuous forward bias injection into the
substrate. In addition, many of these networks allow the circuit to ‘decouple’ the circuit from the
power supply state.

Off-chip driver circuits were developed to address MVI conditions by Lundberg [12], Adams et al.
[13, 14], Austin et al. [15], Hoffman et al. [16] and Dobberpuhl [17]. An OCD circuit design
technique is the use of an ‘n-well bias control network’ to prevent forward biasing of the p-channel
MOSFET. This class of circuits is also referred to as ‘floating well” OCD [17]. Flaker instituted the
idea of an n-well bias control switch where when a signal pad is low, the ‘switch’ is turned on,
allowing biasing of the n-well to the Vpp power supply. When the signal pad is ‘high’, the ‘switch’ is
turned off, decoupling the n-well from the state of the power supply voltage [13, 14]. In this fashion,
given the signal pad is above the power supply voltage state, the p-channel MOSFET does not
continuously forward bias leading to a constant current flow from the signal pad into the
semiconductor chip.

Figure 7.12 shows the circuit of Austin et al. [15]. In the circuit network, various elements exist to
prevent forward biasing and electrical overvoltage. The ‘n-well bias control network’ consists of a
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Figure 7.12 Sequence-independent input off-chip driver circuit.

single p-channel MOSFET device whose MOSFET gate is electrically connected to the input node,
whose source is connected to the Vpp power supply rail and whose MOSFET drain is connected to its
own n-well. All OCD p-channel MOSFETSs are contained within the same n-well so that none of the
supporting control elements forward bias. Dobberpuhl also developed OCD networks that improved the
voltage bias state of the n-well during chip operation [17]. Hoffman et al. developed a circuit, allowing
the ability to shut down redundant networks to reduce power dissipation and provide a ‘fault-tolerant’
environment [16]. The ability to shut down redundant network elements for space applications is
known as ‘cold sparing’. This technique allows for redundancy without power loss. Hence, a latchup
circuit design practice is as follows:

e Sequence-independent input circuit techniques provide a solution to avoid substrate injection, as
well as avoid a forward bias state in parasitic pnp elements.

e CMOS peripheral OCD circuit techniques exist that avoid forward biasing of the p-channel
MOSEFET transistor using an ‘n-well bias control network’.

e n-well bias control networks ‘decouple’ the n-well tubs from the Vpp power supply to avoid
continuous dc current flow and injection into the p— substrate.

7.4.5 Sequence-Independent Input Networks: ESD Networks

The condition of ‘sequence independence’ between the signal pin and the power supply voltage state
must be true for both the OCD and the ESD network. From a latchup perspective, a forward bias
condition of the ESD networks can initiate latchup; therefore, the class of input signal sequence-
independent ESD networks that prevent forward biasing helps reduce the risk of latchup.
The concept used in the sequence-independent OCD can be applied to ESD networks. A
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sequence-independent ESD circuit can eliminate continuous forward bias injection into the substrate.
In addition, ESD networks that allow the circuit to ‘decouple’ the circuit from the Vpp power supply
during power-up operation or power-down will also prevent injection into the semiconductor chip
substrate [18,19]. Figure 7.13 shows an ESD network that uses an n-well bias control switch. For an
n-well bias control switch, when a signal pad is low, the ‘switch’ is turned on, allowing biasing of the
n-well to the Vpp power supply. When the signal pad is ‘high’, the ‘switch’ is turned off, decoupling
the n-well from the state of the power supply voltage [18, 19]. Hence, a latchup circuit design
practice is as follows:

e use of an ‘n-well bias control network’ within a ESD network;

e using an n-well bias control network allows for the ESD network to ‘decouple’ from the power
supply voltage and avoid continuous dc current flow and injection into the p— substrate.

7.5 POWER SUPPLY CONCEPTS

Chip design architecture also plays a role in latchup prevention. In latchup, the semiconductor chip can
not latchup given that (1) the bipolar transistors do not become forward active, (2) the circuit does not
reach the knee voltage (e.g. trigger voltage), or (3) the load line of the circuit cannot support the
holding voltage or the holding current condition. In this discussion, it is inherent that the power supply
voltage and the relationship of the circuit to the power supply influence all of the above conditions. The
interrelation between the circuit subfunction and the power rails can influence latchup.



376 CMOS LATCHUP - CIRCUITS

DDH DDL

Control circuit

Current-limiting Current-limiting
resistor resistor
h 4 h 4
High-voltage Low-voltage
circuit block circuit block

!

Figure 7.14 Power supply current-limiting resistor element.

7.5.1 Power Supply Current Limit — Series Resistor

A latchup circuit design concept to avoid failure of semiconductor chips is to provide a circuit element
in the power grid that limits the current flow to the circuitry. The first method is to place a resistor
element between the power supply rail and the entire circuit set (Figure 7.14). This method is not a very
elegant solution but is suitable for semiconductor chips that do not draw significant current into the
functional circuit block. As the chip is in functional operation, the series introduces a small voltage
drop during semiconductor chip operation. To avoid destruction of the system, the semiconductor chip
and the internal metal power bus of the semiconductor chip, adding a resistance can introduce an /R
drop at high current levels. The size of the resistance can be estimated by (1) allowable current through
the chip without thermal failure and (2) an allowed current that is less than the holding current.

7.5.2 Power Supply Current Limit — Current Source

The second solution is the usage of a current source within a semiconductor chip (Figure 7.15). Using a
current source, the amount of allowed current through the chip can be maintained as a circuit within the
network attempts to undergo latchup. The choice of the current source can be chosen so that the
allowed current magnitude is below Iy of the circuits within the subfunction or chip. Examples of the
current source can be a bipolar or a CMOS current mirror.

To avoid system-level latchup issues, integration of ‘on-chip’ or ‘off-chip’ latchup prevention
networks also exists, which provides this current-limiting function. The role of the current-limiting
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Figure 7.15 Power supply current-limiting current source.

device is to sense the ‘event’ according to a preset ‘threshold’ level. The current-limiting network
detects an increase in the current during an SEL event above the preset threshold level. When the
current exceeds this threshold level, a ‘shutdown’ is initiated of the chip that is undergoing latchup. The
‘shutdown’ remains in a shutdown mode for a preset time interval. After a preset time, the chip supply
voltage returns to its initial state. In ESD events, ESD circuitry is initiated by external ESD event itself
(e.g. RC-triggered ESD power clamps); analogously, internal single events that can lead to SEL can be
used to sense the current increase on the power rails, and latchup prevention networks can be initiated
to ‘shut down’ the event, and then restore the chip to its initial state. A key difference between ESD
event prevention networks and latchup prevention networks is ‘powered’ versus ‘unpowered’
condtions. A latchup circuit design practice is as follows:

e Introduction of a latchup prevention network to provide current limitation based on a preset
magnitude.

e The current-limiting preset magnitude is set based on known system-level transients, space
environment or known device sensitivity.

e Providing a current-limiting network to the device.

e Detection of system-level or single events from detection of current level increase.
e Providing a means of ‘shutdown’ of the chip undergoing latchup.

e Setting a preset time for ‘shutdown’ during the latchup event.

e Resetting the chip power after recovery from the transient event to the original power state.
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7.5.3 Power Supply Solutions — Voltage Regulator

Another method of controlling the voltage levels within a chip is the usage of a voltage regulator.
Figure 7.16 shows an example of a regulator network. In many applications, the voltage regulator is
placed between the external power rail and an internal power rail. Voltage regulators control the power
supply internal to the chip from external noise and perturbations from outside sources.

A CMOS latchup circuit design practice is as follows:

e A current-limiting element or network is placed between the power supply and the circuit functional
block wherein the element is chosen to guarantee the limiting of the power in the circuit.

e A current-limiting element or network is placed between the power supply and the circuit functional
block wherein the element is chosen to guarantee the limiting of the current in the circuit such that it
less than the holding current.

e A regulator is placed between the external power rail and the internal power rail to avoid
overvoltage of the core circuitry.

7.5.4 Latchup Circuit Solutions — Power Supply Decoupling

Latchup is a concern in both internal circuits and peripheral circuitry. Latchup may also occur as a
result of interaction between the ESD device, the I/O off-chip driver and adjacent circuitry initiated in
the substrate from overshoot and undershoot phenomena. These may be generated by CMOS OCD
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circuitry, receiver networks and ESD devices. In order for latchup to occur, the anode of the pnpn
structure must be electrically connected to a power supply source (such as the Vpp power supply) and
the cathode of the pnpn structure must be electrically connected to a low potential (such as the Vsg
power supply). Hence, a latchup design discipline is the decoupling of the parasitic pnpn structure from
the power supply voltages; this is achieved by the decoupling of the CMOS inverter circuits from the
power supplies during overshoot and undershoot phenomena [21].

In CMOS I/O circuitry, undershoot and overshoot may lead to injection in the substrate. Hence, both
a p-channel MOSFET and an n-channel MOSFET may lead to substrate injection. Simultaneous
switching of circuitry, where overshoot or undershoot injection occurs, leads to injection into the
substrate, which leads to both noise injection and latchup conditions. An interesting case study is the
design methodology of the interaction of ‘activated’ and ‘unactivated’ elements in a gate array
environment. In a gate array environment, a ‘sea of gates’ philosophy allows customization and
personalization of circuit elements at a metallization level, where the silicon regions are predefined.
Unused n-diffusion regions are grounded (e.g. Vss power supply) and unused p-diffusion regions are
connected to the high power supply (e.g. Vpp power supply). As the substrate voltage potential rises
relative to the n-diffusion, all the n-diffusion elements of the gate arrays will tend toward the forward
active state. As the substrate voltage potential lowers, the unused p-diffusion elements, the n-well and
the substrate may activate the vertical pnp. This may occur as a result of minority carrier injection in
wells and substrate regions.

In gate array design, latchup can occur from external latchup injection. An additional issue is the
propagation of the CMOS latchup process. As an initial source injects electrons into the substrate, the
first circuit element may latchup. The latchup of the first circuit leads to the turn-on of a pnp parasitic
element, leading to more injection into the substrate. Hence, a circuit solution of detachment of the
rails from a vulnerable pnpn parasitic structure is a viable solution to ‘truncate the latchup propagation’
through the semiconductor chip and array region [21]. In this case, the methodology may be addressed
by certain functional blocks instead of spatial dependence. Hence, the methodology of detachment and
connection to the latchup control networks may be according to the circuit type as well as physical
localness (placement) to the injection source.

A latchup circuit design practice to eliminate latchup is the electrical decoupling of the power
supplies during transient events. A latchup decoupling network consists of a latchup control isolation
network electrically coupled to the substrate. In an ASIC environment, the latchup control isolation
network purpose is to electrically isolates the ‘sea of gates’ (e.g. CMOS logic circuits) from the power
rail. Figure 7.17 shows a latchup control isolation network integrated into a sea of gates environment.
The circuit consists of the following [21]:

e A p-channel MOSFET array whose source is in series with a p-channel MOSFET ‘switch’ between
the p-channel MOSFET array and the Vpp power supply.

e An n-channel MOSFET array whose source is in series with an n-channel MOSFET ‘switch’
between the n-channel MOSFET array and the Vsg power supply.

e The gate of the p-channel MOSFET ‘switch’ is electrically connected to the output of an inverter
circuit, where the inverter circuit input is electrically connected to the n-well contact.

e The gate of the n-channel MOSFET ‘switch’ is electrically connected to output of an inverter
circuit, where the inverter circuit input is electrically connected to the p-well (or p— substrate)
contact.

In this circuit, perturbations to the well or substrate voltage potential are sensed by well and substrate
contacts. This perturbation signal is then sensed on inverter circuit. When a perturbation signal is
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Figure 7.17 CMOS latchup power supply decoupling network.

undesirable, leading to a latchup event, the ‘switches’ isolate the p-channel (or n-channel) transistor
from its respective power supply rails.

Another implementation of this concept can utilize an ‘active clamp’ network [21] (Figure 7.18).
Instead of inverter networks, active clamp networks generally have the advantage of being able to
respond at excursions outside of the normal voltage operational regime. While diode-based
implementations respond to excursions greater than or equal to Vpp + Ve, (e.g. Vi being the
forward bias voltage of a MOSFET junction), active clamp networks may respond to excursions
greater than or equal to the Vpp power supply voltage. Additionally, active clamp networks may also
respond to voltage excursions below Vgg, instead of below Vss — Vi, (e.g. as in diode-based scheme).
An active clamp network is designed utilizing a reference control network. In this case, the active
clamp network is electrically coupled to the n-well and a second active clamp is electrically
connected to the p-well substrate contacts. As will be discussed in this chapter, an active clamp is
turned on for excursions outside of normal voltage range (e.g. undershoot where V* < Vgg and
overshoot where V* > Vpp).

In an active clamp network, a reference control network is used where the reference potential is set to
Vrn and a second reference control network is used whose reference potential is Vpp — Vrp; these
references may be established using a MOSFET whose gate is coupled to its own drain connection.

The network is established where the second NFET has its gate connected to reference Vr,. The
network is established where the second PFET has its gate connected to a reference Vpp — Vry; these
control elements sense the Vpp and Vg substrate local potentials. When the local substrate connection
potential or the local well connection potential extends outside of the normal voltage range, these
elements ‘turn on’. The ‘turn-on’ of these elements leads to the ‘turn-off’ of a transistor element
between the gate array diffusions and corresponding power supplies [21].
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A latchup discipline circuit solution is as follows:

e A latchup decoupling network is established that senses perturbations outside of the normal
operational range.

e The latchup network decouples the parasitic pnpn element from at least one power supply (e.g. Vpp
or Vgs) preventing CMOS latchup.

e The power supply decoupling networks can utilize inverter logic or active clamp networks that are
electrically connected to a local well or substrate contact.

7.6 LATCHUP CIRCUIT SOLUTIONS - POWER SUPPLY
TO POWER SUPPLY SEQUENCING CIRCUITRY

Latchup can occur as a result of the power supply sequencing of the different power supplies. In many
semiconductor chips, the peripheral power rail is isolated from the internal power rail. For mixed voltage
applications, the exterior power rail is at a higher voltage level to interface with chips from a prior
technology generation. As a result, in many applications, two power supply voltages are within a single
chip. In the case of a chip with an external peripheral and an internal core power rail, the capacitance of
the internal power rail is significantly larger due to the number of circuits associated with the core chip
(e.g. memory chips). As a result, the rate at which the exterior power rail and internal power rails charge is
different in power-up and power-down; this can lead to forward bias states, as well as influence transient
latchup. In the case where ESD circuits exist between the two power rails, such as series diode elements,
these elements can forward bias leading to latchup when the rate of charging of the chip sectors is
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different. In this example, the ESD network can forward bias leading to CMOS latchup. In addition, these
networks can also lead to electrical overstress and metal failure during burn-in and other overvoltage
conditions. Two methods can be provided to prevent CMOS latchup in this scenario:

e sequence-independent ESD networks;

e power supply to power supply switch networks.

7.6.1 Power Supply to Power Supply Sequence-Independent
Networks

Figure 7.19 shows an example of a sequence-independent network used between the two power
supply rails [20]. Voldman developed two versions of this network: the first network provides
sequence independence between a signal pin and the power supply voltage, and the second version
provides sequence independence between two power supplies. In the second version, the network
contains a p-channel MOSFET contained in its own well, wherein the n-well is electrically connected
to the p-channel MOSFET drain. Contained within the n-well is a lateral pnp element. The well node
is self-biased leading to avoidance of forward biasing and latchup. This network prevents continuous
forward biasing of the p+/n-well metallurgical junction during power-up and power-down states.
When the p-channel MOSFET gate is ‘low’, the p-channel MOSFET is ‘on’, leading to the biasing
of the n-well region to the higher power supply voltage and preventing forward biasing of the
p-channel MOSFET junctions and the lateral pnp ESD element. When the MOSFET gate is ‘high’,
the p-channel MOSFET is ‘off’, leading the n-well junction to ‘float’. In this process, the power
supplies are ‘decoupled’ preventing continuous current flow between the two power supplies
providing ‘sequence independence between power supplies’.

