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Preface

ESD: Failure Mechanisms and Models is targeted at an audience of the failure analysis
technician and engineer, the semiconductor process and device design engineer, the circuit
designer, the test engineer, and the ESD engineer. In this text, a balance is established between
the “failures” and the “fixes.”

A first goal of this book is to teach the ESD failure mechanisms and physical models that
occur in semiconductors and nanostructure technologies from a generalist perspective. This
will be followed by specific failure mechanisms observed in the different technologies and
circuits.

A second goal is to teach the methodology and basic failure analysis as an ESD design
practice. From the failure mechanisms, the understanding of the root cause can be obtained. In
addition, ESD failure analysis allows for the understanding of the fundamental practices of
ESD design and the ESD design discipline.

A third goal is to present ESD failure mechanisms relevant to many of today’s technologies.
The text will discuss ESD failure mechanisms in “old” technology as well as updating the
modifications to the present-day state-of-the-art technologies. The text will cover a wide
spectrum of technologies from CMOS, RF CMOS, silicon-on-insulator (SOI), smart power,
gallium arsenide (GaAs), magneto-resistive (MR) heads, tunneling magneto-resistive (TMR)
heads, micro-electromechanical (MEM) systems, to photo-masks and reticles.

A fourth goal is to not only identify the failure mechanism, but use it as an opportunity to
learn about the component under test. Using the failure mechanism, it is possible to determine
current paths, internal device current distribution, temperature distribution, power distribution,
device operation, and other features. Hence, a key objective of the text is to start with the
discovery of the failure, and then use this as a starting point of the analysis, using the failure
point as the first step in the analysis to determine many other features of the semiconductor chip.

A fifth goal is to teach how to build more ESD and EOS robust components and systems. As
stated above, the discovery is the first step of the failure analysis, not the last step. If pursued in
that fashion, we can learn how to build better components. This involves understanding the
interrelationship between the failure mechanism, the layout design, the physics of failure, the
characterization, the test, and the failure criteria. From this understanding of the failure
mechanisms, and materials, it is possible to design better ESD structures, better I/O circuitry,
and more robust systems.
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A sixth goal is to demonstrate new failure analysis techniques, and tools, and how to use
them for ESD and latchup evaluation. In the last 20 years, a significant number of failure
analysis techniques and tools were developed which have been utilized to understand and
quantify CMOS ESD and latchup; these tools include EMMI, AFM, KPFM, CCD, SQUID,
EBIC, OBIC, OBIRCH, TIVA, CIVA, PICA, and TLP-PICA. With these advancements in the
field of failure analysis, new issues in ESD and latchup can be visualized spatially and
temporally.

A seventh goal is to expose the reader’s knowledge of ESD failures and mechanisms. There
is significant focus on CMOS, and not enough on RF CMOS, SOI, GaAs, GaN, InGaAs, smart
power, and MEMs. In many of the technical publications, ESD engineers do not talk about the
product case studies and only discuss the measurements of the ESD device; this misleads
faculty members and students.

ESD: Failure Mechanisms and Models contains the following:

e Chapter 1 introduces the reader to the fundamentals and concepts of ESD failure analysis
(FA). In this chapter, we open the discussion of the uniqueness of the ESD FA methodology.
Then we discuss concepts of definition of failure: why do micro-electronic devices fail; and
what is a failure? The chapter focus also includes how to use FA to build better semiconductor
chips. The chapter talks about the ability to use FA to determine the current distribution, the
current paths, the temperature in a semiconductor device, and device operation.

e Chapter 2 reviews the basics of FA tools, electro-thermal models, and ESD models. The
chapter provides a brief discussion of FA tools used for ESD analysis. The discussion reviews
established models and new models such as the transmission line pulse (TLP), very fast TLP
(VE-TLP), cable discharge event (CDE), and human metal model (HMM), the charged
cassette model, the charged board model, and ultra-fast transmission line pulse (UF-TLP).
The chapter discusses the electro-thermal failure models and failure from the statistical
approach used, using distribution functions and probability theory.

o Chapter 3 begins by discussing failure mechanisms for CMOS technology. This chapter
discusses failures in resistors, diodes, and MOSFETs. In this discussion, the technology
scaling from 2.0 pum to 32 nm CMOS technology is presented. In this fashion, the evolution of
CMOS technology can be observed and how it influenced the failure mechanisms of the
technology generation.

e Chapter 4 discusses failure mechanisms associated with CMOS peripheral circuits. In this
chapter, we explore both receivers and off-chip driver (OCD) networks. Mostly, we focus on
receiver networks. In the discussion, the current paths and failure mechanisms are described.
By learning all the different receiver failure mechanisms, the understanding can be
transferred to other circuits and peripheral devices.

e Chapter 5 discusses failure mechanisms associated with chip architecture and design
synthesis. In this chapter, unique failure mechanisms typically not discussed in publications
are presented. These include power grid issues, generators and regulators, digital-analog
integration issues, decoupling capacitors, fuse networks, anti-fuse networks, eFUSE net-
works, no connect pins, and floating pads. The chapter also discusses multi-chip environ-
ments; this topic addresses concerns of “bare-die,” system-on-chip, silicon carriers, and
stacked chip ESD issues.
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Chapter 6 focuses on silicon-on-insulator (SOI) technology. The chapter discusses the device
issues and design integration concerns in partially depleted to fully depleted SOI. This
chapter focuses on how the SOI failure mechanisms differ from the bulk CMOS failure
mechanisms. In the discussion, SOI technology scaling from the 2.0 um to 32 nm CMOS
technology is described.

Chapter 7 discusses the failure mechanisms of radio frequency (RF) CMOS. In this chapter,
we focus on the failure mechanisms associated with the passive elements, and how the
failures manifest themselves in the different circuit topologies.

Chapter 8 addresses micro-electromechanical (MEM) structures. With the growth of interest
in MEM technology, the understanding of the failure mechanisms is key to the future of
MEMs in space, military, and mainstream applications. This chapter highlights the new
failure mechanisms being discovered from ratcheted motors to RF MEM switches.

Chapter 9 discusses III-V compound devices with a focus on gallium-based devices. The
chapter covers gallium arsenide, gallium nitride (GaN) LEDs, and indium gallium nitride
devices. ESD solutions for these technologies will be reviewed from on-chip to off-chip
solutions.

Chapter 10 discusses smart power and LDMOS technology failure mechanisms. LDMOS
technology has unique ESD and latchup issues. This chapter provides a brief introduction
to some of the issues associated with high voltage CMOS, LDMOS structures, and
bipolar—-CMOS-DMOS (BCD) technology.

Chapter 11 discusses magnetic recording failure mechanisms. This chapter discusses failures
in magneto-resistor (MR) recording heads, and inductive heads. Additionally, giant magneto-
resistor (GMR) and tunneling magneto-resistor (TMR) devices are also discussed. Addi-
tionally, the ESD design and manufacturing solutions that are applied to the magnetic
recording industry are presented.

Chapter 12 discusses failures in photo