VDDH I I VDDL

n-well decoupling
network

Lateral pnp

Switch circuit

Figure 7.19 Sequence-independent power supply to power supply network.
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A CMOS latchup circuit design practice is as follows:

e use of networks that allow electrical decoupling to at least one power supply for the prevention of
forward bias states between power supply rails;

e using an n-well bias control network allows to ‘decouple’ from the power supply voltage and avoid
continuous dc current flow and injection between two power supplies.

7.6.2 Power Supply to Power Supply Control Circuits (Lin et al.)

Another control network methodology to prevent latchup between power supplies was developed by
Lin et al. [22]. The latchup prevention network contained a ‘control’ circuit and a ‘switch’ circuit.
The control circuit is electrically connected between the two power rails. Conceptually, the control
network inputs are the two power supply voltage states. A control network detects a voltage difference
between the first and the second power rail. The output of the control network produces two output
signals that are connected to the ‘switch network’. The ‘switch circuit’ senses the relative voltage.
When the relative voltage is greater than a given preestablished value, the switch circuit (in response
to the first control signal output) electrically connects the first power rail; when the relative voltage
is smaller than the first preestablished value, the switch electrically disconnects the first power rail.
Figure 7.20 shows a high-level diagram of the network.
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Figure 7.20 Power supply to power supply network sequence network (higher level diagram).
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Figure 7.21 shows one of the networks proposed by Lin et al. [22]. In the control network there is a
voltage divider, formed from two resistors, electrically connected to the input of an inverter circuit. The
voltage divider is electrically connected between the higher power supply voltage and ground. When
the higher voltage rail Vppy voltage is established across the two resistors, the input signal to the
inverter leads the inverter to turn ‘on’. The output of the inverter is electrically connected to a
p-channel MOSFET ‘switch’ that electrically turns ‘on’ providing the electrical connectivity to the
Vbpu power rail. The output of the control inverter is also inverted by the second inverter control
circuit. When the first inverter input is ‘on’ the output is ‘low’. The first inverter ‘low’ output signal is
passed into the input of the second inverter control circuit element, which provides a ‘low’ output. This
signal is fed into the second p-channel MOSFET ‘switch’; this p-channel MOSFET ‘switch’ is ‘off’
electrically decoupling the Vpp power supply. The ‘switch network’ has two input states that are
complementary from the two control network inverters; the output of the ‘switch network’ guarantees
that only one of the power rails is electrically connected.

A CMOS latchup circuit design solution for sequencing is as follows:

e a control/switch network that provides electrical ‘decoupling’ from a power supply rail;

e a control/switch network that provides electrical ‘decoupling’ between two power supply rails;

e a control/switch network that prevents forward biasing independent of the states of the two power
rails [22].
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7.7 OVERSHOOT AND UNDERSHOOT CLAMP NETWORKS

Latchup events can be minimized with the utilization of a class of circuits that are used to minimize
electrical overshoot and undershoot [23-32]. Given undershoot and overshoot can be minimized,
forward biasing as well as substrate injection can be reduced.

Latchup occurs as a result of circuits that have the first node serving as an anode that is electrically
connected to a high power supply (e.g. Vpp), and the second circuit whose cathode is electri-
cally connected to a low power supply (e.g. Vss). A p-channel MOSFET (or any p-diffusion)
electrically connected to Vpp serves as an anode of the pnpn and an n-channel MOSFET (or any
n-diffusion) electrically connected to Vgg serves as the cathode of the pnpn. Hence, a key concept of
latchup is as follows:

o Circuits that have p-channel MOSFETS electrically connected to Vpp and an n-channel electrically
connected to Vgg are prone to latchup from overshoot events on Vpp and undershoot events on V.

While this may obvious, the complement case is less obvious. If these circuits are latchup prone, then
the inverse — are they latchup immune? or do they assist in lowering the latchup concern? There are
circuits whose p-channel MOSFETs (or p-diffusions are electrically connected to Vgg) and whose
n-channel MOSFETS (or n-diffusions) are electrically connected to Vpp. Examples of circuits that have
n-channel MOSFETs (or n-diffusions) electrically connected to Vpp are Vpp to Vss ESD RC-triggered
n-channel MOSFET power clamps, HSTL OCD (e.g. with an n-channel MOSFET pull-up transistor)
and an ‘active clamp’ network; these networks prevent overshoot phenomenon either through clamping
or through, parasitic bipolar turn-on. Hence, there are networks that provide ‘anti-overshoot’ and
‘anti-undershoot’ characteristics that assist in preventing latchup. Hence, a key concept of CMOS
latchup is as follows:

e Circuits that have p-channel MOSFETs electrically connected to Vgsg and/or an n-channel
electrically connected to Vpp are not prone to latchup from overshoot events on Vpp and
undershoot events on Vg and provide ‘anti-latchup’ characteristics.

Therefore, there are circuit families or classes that can assist in the latchup prevention. In the following
sections, we will learn about some interesting concepts, which provide ‘anti-overshoot’ and ‘anti-
undershoot’ characteristics.

7.7.1 Passive Clamp Networks

Latchup events can be minimized with the utilization of a class of circuits that are used to minimize
electrical overshoot and undershoot. This class of circuits are called ‘passive clamp networks’. ‘Passive’
clamping circuits are unable to effectively meet these opposing requirements for high-performance
applications. Passive clamping circuits have been used in both bipolar and CMOS high-performance
environments for 2- to 0.5-pum technology generations. These concepts were first utilized using bipolar
transistors in high-performance environments. In CMOS technology, passive clamp networks have
historically taken advantage of the parasitic bipolar transistors for overshoot and undershoot, directing the
current between the MOSFET source and drain. The advantage of passive clamps is that the current is
directed to the power rails instead of the injection into the substrate. Without active clamping, undershoot
current is directed into the substrate, which can lead to injection, as discussed in Chapter 3.

Figure 7.22 is an example of a passive clamp network. For example, n-channel and p-channel
MOSFET parasitic bipolar transistors were connected between the input and the power rails such that
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Figure 7.22 Passive clamp network.

the MOSFET devices remained ‘off’ and the MOSFET parasitic bipolar devices would turn ‘on’
during overshoot and undershoot conditions. By connecting the n-channel MOSFET to Vpp power
rail and the p-channel MOSFET to Vgg power rail, and disabling the MOSFET gate electrode, the
overshoot and undershoot of the signal pad would activate the parasitic bipolar transistors. In these
cases, the current will flow to the power grid Vpp and Vgg for overshoot and undershoot phenomena.
For negative undershoot, the MOSFET parasitic npn bipolar transistor must become forward active, at
Vee = 0.7V, and discharge the current to the Vpp power rail. For positive overshoot, the MOSFET
pnp bipolar transistor must become forward active, at Vgg = 0.7 V, and discharge the current to the
Vss power rail.

In this practice, there is an interesting feature to these circuits. Note that this ‘circuit feature’
of ‘sinking’ a negative undershoot to the Vpp power supply and a positive undershoot to the Vsg
power supply is the same ‘utility’ that a guard ring provides. For an n-well, guard ring serves as
a ‘sink’ for a negative undershoot to the Vpp power supply. For a p+ substrate, guard ring serves as a
‘sink” for a positive overshoot to the Vgs power supply. Hence, in essence, these passive MOSFET
networks serve as a well-controlled scalable ‘pseudo-guard ring’ circuit. But the advantage is that
these are scalable, self-enclosed designs, can be modeled and do not inject to the chip substrate. ESD
networks, such as diodes, were also used as passive undershoot and overshoot clamps at 0.7 V noise
levels. ESD diodes and MOSFET parasitic bipolar devices have served a useful role when the power
supply voltage Vpp was above 5 V.

The differences between the ESD diode networks and passive clamp networks are as follows:

e ESD diode networks inject current into the semiconductor chip substrate Vsg for negative polarity
events;

e passive clamps inject current into the Vpp power rails for negative polarity events;

e passive clamps inject current into the Vg power rails for positive polarity events;

e ESD networks are designed to ‘sink’ high current levels well above the functional application (e.g.
1-10 A current levels);

e passive clamp networks are designed to ‘sink’ overshoot and undershoot current levels (e.g.
10—-100 mA current levels).
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Passive clamps have a functional limitation as the power supply voltage is scaled. A ‘clamping
figure of merit’ is the ratio of the clamping voltage AV and power supply voltage Vpp:

A
FOM = l .
Vbp

In order to damp out ringing and noise, a constant ratio must be maintained as the native power supply
or peripheral supply voltage is scaled. A CMOS latchup circuit design practice is as follows:

e passive clamps are used to limit overshoot and undershoot on signal nodes;
e passive clamp networks ‘sink’ current to the power supply rails;

e passive clamp networks can ‘sink’ undershoot current to the Vpp power supply, serving as a pseudo-
‘guard ring’;

e passive clamp networks can ‘sink’ overshoot current to the Vgg power supply, serving as a pseudo-
‘guard ring’.

7.7.2 Active Clamp Networks

Latchup events can be minimized with the utilization of a class of circuits called ‘active clamp
networks’ [23-32]. Active clamp circuits are key to minimize electrical overshoot and undershoot,
minimize reflected signals and achieve performance objectives and reliability requirements in high-
performance circuits; these challenges include more significant challenge impedance matching
conditions, MOSFET gate dielectric reliability, MOSFET off-current levels, low power, latchup and
ESD protection. Active termination elements are of interest in the transfer of signals between receivers
and transmitters [23-32]. Active termination elements exist in peripheral circuits; in the high-
performance peripheral I/O environment, there are the receivers, OCDs, active clamp elements and
ESD networks. DeClue and Muller [23], Davidson and Lane [24], Slaughter [25], Kosson [26],
Petersen [27], Furman [28], Honningford [29], Voldman and Hui [30,31], and Mashak et al. [32]
addressed the issues of voltage clamping, overshoot and undershoot, reflections and performance
impacts.

In an ideal system, the input voltage switches instantaneously between the high-voltage state,
‘digital 1°, and the low-voltage state, ‘digital 0’, never exceeding the power supply and ground states
and zero transition time. In a real environment, the signal has a finite transition time, overshoots and
undershoots the power supply and ground voltages, oscillates and undergoes ringing. The ideal ‘clamp’
circuit eliminates ringing and noise such that the signal at the input remains at or near the two desired
voltage states and switches between those states in the minimum time. The ideal ‘clamp’ must drain or
supply current instantaneously to/from the network at the input to the circuit being clamped whenever
the voltage at the input exceeds or falls below the desired voltage state. In order to achieve this, the
clamping must have a low dynamic impedance (e.g. resistance) and a low reflection coefficient in the
vicinity of the upper and lower voltage corresponding to the two digital logic states. On the contrary, in
order to maximize switching speed between the two logic states, the impedance of the clamping circuit
and the reflection coefficient should be very high during switching for a brief time when the input
voltage is between the upper and lower digital voltages.

From a latchup circuit design practice, active clamps have significant benefits. Active clamp
networks improve latchup tolerance of peripheral circuits by shunting the overshoot and undershoot
signals to the power supply rails without forward biasing of the n- and p-channel MOSFET devices and
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Figure 7.23 CMOS active clamp network.

resistors in the peripheral circuits. Active clamp circuits also prevent electrical overstress (EOS) on the
MOSFET gate dielectric in receiver networks and driver networks; this is very important with the rapid
scaling of the MOSFET gate dielectric to avoid the electrical overstress.

Figure 7.23 shows an example of a CMOS active clamp circuit. In this circuit, an n-channel
MOSFET source is connected to the pad node and the drain is connected to Vpp power supply rail, and
a p-channel MOSFET source is connected to the pad node and MOSFET drain is connected to the Vsg
power supply rail. The n-channel MOSFET gate is biased using a reference control element at the
n-channel MOSFET threshold voltage Vr,. The p-channel MOSFET gate is biased using the second
reference control element at the voltage Vpp — Vry,, where Vry is the p-channel MOSFET threshold
voltage. These clamping transistors are serially connected between the input pad and the power rails.
The reference voltage is set so that when there is noise, ringing or undershoot event below the ground
potential, the n-channel clamp element turns on. In this case, the input node is rapidly damped to the
ground potential. Similarly, the p-channel reference circuit is set such that whenever there is an
excursion above the Vpp power supply, the p-channel MOSFET turns on and rapidly reduces the
voltage to the power supply voltage. The center reference transistor controls current flow through the
reference elements [30, 31].

Active clamps are ‘pseudo-zero V1’ networks in that they turn on at the power supply rails. As a
result, they ‘turn on’ at the power supply voltage rails. An ‘ideal’ active clamp would have no ‘on
resistance’ providing an ‘ideal switch’ characteristic, which is ‘off” for voltages between V = Vgg and
Vpp, and ‘on’ for all voltage excursions. Active clamp networks would also turn on prior to any ESD
circuit network. For example, a dual-diode ESD network turn-on occurs at V = —Vpg for undershoot
and V = Vpp + Vg for overshoots, whereas the active clamp network turns on at V.= 0 and V = Vpp.

Figure 7.24 shows the low-current /-V characteristic of a clamp network for a 1.8-V power supply
chip as a function of the input voltage V;,. When the input pad voltage is less than the Vgg potential, the
n-channel clamp element is ‘on’, and the current flows out of the clamping circuit. When the input
voltage Vi, is between Vg and Vpp, no current flows through the active clamp network. When the input
pad voltage Vi, exceeds the power supply voltage Vpp, the p-channel MOSFET clamp element is on
and the current flows in the opposite direction from the input pad through the p-channel MOSFET to
the Vsg power rail. Using a MOSFET control switch serially connected between the two reference
MOSFET circuits, the active clamp can be turned off by controlling the current through these two
MOSFET control references [30, 31]. Note that in Figure 7.24 the magnitude of the current level for
these elements is tens of milliamperes (e.g. on the order of overshoot and latchup events but well below
the level of ESD events).
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A figure of merit of a clamp circuit is the reflection coefficient. The reflection coefficient is defined
as the difference of the terminator (receiver) load Z; and the characteristic impedance of the
transmission line, Z,, over the sum of Z; and Z,,

L7
T+ 7y

For a perfect matched system, the reflection coefficient would be zero for V;, below the substrate
ground potential, unity for V;, equal to the substrate potential and the native power supply voltage Vpp,
and zero for V;, greater than the native power supply voltage Vpp. For a perfectly matched active clamp
network, the reflection coefficient should be —1 for Vi, < Vg, unity for Vgs < Vi, < Vpp and —1 for
Vin > Vpp. Figure 7.25 shows the reflection coefficient of the circuit as a function of the input voltage.
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Figure 7.25 Reflection coefficient of an active clamp network.
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For the condition where V;, < Vg, the reflection coefficient of the circuit is near ideal (e.g. I' = —1).
This corresponds to a low-impedance state and allows current to flow rapidly from the clamp circuit
(e.g. p-channel MOSFET) to the input node to prevent undershoot. For Vg < Vi, < Vpp, the reflection
coefficient is near unity [30, 31].

A latchup circuit design practice is as follows:

e Active clamp networks can be utilized to reduce undershoot and overshoot on signal pads at the
power supply rails prior to a forward biasing of any other circuit element.

e Active clamp networks can be used to ‘sink’ overshoot and undershoot voltage excursions outside
of the Vss to Vpp functional voltage range.

e Active clamp networks can be utilized to ‘sink’ overshoot and undershoot signal currents to the
power supply rails (e.g. 10-100 mA levels).

7.7.3 Dynamic Threshold Triple-Well Passive
and Active Clamp Networks

The third class of clamp networks that can be utilized in triple-well CMOS technology is the dynamic
threshold triple-well clamp networks. Triple-well CMOS technology has an advantage over twin-well
bulk CMOS in that the n-channel MOSFET substrate is not bound to the substrate potential. As a result,
the triple-well CMOS can construct symmetric circuits and apply dynamic threshold techniques. As a
result, active clamp networks can use complementary methods for the n-channel and p-channel
transistors to address positive and negative voltage and current excursions [31].

Dynamic threshold voltage MOSFETs provide a higher transconductance (gsa), @ higher drain
saturation current (/4,), a dynamic threshold voltage that can be used as a lower voltage triggering
device, a high I/l ratio and are scalable to sub-0.7 V power supply voltages. Figure 7.26 shows an
example of a dynamic threshold active clamp. This network will limit voltage excursions in triple-well
environments.

Figure 7.27 shows a modified version of the bulk CMOS active clamp network. In this case, the
bodies of the network are electrically coupled to the input. In the case of triple-well technology, this
leads to the current injection into the triple-well structures and not the chip substrate.

Vss

Pad

VD D

Figure 7.26 Dynamic threshold triple-well body- and gate-coupled ESD network.
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Figure 7.27 Dynamic threshold triple-well active clamp network.

A latchup circuit design discipline incorporates the following:

e Anti-overshoot and anti-undershoot networks can minimize system-level transients and reflections.

e Anti-overshoot and anti-undershoot prevent the forward biasing of semiconductor devices used in
semiconductor peripheral circuits.

e Active clamp networks provide a means of discharging the transient currents to the power rails and
avoid substrate and well minority carrier injection.

7.8 PASSIVE AND ACTIVE GUARD RINGS

Latchup and noise are initiated in the substrate from overshoot and undershoot phenomena. These can
be generated by CMOS OCD circuitry, receiver networks and ESD devices. Unfortunately, parasitic
pnpns are often unrecognized or anticipated.

Today, system-on-chip (SOC) solutions have been used for solving the mixed signal and RF
requirements. SOC applications have a wide range of power supply conditions, independent power
domains and circuit performance objectives. Different power domains are established between digital,
analog and RF functional blocks on an integrated chip. The integration of different circuits and system
functions into a common chip has also resulted in solutions for ensuring that noise from one portion or
circuit of the chip does not affect a different circuit within the chip [33—41]. With the chip integration
issues, the need for better guard rings and alternative guard ring solutions has had increased interest
[39-52]. In the mid-1990s, there was a focus in semiconductor chip design to achieve both noise
isolation and ESD protection. This was achieved by establishing isolated power rails, which were then
electrically reconnected with ESD solutions. Since 2000, there has been an increased focus on guard
ring solutions that achieve the following objectives:

e solutions that achieve noise isolation, latchup robustness and ESD results;

e solutions that do not inject current back into the power grid.

With the growth of interaction between digital, analog and RF domains, guard ring concepts have
increased in importance. In addition, with the growth of smart power technology, solutions are needed
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for avoidance of interaction of the high-voltage CMOS (HVCMOS) chip sectors and the low-voltage
sectors of a CMOS chip [39-59]. In smart power technology, the concern of latchup between
the LDMOS power devices and low-voltage CMOS has been a focal point for the development of
new guard ring concepts from 1990 to present day [39-59]. New guard ring solution for smart
power and BiCMOS applications were proposed by the following teams: Bafluer er al. [41, 43],
Peppiette [42], Winkler and Herzl [45], Gonnard and Charitat [46], Zhu et al. [47], Gonnard et al. [48],
Schenkel ef al. [49], Parthasarathy et al. [50, 51], Laine et al. [52], Khemka er al. [53], Horn [54],
Voldman et al. [55], Gupta et al. [56], Stella et al. [57], Singh and Voldman [58, 59], and Zhu et al.
[60]. In the next sections, examples of both the passive and active guard ring circuits and structures will
be shown.

7.8.1 Passive Guard Ring Circuits and Structures

Passive guard ring structures can be used in an SOC application by the utilization of process features.
Passive guard rings are valuable between digital, analog and RF domains to avoid latchup. In a
BiCMOS technology with trench technology, passive guard ring elements are as follows:

e n-well rings;

e subcollector rings;

e n-well ring and deep trench (DT) ring;

e plurality of n-well and DT rings;

e plurality of deep trench rings and high-dose buried layer (HDBL).

With the integration of trench structures and implants, p—/p++ substrates and HDBLs can be used to
influence the vertical and lateral transport between domains.

In smart power applications, technologies integrate bipolar, CMOS and DMOS devices
(e.g. referred to as BCD technology). In BCD smart power applications that integrated high-voltage
DMOS with low-voltage CMOS, passive guard ring solutions are utilized between the different power
domains. These solutions are as follows:

e DeMOS implant guard rings;

e LDMOS n-well and n-body guard rings;

e LDMOS n-buried layer (e.g. n-tub) guard rings;
e p— epitaxy/p-+-+ substrate wafers;

e heavily doped buried layer implants below the LDMOS n-tub regions.

7.8.2 Active Guard Ring Circuits and Structures

One of the problems with diffused junction ‘passive guard rings’ is that in order for the metallurgical
junction based guard rings to improve CMOS latchup, current enters the semiconductor chip power
grid. The guard ring improves the latchup tolerance; however, the overshoot noise that can initiate the
latchup is injected into the Vg ground rail (through the vertical pnp), and possibly spreads to other
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circuits. Solutions for improving latchup tolerance have been used; however, these circuits introduce
noise into the power rails (e.g. Vpp or Vss). In digital, analog and RF chip applications, a circuit
solution that improves latchup tolerance and at the same time limits the amount of the current injection
or noise introduced into the power rails is valuable to achieve both CMOS latchup objectives and noise
objectives.

In HVCMOS technology, a concern is the interaction of the LDMOS transistors and the adjacent
low-voltage CMOS circuitry [39, 40]. In HVCMOS, inductive ‘load dumps’ initiate injection of
minority carriers in the chip substrate. As a result of the physical size of the HVCMOS LDMOS
devices, as well as the magnitude of the current injection, it is critical not to disturb the other chip
functions on the smart power chips.

Different ‘active’ guard ring circuit concepts have been introduced for latchup improvement
[41-52, 56-60]. In ‘active’ guard rings, the objective is not only to collect minority carriers, but to
actively compensate the effect as well. The latchup circuit design discipline includes the following
concepts:

e Electrically collecting minority carriers at a metallurgical junction that is electrically connected to
the chip substrate to alter the substrate potential.

e Electrically collecting minority carriers at a metallurgical junction that is electrically connected to
the chip substrate to alter the substrate potential, with the objective of reducing forward bias of the
injection structure.

e Electrically collecting minority carriers at a metallurgical junction that is electrically connected to
the chip substrate to alter the substrate potential, with the objective of introducing a lateral electrical
field assist to reduce the lateral bipolar current gain.

e Electrically sensing the substrate potential drop and inverting the polarity of the potential drop using

inverting amplifier networks.

Figure 7.28 is an example of an active guard ring. Typically, in a passive guard ring concept, a p+
substrate contact is electrically connected to a Vsg power rail and an n-well ring is electrically
connected to a Vpp power rail. But in an active guard ring, an n-well region is not electrically

Injection circuit Active Guard ring Latchup sensitive circuitry

n+ p+

n-well
n-tub

7 E(y)
+ —_—), -
Latchup current discharge @ @ «— 0O

to chip substrate S}

L—y p—substrate

Figure 7.28 Active guard ring with n-well junction electrically connected to a p+ substrate contact to establish
lateral opposing electric field.
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connected to a power rail. In an active guard ring, the n-well structure collects the minority carrier
electrons in its metallurgical junction formed with the p— substrate region. The n-well ring is
electrically connected to a ‘soft grounded” p+ substrate contact. When the minority carrier electrons
traverse the metallurgical junction, the electrical potential of the n-well region is reduced (e.g. denoted
in the figure as AV). By electrically connecting the n-well to the p+ substrate contact, the electrical
potential of the substrate is also lowered by the same potential magnitude. In this case, the electrical
potential of the region is lowered. The lowering of the substrate potential can be utilized by two means.
First, given the p+ diffusion is near a forward biased structure (e.g. an injecting structure), the
reduction of the potential can lower the forward bias state, turning off the injection process. Second,
given another p+ substrate contact, a lateral electric field can be established that inhibits the flow of
minority carriers. Given a parasitic npn bipolar transistor is formed between the injection source and a
collecting victim circuit, if the lateral electrical field opposes the current transport, the lateral npn
bipolar current gain is reduced. From Chapter 2, the derivation of ‘electric field assist’ gives the
transport solution, wherein the electric field reduces the lateral bipolar current gain. In this
methodology, the placement of the p+ region can be on the injection side or collection side of the
n-well region. Gupta et al. [56] added an additional p++ substrate diffusion inside of the n-well ring/
p+ substrate contact to establish a well-defined lateral electric field where a p+ region is flanking both
sides of the n-well ring, with the outer p+ substrate contact electrically connected to the n-well ring. In
the second implementation of Gupta et al. [56], two p+ diffusions are placed within the n-well ring,
forming three p+ substrate rings and a single n-well ring. In this case, the two ‘floating’ p+ diffusions
flanking the n-well are electrically connected to the n-well and the third p+ diffusion is shorted to a
power rail Vss.

Various implementations of guard rings are utilized, where a plurality of p+ substrate contacts
and n-wells are integrated, mixing both the active and passive concepts, where some of the wells are
‘floating’ and some electrically connected to the power supplies. In these implementations, a
plurality of trench structures can also be added to reduce the lateral bipolar current gain. In all cases,
as the number of additional guard rings is increased, as well as the effective base width, the bipolar
current gain decreases. In the work of Gupta et al., it was shown that without a guard ring, the lateral
bipolar current gain decreased from 2 x 10? to 1 x 107! as the base width increased from 20 to
500 pm; with an unbiased guard ring, a bipolar current gain of 5 x 1073 was achieved at a spacing of
20 um [56]. The measurement of Gupta er al. demonstrates that greater than a three order of
magnitude of improvement was achieved with the active guard ring concept.

The concept of the active guard ring can also be integrated with passive guard ring solutions.
Figure 7.29 shows the structure of Figure 7.28 with an additional n-well region. Electrons that bypass
the active guard rings can be collected by the second n-well structure.

In order to improve the guard ring efficiency, additional solutions can be added to prevent
the migration of injected carriers. Gupta et al. [56] and Stella et al. [57] added additional
implant structures to the active guard ring concept to enhance the guard ring depth, as well as
restrict the minority carriers’ vertical transport [56, 57]. Figure 7.30 shows a guard ring concept that
includes the n-well and an n-doped buried layer underneath the n-well to deepen the guard
ring surface area. The n-doped buried layer can be a subcollector, an HDBL implant, or an
LDMOS n-tub or deep n-well implant. In addition, a p—/p++ substrate wafer is used to restrict the
vertical trajectory of the minority carrier. Hence, the following concepts are introduced in this
implementation:

e n-buried layer under the n-well to provide an increase in the guard ring collection area;

e an n-well/n++ buried layer region electrically connected to a p++ substrate contact to modulate
the substrate potential and induce an opposing lateral electric field;
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Figure 7.29 Active guard ring with n-well junction electrically connected to a p+ substrate contact to establish
lateral opposing electric field and passive n-well guard ring.

e alow-high (L-H) p—/p++ step junction to induce a vertical electric field to (a) decrease transport
deep under the guard ring structure and (b) increase the current density in the region between the
p— epitaxial region.

The first concept increases the guard ring efficiency with the deeper guard ring structure. The second
concept provides a means of lowering the lateral transport with the introduction of the lateral electrical
field. Third, the p—/p++- step junction reflecting boundary redirects the minority carrier toward the guard
ring structure for collection. Fourth, the combination of the p—/p++ step junction and the guard ring
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structure
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Figure 7.30 Active guard ring with n-well, a n+ buried layer and a passive guard ring on a p—/p+- substrate
wafer.
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region restricts the carrier flow in the epitaxial region. At high currents, this lowers the parasitic bipolar
current gain as well. Stella ez al. noted that in this structure, due to the p—/p++ reflecting barrier and
collection by the active guard ring, the characteristic decay length L4 can be defined as [57]

1

)
(&) ()
L, 2T,
where L, is the diffusion length and T}, is the epitaxial thickness between the n-well guard ring and the
p—/p++ interface.

Another approach is the active compensation through inversion of the signal to nullify its effect. A
circuit solution to address both noise and CMOS latchup is the usage of ‘active guard rings’. Winkler
and Herzl introduced this concept to eliminate noise in mixed signal chips [45]. An active guard ring
circuit is a circuit that senses an undershoot phenomenon in the chip substrate. The concept of the
‘active guard ring’ is to sense the negative change in the substrate potential; this negative signal is fed
as an input into an inverting amplifier. The output of the inverting amplifier is then electrically
connected to the substrate. In this fashion, the negative polarity undershoot voltage is inverted and
amplified, whose signal is then reinjected into the same electrical region to nullify the undershoot
voltage transient state [45, 58, 59].

Figure 7.31 shows the p+ noise suppression element electrically connected to the input of a
differential amplifier. Two resistors are formed across the differential amplifier between the input and
output of an amplifier, where the resistors use the silicon substrate itself. In addition, an active noise
suppression circuit is also added with an input connected to p-region and an output connected to
substrate contact. In the differential amplifier, one input is electrically connected to the p+ noise
suppression element and the second input is at electrically connected to ground [58, 59].

Figure 7.32 shows an example of a capacitance-coupled implementation with ESD protection
[58,59]. In this case, the differential input is coupled to the p+ guard ring through a capacitor. An RC
network is formed on the differential input node. In addition, the differential amplifier output is
electrically connected to the resistor feedback network through a capacitor on the output node, forming
an RC network on the output node.

In the presence of multiple ‘victim’ circuits, there is a plurality of potential circuits that may be
influenced by a single injection source. In the case of multiple collection regions, the parasitic bipolar npn
transistor formed between the injector source and the victim circuit is a function of the victim circuit
‘collector’ area and relative distance to the injection source (e.g. effective base width). Each circuit will
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Figure 7.31 Active guard ring noise and latchup suppression network.
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Figure 7.32 Active guard ring noise and latchup suppression circuit with ESD network.

see a different level of current injection; hence, the level of active compensation will be different for each
circuit. Compensation-based active guard ring structures can increase in sophistication with additional
analog function circuits to provide the circuit compensation techniques [54]. Additionally, a key case of
interest is that of large injection structures near large collecting structures. In this case, when the space
between the injector and the collector is small, the distribution of the currents over the areas must address
the spatial distances between points in the injector and the collector.

In the compensating active guard ring concept, the compensation current can be evaluated with the
evaluation of segments of the ‘collecting structures’. Compensating active guard rings are of interest
for the case of large injecting sources and large collecting regions where the spacing between the two
regions is small. There are many examples of these situations. A first example is the case of Huh et al.,
as discussed in this chapter, where the injecting source was large /O MOSFET OCD and the collecting
structure was the n-well of decoupling capacitor network. In smart power, the injection from a DMOS
injection transistor to the second adjacent collecting structure at close proximity can be estimated as a
one-dimensional transport that has an exponential decay characteristic spatially. Horn expressed the
injection in the form as follows [54]:

10 = [ [l ew(-kx)
Ac

where Ig is the current collected at the ‘collector’, Ac is the collector area, and k; and k, are
coefficients. The first coefficient k; is proportional to the injection current and diffusion properties, and
the second coefficient k, is proportional to the inverse of the diffusion length in the x direction [54].

This development was generalized in two dimensions, within the plane of the wafer. In the x and y
dimensions, the equation is defined as

Is(x,y) = // ki exp{—kpx — ksy}dxdy,
A

C
Is(x,y) = / / kre” k) dady.
Ac
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Given the collection region is a rectangle in the x and y-dimensions, the derivation can be expressed as
the integration over the x and the y directions as follows:

Y2 x2
IS = // kle_(’””k”)dxdy.

Y1 X
Placing the derivation in another form, there exists x = x,, and y = y,, where

¥2 x2 X ;
L ya)dx [ f (x, ¥)dy

/ / £(x,y)dxdy = J o)

ylxl1

Horn defined the following terms [54], where the first term is the current along the dimension y = y»,
by taking the integral of the collection over the x dimension,

x2
In = f(x7y2)dx
/

and the second current is the integral along x = x,, integrating over the y dimension,
y2
IB = /f(x27y)dy7
vl

and the current at the point x = x, and y =y, is
Ic = f(x2,y2).

In this form, the minority current collected can be expressed as

Y2 x
Is = // kle*(kzﬁrks)’)dxdy

yi X1

Ialg
=

Hence, an active compensation current can be evaluated from the terms I, /g and Ic. As shown
by Horn [54], this method can be modified by using a strip in the x direction from x3 to x4
(e.g. x3 < x < x4) and a second strip in the y direction, y3 to y4 (e.g. y3 <y < y4). It can be show
that

Y2 x2

/ f(x,y)dxdy = { T ’

i J [ £(x.y)dady

Y3 X3

? dy xf (x, yn)dx} { 74 dx ?f(xn7y)dy}
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Figure 7.33 Compensation-based active guard ring with analog multiplier—divider network.

where we redefine the three currents for the compensation current for the active guard ring according to
the following relationships:

4 x2
Ir = / / f(x,y)dxdy,
¥3 xl
y2 xé.l
= [ [ sy
ylx3
and
v4 x4
te= [ [ sy,
y3x3
where
¥2 x2
1A
[ [ rxeasay =52
c
ylx1

Figure 7.33 shows an example of a compensation-based active guard ring concept that introduces a
multiplier—divider network. Each victim circuit is compensated based on its injection current. In the
figure, the three currents /5, Iy and Ic are shown.

A latchup circuit design practice is as follows:

e Passive guard rings are used to provide a means of collecting minority carrier current to the power
supply rails.
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e Passive guard rings can be used to lower the parasitic bipolar transistor current gain formed in the
parasitic transistors between an injection source and a collection region.

e Active guard rings provide a means of collecting minority carriers and not injecting the current into
the power supply rail, and reestablish the substrate potential.

e Active guard rings provide a means of introducing lateral electric fields to minimize transport
between an injection source and a collecting region.

e Compensating active guard rings can process the injection signal and provide a means to neutralize
the injection to reestablish the substrate potential.

7.9 TRIPLE-WELL NOISE AND LATCHUP SUPPRESSION
STRUCTURES

Other methods to avoid noise and latchup interaction in circuits exist in triple-well technology and
BiCMOS technology. Physical structures such as triple-well implants and high-dose buried layers
can improve the latchup immunity of digital devices while providing isolation structures that
provide noise isolation for both the digital and analog devices. HDBL or subcollector implants
can be used to isolate physical chip sectors. These can be integrated with arrays of deep trench
structures; an array of deep isolation trenches provides increased isolation between devices
where needed.

7.10 SYSTEM-LEVEL ISSUES

Latchup can occur within systems leading to system-level failure. Latchup issues can occur in laptops,

servers, personal computers, cell phones, handheld electronics to power systems. System-level latchup

problems can occur as a result of the following interactions:

e improper power sequencing of system-level connections;

e system-level noise;

e transient systems;

e cable discharge events;

e board-to-chip capacitive coupling leading to overshoot and undershoot events on the semiconductor
chip;

e semiconductor chips with low latchup immunity;

e improper assembly leading to reverse pin voltages (e.g. reverse polarity on electrical pin);

e improper installation of battery (e.g. reverse polarity of battery);

e poor grounding of ground supply;

e inductive load dumps;

e board-level inductance mismatch in a multiple-component system;

e bond-wire (wire-bond) mismatch in a multiple-component parallel system;
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e bond-wire (wire-bond) bond breakage;

e nonuniform thermal shunting of power.
Solutions for system-level CMOS latchup can include the following:

e board-level diode anti-overshoot clamps;

e board-level diode anti-undershoot clamps;

e board-level active clamp networks;

e board-level spark gaps;

e voltage suppression cable elements (e.g. cables whose resistance increase at high current);
e cabling with discharge connectors (e.g. BNC connectors with shorting means);

e system-level ‘touch pad’ to discharge cables and personnel;

e Board-level transient voltage suppression devices (e.g. polymer voltage suppression shunt elements);
e sockets that prevent battery reversal;

e sockets that prevent negative polarity reversal;

e latchup robust semiconductor products;

e latchup-proof switches (e.g. SOI technology) [61];

e fault-protected switches [61];

e channel protector clamps [61].

7.11 SUMMARY AND CLOSING COMMENTS

This chapter focused on CMOS latchup and circuits, from circuit problems to circuit solutions. Today,
there are hundreds of patent inventions in the area of circuits for latchup. In this chapter, the objective
was to provide a small sample of the circuit art that exists today.

In the next chapter, latchup design rule and design integration are addressed. Chapter 8 will focus
on latchup design rule checking (DRC) methodologies, graph model theory methods, parasitic
extraction as well as verification CAD tools on a local and on a global perspective.

PROBLEMS

1. In an integrated circuit, subfunctions necessary to construct a microprocessor design include I/O
books, on-chip cache SRAM memory, core logic, PLL and DLL circuits. In addition, decoupling
capacitors are used in between chip sectors. List the possible layout combinations that can occur.

2. In an integrated circuit, subfunctions necessary to construct a microprocessor design include I/O
books, on-chip cache SRAM memory, core logic, PLL and DLL circuits. In addition, decoupling
capacitors are used in between chip sectors. List the possible power rail to power rail combinations
that can occur, which may lead to a CMOS latchup concern.
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In a mixed signal chip, there are digital, analog and RF chip sectors. In the analog chip sector, the
circuits may contain bipolar, CMOS or BiCMOS circuits. In the RF chip sector, npn bipolar
transistors exist. What are the possible interactions between the chip sectors? What are the possible
pnpn structures that can be formed?

In ‘complementary bipolar’, there are both pnp transistors and npn transistors in a common
process. What are possible parasitics when the pnp and npn transistors interact that can lead to
latchup? Given complementary BICMOS, what are the possible parasitics formed between the pnp,
the npn and the CMOS logic circuitry?

In a triple-well technology, what are the potential chip function interactions? Is triple well better or
worse than dual-well CMOS for subfunction to subfunction latchup interactions?

Given a chip where there is a large digital chip sector, a smaller analog sector and very small RF
sector, assume each is on a separate power supply. Assume the digital and analog sectors have the
same Vpp voltage levels but different power rails, and assume that the RF sector is at a higher V¢
voltage. Assume the capacitance of each chip sector is proportional to its chip area. How would
you sequence the semiconductor chip? Develop a circuit using circuit comparators and switches
for the three power rail systems. Provide a solution extending the patent of Lin et al. [22].

Using a p-channel MOSFET well bias network, show the states of the input relative to the Vpp
power supply. Using a p-channel MOSFET well bias network, show each state when used between
two power supply rails.

An insulated gate bipolar transistor (IGBT) device is constructed on a p+ substrate. The structure
consists of an enclosed n+ MOSFET drain, within a MOSFET polysilicon gate structure. The n+
doped MOSFET drain is in a p-body region. The p-body region is contained within an n-region
serving as the MOSFET source. The MOSFET gate structure overlaps the p-body and n-region
providing a MOSFET lateral channel within the p-body. The n-source region is on a p+ substrate
region. A vertical bipolar pnp is formed between the p+ source and the p-body region, and the
n-region serves as the vertical bipolar pnp base region. The n-channel MOSFET serves as a switch
and base current drive to the vertical pnp structure. Assume a load in series with the vertical pnp
transistor. Draw the vertical cross section of the device and the circuit schematic. Show the
existence of the vertical parasitic npn transistor and the parasitic pnpn device.

Assume N parallel IGBT devices are electrically connected in parallel through wire bonds. Show
how a wire-bond breakage can lead to nonuniform current distribution within a system. Assume N
IGBT devices in parallel, electrically connected to an inductor. Assume that the inductance of each
inductor is not identical. Show how this leads to nonuniform current distribution and latchup (Hint:
DV = (Li - L/)dl/dl)
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8 Latchup Computer Aided
Design (CAD) Methods

8.1 LATCHUP CAD RULES

Since the discovery of latchup, with the introduction of CMOS as a commercial mainstream
technology, it has been a latchup discipline to attempt to develop a set of design rules that can prevent
latchup in a technology for any product built within that given technology [1]. In the early days of
development of CMOS technology, there were no latchup CAD methods [2—4]. As technology evolved
and semiconductor design tools became more advanced, the development of a checking and
verification tool that can prevent both ESD and latchup in all products became the objective.

Today, with the migration of mixed voltage interface chips, mixed signal (MS) CMOS, system-on-
chip (SOC) and network-on-chip (NOC) the applications are rapidly evolving that require more latchup
rules and verification methods. SOC applications include high-voltage CMOS (HVCMOS), smart
power chip sectors adjacent to analog function and CMOS digital logic; these chip functions can
include digital-to-analog converters (DAC), analog-to-digital converters (ADC), band gap reference
circuits, oscillators, voltage regulators, interface networks, charge pumps, digital logic, digital filters
and power management supervisors. With the wide variety of applications within a given chip, new
latchup rules are needed.

Additionally, with technology scaling, the differential voltage between the power, analog and digital
domains voltage increase. The reason for the larger voltage gap (the differential voltage between any
two power domains) is that HV applications do not scale, whereas low-voltage CMOS levels continue
to scale. Additionally, the scaling of the size of the physical elements in the power domains, analog and
digital CMOS circuits do not follow the same scaling parameters. For example, digital CMOS scales as
MOSFET constant electric field scaling theory, with a continued scaling of MOSFET channel length
and width. Smart power electronics scale the length of the LDMOS device for reduced on-resistance,
Ron, but do not scale in width. Hence, for external latchup issues, although the LDMOS power devices
are ‘injector sources’ and the digital CMOS are the ‘victim’ circuits, the injector-to-victim area ratio is
increasing (simplistically, the injectors are getting larger as the victim circuits are getting more
sensitive). Hence, external latchup issues will increase.

Latchup Steven H. Voldman
© 2007 John Wiley & Sons, Ltd
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This is a continuous challenge for CMOS latchup ground rule development. As the number of
power domains and circuit types increases, the latchup rules must keep pace with the application space
and scaling to avoid latchup.

8.1.1 Fundamental Latchup Design Rules

In defining a semiconductor technology, latchup design rules are used to prevent product failure.
Design rules come in different forms of guidelines, recommended rules and required rules [2—4].
Design rule checking (DRC) and verification can consist of both physical spaces and electrical
characteristics. DRC CAD methods typically evaluate only geometric spacings. There also exist
checking methods that evaluate both the electrical conditions and the geometric spaces. For latchup,
there are fundamental rules established in most semiconductor corporations. These latchup rules are
universal and associated with the fundamental equations of latchup physics.

8.1.2 Local Latchup Rules

In latchup, the physical dimensions associated with the parasitic pnpn network are checked and
verified. Fundamental design rule checks include the following (Figure 8.1).

Minimum p+ to n-well space: The physical space between the p+ diffusion and the n-well edge is
set to some minimum value based on the desired p+/n+ minimum rule.

Minimum n+ to n-well space: The physical space between the n+ diffusion and the n-well edge is
set to some minimum value based on the desired p+/n+ minimum rule.

Maximum n-well resistance requirement: The maximum n-well resistance is established based on
the maximum allowed well shunt resistance. This is typically represented as a physical distance
between the n-well contact and the p-channel MOSFET or any p-doped element in an n-well region.

Guard ring Guard ring Guard ring to

resistance rule width rule n-diffusion edge rule
. W i
]
]
Guard ri tact | ] n-well p+ diffusion n+ diffusion p+ substrate
ual;je::rs]%ycﬁjr?eac ™ contact contact
| N — — —
Guard ring to l—>| : : : :
n-well edge rule
| | ] |
| —MWA— |, | B —W— | m
Guard ring ———» ™ n pin+ n n
n < > ] u —> u
Guard ring u ] | PHnw | n+inw n ™
closure rule ] - m ple " m -
] I LI n-well L L
: n-well contact to p+ diffusion to n-well  n+ diffusionto n-well  p+ substrate contact to
- p-diffusion rule edge rule edge rule n-diffusion rule
]
]

Figure 8.1 Example of CMOS latchup ground rules.
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Maximum p— substrate resistance requirement: The maximum substrate resistance is established based
on the maximum allowed substrate shunt resistance. This is typically represented as a physical distance
between the p-well contact and the n-channel MOSFET or any n-doped element in a p-well region.

Guard ring type rule: Design rules require guard rings for all elements electrically connected to an
external node. The type of guard rings is a function of whether an element is p-doped or n-doped and
the technology requirements.

Minimum guard ring space rule: Typically, the guard rings are spaced relative to the physical
diffusion to allow electrical biasing without interaction. In addition, the spacing is optimized as to not
be to close to elements to establish interaction, but at the same time at a distance too far where they do
not collect minority carrier injection.

Minimum guard ring width rule: Guard ring width influences the guard ring efficiency of a guard
ring structure. Hence, many technology guidelines will define the guard ring width or minimum width.

Maximum guard ring resistance rule: Guard ring design is either defined or a maximum guard ring
resistance rule is established.

Butted contact rules: In many technologies, butted contacts are desired to minimize the resistance
between a contact and the device, recommending that butted contacts should be utilized to minimize
latchup concerns.

8.1.3 Voltage Condition Rules

Voltage guidelines are given in design manuals and cookbooks to provide circuit designers suggestions
of situations to avoid electrical overstress. Other guidelines are methods to minimize the risk of CMOS
latchup.

Overshoot voltage criteria: An overshoot requirement suggests to circuit designers to minimize the
level of allowed forward bias (e.g. less than Vg = 0.7 V).

Undershoot voltage criteria: An undershoot requirement suggests to circuit designers to minimize
the level of allowed forward bias (e.g. less than Vgg = —0.7 V).

Holding voltage criteria: A holding voltage requirement is the holding voltage, Vy, value relative to
the power supply voltage, Vpp.

Vit = IVpp.

Given a technology is set so that the lowest Vy is larger than Vpp, then the holding voltage can not be
maintained by the power supply voltage source.

Power sequence requirements: A power sequence requirement provides an order of how the ground,
the power rail and the signal pins are established in the ‘power-up’, or ‘power-down’ mode of operation
to avoid latchup.

8.1.4 Off-Chip Driver Rules

In some design environments, there are specific rules for off-chip driver (OCD) circuits and bi-
directional circuits (e.g. transmitter and receiver). Typical OCD CMOS latchup rules are associated
with primarily guard ring rules specific to the OCD network.

Continuous p+ guard ring around n-channel MOSFET OCD pull-down transistors: Placement of a
complete guard ring around all the sides of the MOSFET n-channel pull-down is desired for low
contact resistance.
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Separate n-well for p-channel MOSFET OCD pull-up transistors: Placement of p-channel
MOSFETs in its own separate well is desirable to avoid interaction with other elements or circuits.

8.1.5 Gate Array Design Rules

In gate array design environments, unique design situations occur in the process of addressing the gate
array design methodology that would not normally occur in other design methodologies. Two unique
conditions can occur in the gate array environment. The unique states of these elements are as follows:

e unused OCD MOSFET finger electrical state;

e unused ballast resistor element electrical state.

In a ‘gate array’ design, a peripheral I/O design book may have one ‘frame’ size for a set of different
OCD drive strengths and input impedances. With a given x and y dimension, a peripheral circuit has a
single guard ring frame around the I/O book of a fixed dimension and fixed ‘pitch’. The design
methodology may have a ‘customer’ option of different drive strength for a given single OCD design
book. The strength is achieved by changing the number of connected MOSFET gate fingers. With the
electrical ‘grounding’ of the unused MOSFET segment, this introduces a grounded ‘npn’ element in the
I/O cell. As a result, special rules may need to be developed to avoid latchup within the I/O OCD
network for the unused segment of the design.

In a second gate array methodology, the circuit designer desires a given ‘input impedance’. This input
impedance is achieved by a set of ballast resistors. In this methodology, only one set of ballast resistors is
used and all other sets are grounded. The grounding of the unused ballast resistor elements also leads to
local parasitic npn elements within the gate array design book and may require special latchup rules.

8.1.6 Mixed Voltage Applications and Special Circuits Rules

In semiconductor chip applications, nonnative voltage power rails are introduced into applications,
leading to unique latchup design rules. In addition, special circuits are introduced into a chip synthesis
that can lead to latchup rules.

Mixed voltage CMOS latchup rules: In a mixed voltage semiconductor chip, with the presence of
two different Vpp power supply voltages, it is a common latchup design practice to do the following:
e increase space of p-well relative to higher voltage n-well;

e increase n-well to n-well spacing where at least one of the n-wells is at a higher bias voltage;
e increase p-+/n-+ space;

e wider guard ring structures;

e additional number of guard rings;

e special guard rings for the higher voltage power rails.

Well bias generators and bootstrap circuits: Well bias generators are on-chip circuits that generate
a well bias voltage or voltage state. These well bias generator circuits provide well voltage states that
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exceed the native power supply voltage of the technology or chip, and hence can initiate latchup. A
typical latchup design guideline is that these circuits must satisfy all the requirements for latchup that
are required on external I/O networks, as well as similar rules developed for nonnative voltage
applications.

Bootstrap circuits are another type of circuit that generates a higher voltage state from a lower
voltage state using capacitive coupling techniques. Circuits that bootstrap intentionally or unintention-
ally must allow for latchup margin by increasing the Vy of the parasitic networks (e.g. pnpn).

Voltage regulators: Voltage regulators are on-chip circuit that provides a lower voltage or a
quiescent voltage condition. Special guard ring are required or p+/n+ space rules are needed to avoid
latchup.

Substrate bias generators: Substrate bias generators are on-chip circuits that generate a substrate
voltage below the Vgg ground potential. These networks are also referred to as ‘charge pumps’. Charge
pump circuits can initiate latchup. A typical latchup design guideline is that these circuits must satisfy
all the requirements for latchup that are needed on external I/O networks.

NVRAM programming pin rules: In a nonvolatile read-only memory (NVRAM), the programming
power pin is at a significantly higher voltage than other circuitry in a semiconductor chip. For example,
a 12 V program pin is introduced into a NVRAM product with a 5 V periphery power rail and a 3.3 V
core circuitry. As a result of the programming pin having a voltage approximately 3 x the native power
supply voltage, it is vulnerable to latchup events. To address the NVRAM program pin issue, the
following latchup rules are required that are unique for this pin:

e additional guard ring structures;

e increased p+/n+ spacings.

HVCMOS Latchup rules: A semiconductor chip can consist of a HVCMOS and a low-voltage CMOS
domain. The HVCMOS domain can be between 20 and 120 V range, whereas the low-voltage CMOS
is in 1-5 V range. Additional rules are required between the power domains. In the HVCMOS section,
there may be single or multiple power domains at different Vpp voltages. Hence, the following
additional rules are required:

e domain-to-domain guard ring rules;

e passive and active guard ring requirements;

e HVCMOS to HVCMOS device-to-device rules (e.g. 40-120 V HVCMOS rules);

e HVCMOS to LVCMOS rules device-to-device rules (e.g. 5-120 V rules);

e power-up and power-down sequencing rules.

8.1.7 Global Chip Level Rules

Global chip latchup concepts were focused on establishing a good ground plane and a good substrate
contact, as well as separation of peripheral domains from internal core domains. These latchup rules
include the following.

Substrate ring: Substrate ring is required around the complete semiconductor chip on the outer
perimeter and should be electrically connected to ground.
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Peripheral I/0O to core circuitry guard ring: Guard ring is placed between the peripheral I/O and the
core circuitry. Typically, the guard ring is an n-well guard ring structure to isolate I/O injection from
core circuits.

Peripheral 1/0 to memory core guard ring: Guard ring is placed between the peripheral I/O and
memory arrays.

High-voltage power chip sector to low-voltage chip sector: Passive and active guard rings can be
placed between the high-voltage power sector and the low-voltage chip sector. The high-voltage chip
section can be a HVCMOS and a low-voltage CMOS domain. The HVCMOS chip sector can be in
20-120 V range, whereas the low-voltage CMOS is in 1-5 V range.

High-voltage power chip sector to medium high voltage chip sector: Passive and active guard rings
can be placed between the high-voltage power sector and the lower voltage chip sector (e.g. medium
high voltage) within the high-voltage chip sector. The high-voltage chip section can be a first 120 V
HVCMOS and a second voltage level at 40 V HVCMOS.

8.1.8 External Latchup Design Rules

External latchup rules can be established when the location of the external source can be identified.
In the case where the design checking system can locate and define an injection source, a design rule
can be established based on the relative distance and the injection source magnitude. The injection
source can be initiated by a system level event, ionized particle or an on-chip circuit. The injection
source can be local or global. In CMOS semiconductor chips, the injection source can include the
following:

e 1/O circuit;
e ESD circuit;
e n-wells connected to Vpp;

e triple-well regions connected to Vpp.

In smart power applications, the injection conditions from voltage transients can include the
following:
e inductive load dump;

e reverse battery conditions;
e shorts to battery or ground;

e Negative pin operation.

The injection sources can be 120 V HVCMOS power devices (e.g. DeMOS, LDMOS and IGBT
devices), 40V HVCMOS, 25V HVCMOS and low-voltage CMOS sectors. Hence, from these
applications, injection conditions are established for evaluation of the impact on adjacent circuitry.
There is a physical relationship between the relative distance between the injection source and victim
circuit and the current required to initiate latchup. In Chapter 3, it was shown that the external injection
source can influence the generalized tetrode condition for latchup. Hence, the following rules can be
established (Figure 8.2).

Well and substrate contact spacing versus the injector-to-circuit distance: In case a sensitive circuit
is close to an injection source, the spacing of the well and the contacts can be adjusted to avoid



COMPUTER-AIDED DESIGN EXTRACTION 413
Victim circuit

Injection source n-well p+diffusion  n+ diffusion p+ substrate
contact contact

Injection source to
circuit space

p+/n+]

p+/inw | n+/nw

n-well

n-well contactto  p-diffusion to n-well  n+diffusion to n-well  p+ substrate contact tc
p-diffusion rule edge rile edge rule n-diffusion rule

Figure 8.2 Example of external latchup ground rules.

satisfying of the differential latchup criterion in the presence of an external source, as discussed in
Chapter 3. As a result, the well and substrate contact spacing can be established based on distance from
the external injection source.

8.2 DESIGN RULE CHECKING

DRC to verify the CMOS latchup rules is important to find the parasitic devices that can introduce
latchup. In the following sections, the directions involve both internal and external latchup phenomena
from simple circuits to full-chip environments.

8.2.1 Identification of Guard Rings

Historically, one of the key problems in latchup was the inability to identify the presence of guard rings
in many semiconductor CAD methodologies. In some design methods, guard rings were physical
shapes that were not identifiable or distinguishable from other physical design shapes; as a result, it was
difficult to provide design checking and verification [5-7].

A CMOS latchup DRC methodology for guard ring identification is as follows:

e ‘virtual’ design level for guard ring identification [6];

e ‘built-in’ guard rings within a released set of library elements and macros [5];

e independent ‘parameterized cell” (Pcell) guard ring [5,7].

8.3 COMPUTER-AIDED DESIGN EXTRACTION
METHODOLOGIES — SEARCHING FOR THE pnpn

In the latchup design practice, a CAD methodology must identify the existence of parasitic transistors
and determine which parasitic npn and pnp transistors as well as pnpn are important. As a result,
considerable focus has been applied in the area of extraction and identification of parasitic devices
[5-24]. Li’s thesis ‘Design automation for reliable CMOS chip I/O circuits’ [19] had considerable
influence on some of the directions of future extraction tools, such as the work of Zhan et al. [20,23],
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Venugopal et al. [21], Ramaswamy et al. [22], Habitz et al. [24] and others. In the next sections, the
focus will shift toward extraction and verification methods instead of design rule checking.

Many CAD concepts have been applied to latchup to improve the ability to find parasitic devices.
Model graphs (MG) have been introduced as a means to find the parasitic pnpn devices. Figure 8.3

p+/n-well diode

n-well/substrate
diode
p-channel
MOSFET
n-channel
@ MOSFET

Figure 8.3 Example of model graph.
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shows a MG representation of typical CMOS elements. Once an MG representation is determined from
standard devices, parasitic device MG can be developed for searching for the pnpn elements.

8.3.1 Extraction of the Parasitic pnpn Using Model Graphs (Li)

In a method by Li, a number of CAD methods have value for CMOS latchup (Figure 8.4). A layout
extraction program extraction tool called iLEX (Illinois Layout Extraction) was developed with the
following features [8,9,17,19]:

o Device extraction [8,9,15,19]: A method to extract actual devices.

e Stress annotation [19]: A method to determine the electrical potentials and classify the level of
important stress conditions.

e Bipolar junction transistor extraction [9,19]: Extraction of parasitic bipolar transistors and means to

determine the ‘critical’ transistors.

From the design layout graphics (e.g. GDSII, CIF and Cadence™), a circuit schematic was
extracted. In the process, a ‘stress annotation’ was defined. The stress annotation was a method to
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Figure 8.4 Example of device graph.
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determine the voltage states on the electrical connections to distinguish which electrical states are
prone to forward bias parasitic transistors. In this method, the bias conditions were established. As a
next step, the bipolar junction transistor parasitics were extracted. In the extraction of the bipolar
transistors, ‘reduction rules’ were utilized to simplify and distinguish which bipolar transistor elements
are most critical for latchup analysis (and ESD analysis).

Device graph: From the hierarchical structure of the graphics data, Li developed a generic device
extraction methodology applying graph theory. A MG, or ‘device graph’ (DG), was formed to describe
individual devices where the basic structure of the DG was defined as [19]

DG = (N,R,s).

In this structure, N is the set of nets in the device, R is the set of relationships between the nets and s is

the seed net of the graph. Li noted that there are three types of relationships: R, associated with

adjacency, R, associated with electrical connectivity and R; associated with geometrical positions. In

this structure, any device of interest in CMOS can be defined, from a CMOS transistor to a pnpn. For

completeness, it was found that the simple case of adjacency was not adequate for the purpose of latchup

or ESD. In addition, this work extended the work of Burke on bipolar transistor representations [13].
This device graph DG (N, R, s) was utilized in the extraction process as follows:

e identify the seed net by its type;
e construct the device graph DG from the adjacency relations, R;;
e provide a check for electrical connectivity, R;;

e provide a check for geometrical positions, R3.

Error device graphs: Using the device graphs, the DRC procedure is efficient in the identification of
‘error device graphs’. An example of an ‘error device graph’ can be a pnpn structure within the physical
layout [19]. Hence, a design system can classify the DG from the error device graph to search for
critical latchup concerns and sort them from the observable device graphs of the physical design.

Stress annotation and stress strength: Stress annotation is used in the extraction process as a
means to classify the electrical state. Li proposed utilization of the static analysis technique for ESD
and latchup analysis [19]. In this process, the circuit schematic is first extracted. The stress
annotation is then propagated using the a search algorithm for the path of the electrical stress.
Many search algorithms exist for evaluation of the optimum path between a first point and a second
point. In the methodology of Li, the breadth first search (BFS) methodology was utilized to address
the shortest path [19]. Alternative rapacious algorithms can be utilized, such as Dijkstra’s algorithm
and Prim’s algorithm. A path is defined for all ‘forward bias’ devices in the electrical path but
terminates at any reverse bias state. All elements in that path are part of designated and a ‘stress
strength’ (SS) is defined. In this process, the stress strength is reduced for all resistive elements. For
example, a stress strength of SS = 10 is defined, but is reduced to a value of SS =9 through a
resistor [19].

Bipolar transistor extraction and reduction rules: Li pointed out that in the extraction process of
parasitic transistors in a physical design, there are a large number of parasitic transistors. In a
multifinger MOSFET, each independent finger of the MOSFET can appear as a multifinger emitter or a
multifinger collector. Given that there are p emitters and ¢ collectors, there is a potential of pg
independent bipolar transistors that can be extracted. As a result of this complexity, there must be a
simplification methodology to reduce the problem to a smaller set.
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Figure 8.5 Example of shared emitter rule.

Li highlighted three practical reduction rule cases to simplify the extraction process. In these rules,
they evaluate (1) the electrical state and (2) the bipolar current gain.

Figure 8.5 is a representation of the first reduction rule. The first reduction rule is the case of the
‘shared emitter rule’. In a shared emitter rule, each independent collector has an independent voltage
state and an independent bipolar current gain. The bipolar current gain can be obtained by determining
the collector area and the geometric spacing relative to the emitter of interest. In this reduction process,
the collectors that are farthest away and have the lowest voltages are removed [19].

Figure 8.6 is a representation of the second reduction rule, which is the case of the ‘shared collector
rule’. In a shared collector rule, each independent emitter has an independent voltage state and an
independent bipolar current gain. The bipolar current gain again can be obtained by determining the
emitter area and the geometric spacing relative to the collector of interest. In this reduction process, the
emitters that are farthest away and have the lowest voltages are removed [19].

The third rule is a ‘minimum bipolar current gain rule’. Given a bipolar current gain was less than a
given value, the bipolar parasitic transistor is not evaluated. For example, given a bipolar current gain is
less than unity, it can be removed [19].

It is clear from this framework and methodology that additional rules can be defined for pnpn
elements that are the product of the bipolar current gains (or the sum of the collector-to-emitter
transport factor, o).
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Figure 8.6 Example of shared collector rule.

Hence, a CMOS CAD methodology is as follows:

e utilization of MG, or DG, for defining devices;
e utilization of error device graphs for finding parasitic devices;
e stress annotation as a method to quantify the important electrical states;

e search algorithm (e.g. BFS) methodology as a means to evaluate the propagation and extent of the
current path for that given voltage state;

e utilization of reduction rules as a means of sorting out the important parasitic bipolar transistors for
CMOS latchup.

8.3.2 CAD Extraction Methodology
(Zhan—-Feng—-Wu—-Chen-Guan-Wang Method)

In CAD extraction methodologies, one of the difficulties is to provide a method that is technology
independent [20,23]. In today’s semiconductor foundry environment, it is important to have
the method that is technology and fabricator independent. Hence, a method that allows migration
from technology to technology or fabricator to fabricator will provide the highest guarantee of
success of preventing latchup. Zhan et al. focused on the utilization of MG theory to provide a
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Figure 8.7 Model graph representation of semiconductor pnpn element.

technology-independent CAD tool for ESD protection device extraction, called ‘ESD extractor’ [20].
In the process of extracting ESD parasitics, the MG theory methodology is able to extract parasitic
pnpn elements. As in the methodology of Li, MG representations of the parasitics are found and
identified, maintaining both the spatial and electrical states of the structure. Zhan et al. [20] showed
that a pnpn element can be represented as a model graph as shown in Figure 8.7. In this representation,
the pnpn regions are represented as circles with connectivity between the circle elements. From a
latchup CAD practice, the usage of MG representation allows for identification and extraction of
parasitic pnpn elements, which is technology independent and is also not customized to a given design
method or environment.

8.3.3 CAD Extraction Methodology — Extraction of the Parasitic
pnpn (Habitz—Galland-Washburn Method)

In the latchup design practice, a CAD methodology must identify the existence of parasitic pnpn in a
semiconductor chip. In an advanced CMOS design, the density of parasitic pnpn are significant in
number. A desire has been to develop a CAD tool that can identify the circuits in which latchup is
likely to occur and quantify it efficiently, which is not limited by either analysis time, or computer
processing time and data constraints.

In a method by Habitz et al. [24], one of the goals is to develop a CAD methodology that allows for
identifying where latchup will occur and a method and tool apparatus that would both identify and
quickly provide circuit analysis on that localized region to determine whether CMOS latchup is a
potential problem in that chip section.

The CMOS latchup CAD methodology is as follows [24]:

e locating potential structures that meet predefined criteria for latchup (e.g. that may be a location for
a pnpn parasitic);
e modifying the ‘structure’ to represent a pnpn device recognized by a circuit tool;

e construct a circuit model of the pnpn based on the geometrical factors and voltage conditions of the
modified structure that influence CMOS latchup (e.g. base widths, shunt resistances, emitter areas
and forward active conditions);

e perform latchup circuit analysis on the pnpn-modified structure circuit netlist for both dc and
transient latchups;

e compare the results to a latchup criterion or semiconductor chip application specification;

e determine whether that specific modified structure will lead to CMOS latchup.
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In the first step, the circuit designer or latchup engineer chooses an area of the semiconductor chip
where latchup analysis is of interest. This is done to minimize the semiconductor software processing
time and to allow the analysis to focus on a circuit, subfunction or chip sector. In the second step, the
parasitic pnpn element identification is critical. In the Habitz—Washburn—Galland method, the key
factors of a pnpn structure identification are as follows [24]:

e a p- and n-type diffusions are parallel;
e an n-diffusion edge parallel to an n-well edge where the n-diffusion is outside the n-well;

e a parallel p-diffusion edge parallel to an n-well edge where the p-diffusion is inside the
n-well.

From this parasitic structure, a new physical model is formed using its geometrical factors. A
trapezoidal region is cut from the original design that includes the parasitic pnp and the npn as well as
the shunt resistors. In this method, the n-well shunt resistance is defined by identification of the n-well
contact and the p-well shunt resistance is defined by identification of the p-well.

A parasitic pnpn transistor circuit is defined where a model is defined for the pnp transistor and the
npn transistor on the basis of the geometrical factors extracted from the initial design. From the
extracted trapezoidal regions, the physical pnpn model was constructed for analysis of CMOS latchup.
Habitz et al. assumed the current flowing through the circuit is a function of the following [24]:

e bias condition across the pnp bipolar transistor junction;
e bias condition across the npn bipolar transistor junctions;

e bias that can be established at well regions under the junction area of the diffusions (e.g. addressing
the shunt IR drops);

o n-diffusion width and p-diffusion width wherein the model used the smaller of the two dimensions
of the parallel edges in the trapezoidal region;

e pnp base width;

e npn base width.

Having identified the four electrical nodes of the circuit, the model for the parasitic pnpn circuit can
be used to evaluate the latchup sensitivity of the parasitic pnpn under both the dc and transient
conditions in a circuit simulator. An extracted netlist of the networks is used to begin the circuit
analysis.

8.4 CAD EXTRACTION METHODS — SEARCHING FOR THE
GUARD RINGS

Extraction, verification and evaluation of guard rings has been a fundamental problem in semicon-
ductor development, and even today is a fundamental reason latchup occurrences. Guard ring
evaluation, identification and integration is critical. In the following section, new methods are discussed
for finding the guard ring structures.
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Figure 8.8 Example of virtual design levels for ESD and I/O networks.

8.4.1 Virtual Design Level Methodology
(Voldman-Sullivan—-Nickel-Bass)

The concept to use ‘virtual design levels’ for guard rings was first addressed in the construction of
customized I/0 and ESD-related design rule checking methods but is suitable for latchup evaluation
(Figure 8.8) [6]. In the CAD checking and verification methodology, virtual design levels were
established for the I/O and ESD checking, referred to as ‘dummy design layers’; these dummy levels
were placed on the ESD devices and I/O networks [6]. In this process, the virtual design level was
placed on the guard ring structure. This CAD methodology allowed for ESD-specific design rule
checking by data compression of all data outside the ESD and I/O regions. Secondly, it allowed for
verification of a one-to-one correspondence as a reminder to circuit designers that the ‘dummy design
layers’ are placed on the guard rings. In this method, the full-chip data to the areas of interest in the I/O
region are significantly compressed; this provided for easy implementation and time efficiency.

8.4.2 Built-in Guard Rings

A second methodology to ensure that the guard rings are contained in the designs is to release
customized elements (all designs are released from a set of predesigned elements with built-in guard
rings). This can be achieved on the following levels of design:

e guard rings within primitive semiconductor devices in a released library;

e guard rings within released circuit books;

e guard rings within the design methodology itself through graphical unit interfaces (GUI).
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The problem with this methodology is that not all physical elements require guard rings. Secondly,
the use of the guard ring is a function of the placement within the chip; the choice of the guard ring
structure may not be suitable for both internal and external devices. Hence, the integration of a
parameterized cell (Pcell) with a defined and fixed guard ring may not be advantageous.

Guard rings can be integrated into larger circuits or design books. For example, in an ASIC
methodology, guard rings can be inherently integrated into the released peripheral I/O books. In this
fashion, the peripheral book must be qualified in satisfying the latchup specification.

8.4.3 Guard Ring Parameterized Cells (Pcell) (Voldman-Perez)

In a third method, the guard ring itself can be a parameterized cell (Pcell) that is identifiable by the
design environment [5,7]. With the establishment of a hierarchical Cadence™ based ESD design
methodology, the opportunity to integrate guard rings into the design methodology provided built-in
compliance, checking and verification. As a design methodology, Voldman, Strang and Jordan
constructed a graphical layout, schematic and symbolic cell view representations of ESD networks
that were hierarchical, which allowed both variable design size and circuit topology in a Cadence™
based system [25-28]. The elements are constructed of primitive order ‘1> O[1] devices that were
standard kit library items as well as ESD-optimized elements.

Guard ring Pcells can be constructed and compiled into the network to provide a higher order circuit,
where the guard ring is detectable by the design environment in the layout, schematic and symbol
‘cellviews’. In this fashion, the checking of the guard ring is evaluated by the identification of the guard
ring Pcell in the net listing. To address design integration of guard rings in a Cadence™ based Pcell
system, Perez and Voldman developed an independent guard ring parameterized cell [7]. The guard ring
Pcell consists of a plurality of guard rings that can be integrated with the primitive O[1] device elements or
the higher order O[n] hierarchical parameterized cells [5,7]. The guard ring Pcells are design such that the
guard ring structures can be turned ‘off’ using switches in the GUI In the guard ring Pcell, a large
combination of rings can be switched ‘on’ or ‘off’, allowing significant design flexibility and cosynthesis
of RF design and latchup optimization. An independent guard ring Pcell was defined that contains a
plurality of consecutive ring structures types and number; this allows for the following:

e independent designing of a guard ring structure;

e choosing guard ring on the basis of guard ring efficiency requirements;

e a growable guard ring that expands on the basis of the identification of the element type;

e a growable guard ring that expands on the basis of the circuit or function block design input
parameters.
This concept also allows for the following:

e designing of a guard ring structure with generated virtual design levels (e.g. guard ring virtual level,
I/0O virtual level and ESD virtual level);

e graphical and schematic representation view of a guard ring structure;

e designing of a guard ring structure symbology and symbol;

e designing of a guard ring structure symbology and symbol hierarchy that integrates the existing
circuit design symbol view with the guard ring symbol view;
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e checking of a guard ring structure by Pcell identification;

e verification of a guard ring structure by Pcell identification.

8.4.4 CAD Automation of Guard Ring Resistance

In the integration of guard rings into a semiconductor chip design, CAD methods are being used for
latchup. Guard rings are placed around injection sources that can trigger latchup. Injection sources can
be n+ diffusions, n-type resistors and n-wells (e.g. in a p-type substrate wafers). One of the primary
design issues with guard rings is the effectiveness to collect the minority carrier injection. The guard
ring effectiveness is dependent on the guard ring type, the guard ring depth, guard ring physical width
and the relative distance from the injection source. Guard ring resistance is also a key criteria. The
reasons this is a growing issue are the CMOS and BiCMOS dimensional scalings and an increase in the
peripheral I/O density (e.g. I/O book width scaling). With the technology dimensional scaling,
the physical dimensions of the p+, n+ and n-well have been reduced. With the scaling of the
minimum n-well widths, the width of the n-well guard ring has been scaled. As a result, the resistance
along the length has increased. The I/O circuit density increases with the increase in circuit density.
ASIC environments have focused on reducing the width of the I/O peripheral book to allow more I/O
circuits on the periphery of a semiconductor chip. In this process, the peripheral I/O length has been
increased to compensate for the reduction in the peripheral I/O book width.

With the placement of an n-type guard ring in the p-type substrate, a metallurgical junction
is formed that can collect the minority carrier electrons injected into the substrate. As an example, an
n-type guard ring is biased to the power supply voltage, collecting the injection current.

At low injection currents, the electrons are collected by the reverse biased metallurgical junction
formed between the substrate and the n-type guard ring. But, at very high injection currents, the series
resistance between the power supply voltage and the guard ring is a key latchup design factor.

The injection source serves as an ‘emitter’, the substrate as a ‘base’ region and the guard ring as a
‘collector’. When the emitter—base junction is forward active, the electrons are injected into the substrate
region. When the collector is biased positive at the power supply voltage, the collector-to-emitter voltage
is positive. In this state, the forward active parasitic transistor is formed between the injection source and
the guard ring. When the resistance of the guard ring increases, a voltage drop occurs in the guard ring.
The voltage drop is equal to the product of the guard ring resistance and the injection current

AV = IijiRar,

where /,; is the injection current and Rgg is the guard ring resistance between the point of injection and
the power supply voltage. At the location of the injection, the voltage at the guard ring is equal to

Vaor = Vop — AVGr = Vbp — LinjRar-

As the voltage drop increases due to the injection current, the guard ring voltage at the point of
injection will decrease. When the effectiveness of the guard ring to collect the current is minimized as a
result of debiasing, the minority carrier electron current will flow to alternative structures (e.g. outside
the guard ring). The following design parameters influence the resistance:

e guard ring sheet resistance (e.g. n-well sheet resistance or plurality of implants in the guard ring);
e guard ring width;

e guard ring contact density;
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e guard ring contact resistance;

e guard ring silicide resistance;

e metal bus resistance;

e distance between the injection location and the power supply voltage source.

Historically, guard ring resistance was not a critical issue due to the technology, the ground rule
dimensions and the I/O density. From 1980s to 2000, the guard rings used were typically n-well
regions. During this time, the ground rules for both diffused or retrograde wells prevented narrow width
n-well regions. As a result, the ground rules prevented scaling of the guard ring widths below some
minimum dimension (e.g. typically wells could not be scaled below 3—7 um). With the utilization of the
n-diffusion and silicides (e.g. titanium silicide and cobalt silicide) and large contact dimensions, the
resistance was very low. Additionally, due to wide ‘wiring tracks’ and peripheral I/O design, the power
bus width was greater (e.g. 10-30 pm). In addition, the I/O density was low.

In this millennium, the vertical semiconductor process profile was scaled, leading to higher well
sheet resistance. In addition, vertical scaling allowed for a decreased minimum well width require-
ment allowing a narrower guard ring structure in I/O design. In each technology generation, the number
of I/O increase led to high aspect ratio I/O books that are long and narrow. In this case, the guard ring
width is reduced, as well as length between injection sources and the power supply voltage is increased.
In addition, with the metal scaling, the wire widths are reduced to allow a higher density of wire tracks.
With all the scaling issues for both the semiconductor process and the semiconductor chip layout
design, the resistance issue is more critical.

A CMOS latchup CAD system can be developed that addresses the guard ring resistance [29]. The
CMOS latchup CAD evaluation must address a maximum resistance requirement for the guard ring
resistance (Figures 8.9 and 8.10). The guard ring resistance can be evaluated as follows:

e identify injection source;

e identify the location near the guard ring structure;

Identify injection source

v

Identify nearest location
of guard ring structure

v

Calculate total resistance
from injection point to power rail

v

Compare to maximum allowed
resistance criteria

Figure 8.9 Example of guard ring resistance evaluation methodology flow.
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Figure 8.10 Example of guard ring resistance evaluation.

e calculate the total resistance to the power supply Vpp;

e cvaluate the maximum resistance allowed for the guard ring for the given conditions.
A key latchup design practice is as follows:

e Establish a guard ring structure under the condition of a maximum resistance criteria.

e Establish resistance criteria associated with resistance calculation from the location of injection
sources and its intersection at the guard ring to the power supply voltage location that ‘sinks’ the
latchup current. The effective resistance of all structures are used in the resistance calculation (e.g.
sheet resistance, silicides, contact and metal bussing).

8.4.5 CAD Automation of Guard Ring Modification Methodology
(Ker—Jiang—Peng—-Shieh)

CAD methods to integrate guard ring structures (and contact density) can also be implemented in an
integrated semiconductor chip design as a postprocessing methodology. Given a semiconductor
foundry environment, the peripheral ‘I/O books’ can be predefined; this may include the OCD, the
receiver, the ESD circuit and the guard ring structures. A given predefined I/O book may be mapped
into different chip architectures and different technologies. Latchup sensitivity is influenced by the
semiconductor technology and the integration into the power bus architecture; each design
methodology may have different integration placement and practices. As a result, the placement
of the guard rings relative to the power bus and the adequacy of the guard rings to minimize latchup
requirements may need to be modified as a postprocessing of the peripheral I/O design or upon
full-chip integration.



426 LATCHUP COMPUTER AIDED DESIGN (CAD) METHODS

Ker et al. developed a CAD methodology that addresses this capability [30]. A design solution is a
procedure that can be established to allow for the placement of additional guard rings within a given
design. To satisfy the requirements of the latchup guard rings of a given latchup foundry, additional
guard rings can be added to the preexisting design. To address integration with the power rails,
additional shapes can be added under the power rails to electrically connect to the power rails (e.g. Vpp
and/or Vig).

In this latchup design practice, the design method allows for the autogeneration of diffusions shapes
serving as a guard ring under the power bus for Vpp and Vsg. In this method, the designer has the
ability to create n+ or p+ arrays under the power rail. For the case of a Vpp power bus, n+ diffusion
shapes, electrical contacts and vias are generated to serve as n+ guard ring attached. For the case of a
Vss power bus, p+ shapes, contacts and vias are generated under the Vsg power bus. To integrate the
overlay of the guard ring, the shapes and the power bus, design layers are used to coordinate the
integration. The procedure to auto-generate guard ring is as follows [30]:

e load the program;

e select to run Vpp or Vgg guard ring;
e select the guard ring type;

e input spacings and define variables;

e run simulation.

8.5 LATCHUP EXTRACTION METHODS AND TOOLS

Extraction methods and tools are important for semiconductor corporations today. Each tool has its
advantages and disadvantages. In the following sections, different tools utilized for today’s CMOS
latchup design discipline will be highlighted.

8.5.1 Latchup Extraction Tool
(Ramaswamy-Sinha—Kadamati—Gharpurey Method)

In some CAD methodologies, semiconductor extraction for ESD and latchup are integrated into
a common methodology. The methodology of Ramaswamy et al. [22] combines the design
environment to extract parasitic devices and its corresponding semiconductor process variables,
analyzes the physical structures, stores the information and provides an output listing of the
sensitive elements.

By taking advantage of the design environment, it is possible to provide good parasitic models
from the technology rules file (e.g. also known as ‘tech files’) that contain the doping profiles
and physical models. These can be used to extract netlists for analysis of the parasitic devices
for either ESD or latchup issues. Given that these elements are extracted and identified, it is
possible to store the key devices of interest with their physical circuit models for analysis in circuit
simulation.

It was noted by Ramaswamy et al. [22] that there is a need for a coherent, low-cost CAD system and
method of simulating ESD and latchup in the design stage, especially an extraction of parasitic devices
and their location and correction. It was noted that the extraction should be simple, flexible and suitable
for different technologies and processes.
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In the Ramaswamy et al. [22] methodology, the design tool contains the following:

e input data generator (e.g. circuit layout, technology rules and process information);
e device extractor (e.g. for netlist generation, physical location and shunt resistances);
e verification database (e.g. store netlists of parasitics);

e translator (e.g. netlist generators, physical location and shunt resistances);

e output generator for identifying and displaying latchup sensitive circuits.
Similar to the work of Li [19], this design methodology utilized three extractors:

e a netlist extractor;
e a substrate resistance network extractor;

e a parasitic device extractor.

In this case, the netlist extractor took advantage of the technology information from the technology
files, actual devices and the GDSII data. The substrate resistance network extractor also utilized the
technology data as well as a distributed resistance representation. And as in other methods, the parasitic
pnp, npn and pnpn devices are identified and extracted.

In this tool, the advantage of the design environment is utilized for the extraction of physical
parameters and identification of parasitic transistors (npn and pnp) and parasitic pnpn elements. By
utilizing the design information, the parasitic pnp and npn models can be defined on the basis of
technology files and physical analytical models. The physical models must be able to extract all of its
input information from the technological data and the geometrical data in the design layout. By
remaining within the design environment, the extraction and identification process remains within the
technology information which generates no additional work for the model development. In addition,
given this is established, the tool is technology generation independent and can be utilized for all
technology generations. In this tool, the integration with the existing design environment reduces
additional work and provides a simple approach that will help provide latchup verification.

8.5.2 CAD Verification — Design Error Detector Methodology
(Venugopal-Sinha—Ramaswamy-Duvvury—Prasad-
Raghu-Kadamati)

As part of the latchup CAD discipline, design error detector CAD software tools have been added to assist
the user in possible CMOS latchup concerns. Venugopal et al. constructed a design error detector CAD
tool to help assist the circuit designer in analyzing and identifying latchup failures [21]. To the existing
tool environment, a postprocessor can be added to further evaluate the sensitivity to CMOS latchup.

In this CAD tool, the features added to the existing system included the following [21]:

e eclement model;
e safe operation file;
e list of stress simulations;

e critical stress values.
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The tool must first identify the parasitics and devices of concern. In this detector tool, the ‘observed
sensitivities’ of the design elements to CMOS latchup are analyzed. These design elements have
critical stress conditions applied to the circuit to judge whether these critical stress conditions can in
fact induce latchup failure. Given that these elements ‘fail’ the critical stress conditions, the element
failures are recorded. The detector tool then identifies the element and the physical locations of concern
for latchup.

The preprocessor comprises the following ‘information generators’ [21]:

e information generator from the layout data;

e information generator operable to generate data related to a model of elements including parasitic
latchup-sensitive elements;

e information generator operable to generate data related to safe circuit operating conditions relative
associated with latchp stability;

e information generator operable to generate data related to customized stress simulation conditions
relative to latchup applications;

e a translator operable to express the results.
In this methodology, the postprocessor CAD tool ‘flags’ circuit elements and devices that fail to

withstand the quantitative latchup events. These elements are then placed in a user friendly report for
interpretation for circuit designers.

8.5.3 CAD Verification Methodology (Kimura-Tsujikawa)

Latchup verification methods can provide many different methods of verifying the design immunity to
CMOS latchup. Since latchup is a function of many layout design variables, as well as voltage and
current conditions, different verification methods can be developed to check and double check a
specific design for immunity of latchup. As an example of different factors to evaluate, Kimura and
Tsujikawa established 25 different ‘checks’ to evaluate for latchup [31,32]. The Kimura-Tsujikawa
verification cases for latchup are as follows [31,32]:

e independent separate assessment of the well region, the transistor region and the substrate contact;

e sequential assessment of the well region, the transistor region and the substrate contact;

e any assessment of the well region, the transistor region and the substrate contact (e.g. a structural
feature);

e use condition of the transistor regions;

e positional relationship of the transistor, well and substrate contact;
e distance between the well region and the transistor region;

o distance between the well region and the substrate contact region;
e dimension of the transistor;

e dimension of gate length of the transistor;
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e dimension of gate width of the transistor;
e current capability of the transistor regions;
e substrate contact as via hole contact region considerations;
e combination of a transistor structural feature and the electrical states of each region of the transistor;
e horizontal versus vertical orientation of substrate contacts;

e transistor contained or not contained within the contacted region.

In the Kimura-Tusjikawa verification methodology, different combinations and permutations of
these conditions were obtained, generating at least 25 cases of interest for latchup design
verification. With the combination and permutation of layout dimensions, spatial positioning,
orientation, current carrying capability and electrical states, as well as the fundamental dimensions
taken independently or sequentially, many different processes of verification are possible in a design
flow.

One of the problems with many of the latchup CAD methods is that the design rule check conditions
are all independent and not ‘coupled’. In this methodology, by addressing a sequence of successive
checks and independent checks, the rules provide both independent geometric checks as well as
combined geometric checks. From the theoretical work, it is clear that many of the latchup key metrics
are coupled in the differential general tetrode relationship; hence, a system that couples the relation-
ships of the geometrical shapes (e.g. p+ to n-well, n-well to n+ diffusion, well resistance, substrate
contact resistance, silicide, orientation, emitter area, collector area, etc.) will provide a better system of
verification against latchup failure. By sequentially executing many of the key metrics, a good method
for verification is established.

8.5.4 CAD Design Methodology — Modification of Well and
Substrate Contact Placement Based on Injection Source

Minority carrier injection into a semiconductor chip substrate can lead to latchup. As discussed in
Chapter 3, the differential tetrode relationship can be shown to be a function of an external injection
source. The latchup sensitivity of a circuit is a function of the p+/n+ spacing, the n-well contact to
p-channel MOSFET space and the p+ substrate contact to n-channel MOSFET space. In addition, in
the presence of an external injection source, as the injection source is closer to the circuit of interest,
the injection current level increases; as a result, the relative distance between the circuit and the
injection source is a design issue.

A latchup CAD methodology can address this issue in an automated fashion by modifying the
contact spacings relative to the injection source [33]. A latchup analysis and parameter modification
system can be developed that analyzes a circuit design for latchup sensitivity and allows for
modifications of the circuit design to avoid latchup of the circuit.

Latchup of a circuit can be analyzed as follows:

e identifying an injector source;
e identifying a circuit;
o identify the relative distance between the injector source and the circuit;

e extract the n-well contact to p-channel MOSFET space;



430 LATCHUP COMPUTER AIDED DESIGN (CAD) METHODS

e extract the p-well contact to n-channel MOSFET space;

e extract the p+/n+ space;

e cvaluate the latchup sensitivity of the circuit;

e compare to a known latchup margin;

e modify the design parameters to provide adequate margin to CMOS latchup failure;

e re-evaluate the latchup sensitivity and margins.

In this methodology, injection sources can be identified by their relative interconnects to external
pads or defined by virtual design levels [33]. The CAD tool can be utilized to identify the sources or
define the sources using GUI. The ‘user’ can define or modify the sources to evaluate the injection
source conditions, irrespective of whether it is a diode, a well or an ionizing radiation source (e.g. alpha
particle, heavy ion).

In a CAD design methodology, the physical parameters can be adjusted in a number of ways. The
parameters can be modified by improving on the reduction in the well and substrate shunt resistances
(e.g. through process levels or layout) or the guard rings (through physical size or structure). For
example, the parameters can be modified by adding subcollector implants, DT and TI structures to the
perimeter of a structure. The modifications can be adding latchup guard rings (e.g. p+, n+, n-well, DT
or TT) around the complete circuit. For example, in a Cadence™ design system, modifications can be
initiated wherein the parameter is inherent in a primitive Pcell or a hierarchical Pcell. Additionally,
the features can be implemented by forming a new higher order hierarchical Pcell from the existing
hierarchical Pcell by autogenerating and compiling a new Pcell with the physical parameter of
interest.

In today’s design environment, these features can be utilized for modifying the existing designs of
an injection source. In the Cadence™ design environments with parameterized cells formed in the
design environment, all of these concepts are suitable and practical for design optimization
(Figure 8.11).
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Figure 8.11 Example of well and contact modification versus injection source distance.
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8.5.5 Method of Well and Contact Spacing
from External Source (Chatty-Brennan)

Latchup CAD methods to address external injection phenomenon can be addressed using experimental
data and table-based evaluations as proposed by Chatty et al. [34,35]. In systematic design environ-
ments, it is also possible to simplify the CAD process in a given axis (e.g. x-axis or y-axis) to address
the contact spacings in a given circuit.

In this methodology, the n-well spacings are adjusted in a quantized incremental fashion, so as to
be consistent with the pitch of a design methodology, such as an ASIC environment. In a
semiconductor chip with a dense circuit density, the adjustments to the well and substrate contacts
must be compatible with the design environments to avoid impact to the wiring channels. As a result,
the physical contact spacings may be ‘quantized’ in incremental steps to allow parameter adjust-
ments. In a CMOS environment, the adjustments are limited to n-well contact space p-well contact
space, and contact density. In the method of Chatty et al. [34,35], the following CAD method is
proposed:

e identify one injection source;

e identify circuits sensitive to latchup;

e determine the number of contacts;

e determine number of contacts needed to suppress latchup;

e determine the varying distance of the contacts relative to the injection source.

In this method, a simple stepwise contact spacing can be defined in a design environment that is
Euclidean in nature. This method is effective in that it can provide adjustments relative to a given
source. The piecewise steps in the contact density provides advantages in that lookup tables and
quantized steps can be utilized for easier design integration.

8.5.6 Method of Well and Contact Spacing for Array 1/0

External CMOS latchup can occur when I/O networks are placed in an ‘array’ instead of the periphery
of a semiconductor chip. External circuits are placed in the interior of a semiconductor chip in high pin
count chips for the purpose of improved wire-ability into a semiconductor chip. In this process, [/O
networks are placed within the regions of interior logic circuits. CMOS logic circuits interior to a
semiconductor chip typically do not have guard ring structures to prevent latchup. Hence, the
placement of I/O networks within the interior of a semiconductor chip can lead to interbook latchup
failure at the boundaries or to external latchup failure due to external injection sources from the I/O
circuit. One of these sources is the cable discharge event (CDE). Brennan et al. inserted well and
substrate contacts with varying periodicities around susceptible cells according to the rules derived
from an analytical latchup model [34-36].

A simplistic model was used to define the contact periodicity. The model assumed that latchup
occurred when the injection current exceeded the sum of two currents. The first current is the current
needed to forward bias the pnp transistor based on the Kirchoff current loop in the circuit,

( Vbe )pnp
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The second current is the amount of base current in the pnp to bias the npn transistor. From the
relationship of collector current,

( Ve )npn
Rsx

Irsx = = Ponp (I8 ) pnp-

Solving for the base current,

( Ve )npn
ﬁ pnpRSX ’

(IB )pnp =

Hence, the nodal analysis can then be evaluated at one of the nodes in the pnpn current feedback loop;
the model then indicates latchup occurs for

Linj > IRNw + (1) -

In this set of equations, the adjustment of the well and substrate contacts alters the values of Ryw and
Rsx. To address the spatial dependence of the injection current, a ‘point source’ hemispherical
current distribution of injection is assumed. The current /;,; collected by the n-well of the latchup
structure at a distance r from the injection point is modeled, assuming a steady-state injection

current,
1 WL
fnj = & {2—} 7

where I is the current discharged into a signal pad, Wand L are the dimensions of the collecting n-well
between well contacts and £ is a fitting parameter. From this analysis, the maximum spacing between
the well contacts as a function of the distance from the injection source was obtained. For a latchup,
CAD methodology is as follows:

e identification of I/O cell for latchup evaluation;

e marking of the I/O cell using a virtual design shape.

A virtual design level can be used to identify the I/O cell itself, as was discussed in the Voldman—
Sullivan—Nickel-Bass method for I/O identification [6]. In the analysis, a design system can utilize
virtual design shapes and a specified region around each I/O cell for the evaluation of latchup.

Within the I/O cell, a second marker shape is needed to define the injector, using an ‘injector shape’.
Using an algorithm, the relative distance of a given circuit to the injector can be identified. In that
process, the n-well contact ‘cells’ can be moved in order to lower the latchup sensitivity of the circuit.
This can be modified until the latchup criteria are satisfied.

The problem with this methodology is that it is not always possible to modify the circuitry in a full-
chip design. For many subfunctions, such as DRAM cells, SRAM cells and other design features, it is
not advisable to modify the periodicity. Hence, this methodology is suitable for a specific environment
where the periodicity of the contacts can be modified relative to an injection source. A second
alternative is the placement of other types of circuits that are latchup insensitive; this will be discussed
in a later section.
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8.5.7 Transmission Probability Methodology (Voldman-Watson)

One of the difficulties in the analysis of external latchup is that a number of methodologies do not
address the physical shapes and structures that are encountered in the minority carrier transport across a
full-chip cross section. In a real semiconductor chip environment, it consists of metallurgical junctions,
recombination surfaces, barriers and structures near the surface of the wafer. These modify the
transport of the carriers and reduce the net transport across a semiconductor region.

One methodology that can be utilized is the Monte Carlo methods for minority carrier transport in a
periodic arrays [37—42]. In this methodology, an injecting source establishes an ‘initial condition’ of
the spatial location of the source. Carriers are then allowed to random-walk through a periodic three-
dimensional structure. At each increment, the carrier could recombine, diffuse or get collected at a
metallurgical junction. This Monte Carlo transport methodology can be applied to the external latchup
problem for ionizing radiation or diffusion sources (e.g. diodes and n-wells). The analysis of the
transport can be evaluated through Monte Carlo simulation to provide the actual transport probabilities
and guard ring efficiency.

Another proposed approach is the conversion of the physical regions into stratified media of
boundaries and regions [43]. This method is also known as the ‘transfer matrix’ methodology. Each
physical region can be quantified as two surfaces and a region within the two surfaces. This can be
converted to a ‘transfer matrix’. To evaluate the transport from a number of regions, the
transmission factor is obtained by the matrix multiplication of the different regions. These transfer
matrices can also be determined by physical models, analytically or experimentally. In a complex
set of shapes, this can be evaluated over a number of physical shapes. In the case of an array, using
matrix algebra, simple calculations can predict transport through a complex array of many repeated
structures.

In this fashion, a CAD method for external latchup injection sources can be developed, allowing
evaluation of minority carrier transport through complex semiconductor designs. The CAD method
evaluates electron transmission, reflection and absorption at geometric shapes that represent structures
on the surface or near the surface of a semiconductor. A latchup CAD method for evaluating minority
carrier transmission in a semiconductor chip design comprises the following steps [43]:

e Form a semiconductor chip computer design of geometric mask shapes.

e Define a first point of interest in the semiconductor chip design.

e Define a second point of interest in the semiconductor chip design.

e Define an arc between the first point and the second point in the said semiconductor chip design.

e Define a perpendicular interface (e.g. normal plane) at the intersection of the arc and the shape.
Only define interfaces at boundaries in the silicon chip (e.g. ignore all metal shapes and only
address isolation and silicon interface shapes).

e Define a region between each two surfaces (e.g. between the normal planes) along the arc path
wherein the region is the volume and the boundaries of the region.

e Between each region, identify the transport properties within the region between the two interfaces.
e Define the absorption, reflection and transmission matrices for the domain.
e (Calculate the transport between the two points of the arc as the product of the transmission matrices.

e Evaluate the total minority carrier transmission from said first point to said second point across the
domains.
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Figure 8.12 Semiconductor chip design segmented into domains (e.g. regions and surfaces) for evaluation of
transport properties through the regions.

In this process, the quantification of the different domains can be pre-evaluated using analytical
tools, basic physical analysis, Monte Carlo analysis or experimentally. Any physical domain in a
semiconductor chip can be defined as a set of simple domains:

e isolation region (shallow trench, deep trench or trench isolation regions);
e substrate region;
e well region;

e diffusions.

In these regions, diffusion transport and recombination characteristics (e.g. bulk or surface) can be
defined. In a CAD tool, a substrate with a known doping polarity (e.g. p— substrate) is selected, and
geometric shapes (or ‘shapes’ as used herein) may then be used to define or represent the components
of a semiconductor device that are associated with a regions in the substrate. In the present context,
‘regions’ are taken to mean a collection of shapes located in an area of the semiconductor chip for
which it is desired to determine the probability of transmission of electrons across the region or area.
By defining the physical space into a set of domains as described herein, the characteristics of
reflection, transmission and absorption operate as if the physical space (i.e. the path or trajectory)
traversed by the electrons is a ‘stratified media’ of N domains (Figure 8.12). From a matrix perspective,
a forward transmission matrix allows the calculation of the transport from any point A to point B along
the trajectory. An individual probability that an electron will traverse a given domain can be calculated
for each individual domain along the path, and the total transmission probability (probability that the
electron will travel from A to B) is the product of the individual probabilities across each domain. The
quantification of the probability of crossing an individual domain is dependent on either experimental
measurements using test structures or the analytical knowledge of recombination and diffusion lengths.
The transmission matrix for each domain can be defined as

Ty Ti2
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Notice that the transport characteristics of these domains can be defined and evaluated prior to
the evaluation of the semiconductor chip analysis, where each domain has a stored evaluation based on
the type of domain region and the technology information. In addition, in this methodology, the
transmission characteristics of the transport can be preprocessed as (1) circuit macros, (2) parameter-
ized cells, (3) array unit cells, (4) Cadence™ macros and (5) subfunctions or circuit blocks. In a
Cadence™ environment, with parameterized cells, the transport matrix can be embedded into the
parameterized cell (Pcell). The advantage of this method is the calculations that are carried out by the
practice of the present invention can be prestored and contained in the Pcell and hierarchical Pcell prior
to the chip design process. The Pcell transmission matrix may be coded into the design based on the
Pcell design parameters and stored in the Pcell for each library element. In this case, the method would
first evaluate the Pcell electron transmission process. In this process, the evaluation of the transmission
factors can be achieved analytically, experimentally or theoretically. It can be contained in the library
element deliverables prior to the calculation of the CMOS latchup evaluation process and inherently in
the physical design allowing for cosynthesis of with CMOS latchup design the floor planning and chip
design practice.

Hence, this CMOS latchup design methodology allows for an accurate quantification of the
transport factors in a semiconductor chip to evaluate external CMOS latchup phenomenon (e.g. for
any source), wherein all the physical shapes of the design are present.

8.5.8 Global Placement Methodology (Voldman)

With high-level integration, latchup continues to be a problem in MS, ASICs, SOC and NOC
applications. Functional subfunction blocks that are being integrated into a semiconductor chip include
memory, analog, digital and RF circuitries. In addition, in microprocessor design or ASIC implemen-
tations, subfunctions exist such as peripheral and array I/O networks, ESD elements, power books,
breaker cells, voltage islands and core functions (e.g. clocks, PLL and DLL).

Few of the primary reasons why CMOS latchup is a concern today are as follows:

e latchup design is independently evaluated within a circuit, design subfunction or core prior to
integration as a whole;

e latchup electrical testing and characterization are independently evaluated within a circuit,
subfunction or core prior to final test on a full-chip level;

e latchup ground rules have historically been developed without considering the integration of
different subfunctions and cores;

e Jatchup ground rules are focused on occurrence of internal and external latchup between the
functional blocks that is observable only after full-chip design integration.

An example of this is the design and qualification of I/O designs. For example, in qualification of
peripheral or array I/0 books, the design and testing of the I/O ‘books’ are completed independent of
integration into a semiconductor chip. A test site or a test vehicle may be established where all the /O
designs are tested for latchup prior to integration with a product or full chip as independent blocks.
Cores, such as phase-locked loops (PLLs), are designed and tested for latchup independent of the final
integration with other functional circuit blocks.

In chip integration, the floor planning of the semiconductor chip is typically completed based on
performance, timing, wiring density and power distribution, or logical subfunction isolation. Latchup
requirements are not integrated in the semiconductor chip optimization.
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One solution to address interbook latchup concerns, due to internal or external latchup phenom-
enon, is the evaluation of the global placement of the chip subfunctions [44]. Internal latchup can occur
on the chip boundaries between circuits of a first function and a second function that form a parasitic
pnpn. External latchup extends beyond the physical boundaries and is dependent on the relative
physical distances of the ‘victim’ pnpn and the injection source. An external latchup problem is a
function of the relative placement of the injection sources from the vulnerable circuits.

A proposed CAD methodology is as follows [44]:

e a CAD chip subfunction design layout is defined;
e parasitic pnp, npn and pnpn structures are identified in the chip subfunction;

e identify pnp, npn and pnpn element density of at least one functional circuit block and element
‘attributes’ of elements associated with the at least one functional circuit block;

e an element density function parameterized from the element attributes is formed for pnp, npn and
pnpn elements, where the element attributes contain parameters of interest to latchup (e.g. base
widths, emitter widths and shunt resistances);

e the placement of the one functional circuit block is modified relative to other functional circuit
blocks based on the element density function to substantially eliminate latchup between the
functional blocks.

In many of the prior methods, the focus was on finding one pnp, or npn or pnpn to focus on a given
device in a given region. For example, in the Habitz—Galland—Washburn method, the user searched for
a given pnpn, extracted it, and analyzed the circuit response after the chip floor plan was completed
[24]. In the method of Li, the ‘strength’ of the parasitic bipolars was quantified as a means of ‘sorting’
which pnpn elements will be the focus of the analysis and then integrate the pnpn into the circuit
analysis [19]. In these cases, the analysis focuses on ‘worst-case’ pnpn, has significant focus on a given
region or domain and does not address external latchup phenomenon.

In this method, for global analysis of chip design, this method provides a more ‘full-chip analysis’
methodology that can be processed prior to the assembly of the chip subfunction and then addressed
with global integration.

In the step to identify element, the attributes could include identifying at least one of the elements
sensitive to temperature, power, overshoot, undershoot, external sources, injection mechanisms,
element pair density (e.g. pnp and npn), pnpn regenerative feedback strength, latchup resiliency,
orientation and form factor in at least one functional circuit block and spatial density.

In the placement of the functional block relative to injection sources, the methodology can comprise
steps of determining at least one of the following [44]:

e orientation and placement of an injecting source;

e distance between an ESD element and adjacent region of high pnpn density;
e form factors of the at least one functional circuit block;

e guard ring utilization between adjacent functional circuit blocks;

e npn density—number of npn per unit area;

e npn parameter strength (current gain);
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Figure 8.13 Floor planning optimization based on pnp, npn and pnpn density functions.

e pnp density—number of pnp per unit area;

e pnp parameter strength (pnp current gain);

e parameterization of the npn density as a function of strength parameters statistics;

e parameterization of the pnp density as a function of the strength parameters statistics;
e pnpn density;

e pnpn parameter strength.

In the evaluation process of the strength parameters, this can be achieved by the geometrical
variables from semiconductor design layout and the physical and electrical parameters from the
technology data file. Analytical models can be used to determine the likelihood of latchup from
injection sources.

In the floor planning of the semiconductor chips, chip subfunctions that have a low pnpn density can
be placed near injection sources (Figure 8.13). Circuit subfunctions with high pnp density can be
spaced from subfunctions that have high npn density. In this global chip design methodology, it is clear
that the global floor plan of the semiconductor chip can be cosynthesized with the time analysis, wiring
and performance objective in an efficient manner on a full-chip level.

8.5.9 Method of Latchup, Placement and Routing Cosynthesis
(Cohn-Basaran)

With the introduction of mixed signal methodologies, which contain digital and analog functions,
the issue of CMOS latchup was historically focused on the needs of the digital CMOS sector of the
design. Analog cell placement and routing techniques and concepts to address these kind of issues have
been developed in the Ph.D. thesis of Cohn (e.g. routing tool KOAN) [45,46]. With the growth of
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analog—digital chips and SOC integration, there is a need for global methodologies that address the
placement, routing and latchup [47,48]. Extending the Cohn methodology, Basaran er al. discuss the
concept of constraints on the routing and placement algorithm that address latchup [47,48]. It is noted
that many methodologies first place well and substrate contacts to define a ‘zone of protection’. A
‘halo’ with a given radius from each well and substrate contact is formed and drawn based on the
design rules of distance from each well and substrate contact. If any region of an active device is not
within the ‘halo’ and the zone of protection, it is regarded as a latchup ground rule fail. Hence, a ‘halo
model’ provides a region to establish the zone of protection of the devices within the physical region
local to the contacts. Any device or part of a device falling outside the ‘zone of protection’ initiates a
design rule failure. In many design methods, a postprocessing design tool provides additional contacts
as a means to address the design failure after the design has been optimized. As noted by Basaran, in
the presence of very large individual devices (e.g. analog elements or LDMOS power devices) or dense
cells containing many devices, a postprocessing solution or any other ad hoc placement is problematic.
The proposed method to address this issue is a three-step process [47,48]:

e device generation;
e device placement;

e well generation.

In this methodology, each device is a set of devices with alternate layouts available. In the second
step, device placement is performed by a Gelatt—Jepsen annealing algorithm in which the elements are
placed arbitrarily [47,48]. As a third step, the well is generated under the devices where these can be
shrunk or expanded on the basis of the device placement.

In this methodology, the device generators created the actual geometry of the well and contact
spacings. With this decision, the well and substrate contacts also can be a suite of dimensional
layout (e.g. variants) with alternative layout shapes; it is as if the well and contacts are a ‘device’ in
its generation step (e.g. as stated in Step 1). To reduce the complexity of the interaction, each device
generated has a correspondence to the well and contacts suite, and as a second constraint, the
contacts are ‘run’ around a ‘bounding box’ of the device generated. Hence, the contact placement is
being treated almost as a ‘device’ itself, but has a one-to-one correspondence and geometric
constraints to reduce the complexity. As a simplification of this method, a group of devices can be
associated with the ‘contact’ under a similar constraint to allow sharing of well and substrate
contact structures. In the method of Basaran et al., the methodology allows for the optimization
based on a subset of devices to reduce ‘over-design’. Using the tools ‘relocating’ and ‘reshaping’
functions, the full global design can be optimized to include the needs of latchup contact placement
optimization within the placement and routing algorithm. The cost functional algorithm is as
follows [47,48]:

Cost = Wy, Wire Length + Wy Cell Area + W), Mergeable Area Used
+ Wo lllegal Device Overlap + W, Latchup Unprotected Devices.

In this algorithm, the first three terms are minimized and the last two latchup-related terms are
constraints that are driven to zero during the optimization process. The two latchup terms are
associated with areas outside the ‘zone of protection’. In this fashion, the latchup contact placement,
routing and cell optimization can all be cosynthesized. This avoids the postprocessing methodology
used in many foundries today. In this fashion, local and global optimizations can be addressed with
cosynthesis of the latchup needs and product of area and performance optimization.
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8.6 LATCHUP CAD SIMULATION

Latchup CAD methods also include both semiconductor device level and circuit simulations. Latchup
CAD simulation can be completed at a semiconductor device level or circuit simulation. Latchup
simulation of both device and circuit is a natural part of the CMOS latchup design discipline.

8.6.1 Latchup CAD Semiconductor Device Simulation

In the latchup design discipline, it is common to evaluate the geometric ground rules (e.g. p+/n+
spacing) and the semiconductor process variables using semiconductor device simulation. In latchup
modeling, the electrical potential, current density and current contours can be evaluated to observe the
spatial and temporal results during latchup events. As an example, Figure 8.14 shows the potential
distribution of a four-stripe pnpn structure used to evaluate latchup. As a result, semiconductor device
simulation can provide assistance to the following areas:

e semiconductor process definition;
e ground rule spacings definition;
e current and voltage responses;

e failure analysis;
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Figure 8.14 Semiconductor device potential distribution of a four-stripe pnpn structure.
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Figure 8.15 Transmission line model representation of pnpn structure.

e root cause analysis;

e characterization-to-model calibration.

8.6.2 Latchup CAD Circuit Models

In the latchup design discipline, circuit simulation can also be used to evaluate the response of the
circuit. Examples have been shown in the text to explain latchup events. The sophistication of the
latchup models can be simple or complex. Figure 8.15 is a transmission line model of the pnpn
structure where the substrate is represented as a transmission line. In this model, the model includes
both a frontside and a backside substrate contact. Hence, one direction is to use circuit simulation tools
to understand the transmission and reflection characteristics of a parasitic device.

In CAD circuit analysis, the structures used vary from simple four-stripe pnpn structures to full-
circuit cross sections. In other directions, additional methodologies exist that focus on introduction of
the parasitic devices into the simulation of the circuits themselves as proposed by Li [19]. In the Li
method, the parasitic devices are sorted, extracted and then included into the active circuit itself. As a
first step, the simulation tool extracts the pnpn structure or parasitic bipolar, distinguishes which ones
are important and then includes the parasitic device into the circuit simulation of the active devices.

8.7 SUMMARY AND CLOSING COMMENTS

Chapter 8 addresses latchup design checking and verification methodologies; the methodologies
address finding the parasitic pnpn elements, determining the presence of guard ring structures and
verifying the substrate and well taps (e.g. contacts) to sophisticated graph model theory verification
techniques. Simulation is used from semiconductor device simulators, circuit models of the pnpn,
circuit simulation with attached parasitics to mixed-mode simulation of system/chip/circuit and a
semiconductor device. Latchup can be integrated into today’s design methods for chip optimization,
wherein sophisticated methods using cost functionals, rapacious algorithms and cosynthesis can be
instituted. In the last 20 years, the methods of chip designs have evolved, and as a result, the methods
used today for latchup have also increased in technical sophistication.
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PROBLEMS

Given a latchup DRC methodology, what is the minimum number of rules needed to provide
latchup sensitivity? What are the rules?

Given a CMOS inverter circuit, show the critical dimensions that are to be checked to latchup
analysis.

Given an I/O cell, containing an n-channel pull-down MOSFET, n-doped ballast resistors, a
p-channel pull-up, and a dual-diode ESD network (containing a p+/n-well diode and a n-well/p—
substrate diode), show the guard ring configuration in the design to prevent latchup events.

In the Li methodology, strength factors were assigned to the parasitic pnpn structures by
identifying the base widths of the lateral parasitic pnp and lateral npn transistors in a design
layout. Show an inverter layout, identify the strongest pnpn regions, define the key parameters for
the parasitic devices and add the parasitic pnpn circuit schematic to the CMOS inverter
schematic.

Relate the strength factors criteria and the latchup criteria without inclusion of the well and
substrate shunt resistors. Relate the strength factor criteria with the inclusion of the well and
substrate extracted resistor elements.

Using the method of Zhan and Wang, show the MG for a parasitic pnpn element from a CMOS
inverter layout.

Show the extracted MG of the parasitic pnpn elements from a dual-diode ESD network
that contains a p+ diffusion in an n-well, an n-well diode adjacent to the first diode element
and an n-well guard ring around both elements. Show all the parasitic diodes and transistors
formed between the diodes, tubs and guard rings.

Given that all physical shapes can be defined as a region within two boundaries, each physical
region in a design can be represented as a stratified medium. Using this representation, a
transmission, absorption and reflection characteristic can be defined for all regions. Show a
representation of a region in this formulation. From this transmission factor representation, what
is the advantage of this representation?

Given a transmission factor can be defined for a repeating unit cell in a silicon chip, the transmission
of a carrier across a periodic unit cell can be represented as a matrix product. Show how this can be
utilized for prediction of minority carrier propagation in a semiconductor chip.

Given a methodology of chip design that addresses the density of pnpn parasitic elements
in a given core or chip subsector, how would you floor plan the semiconductor chip assuming
the chip contains I/O banks, DRAM and SRAM memory, silicon fill shapes, back-end only fill
shapes, n-type decoupling capacitors and CMOS sea of gates.
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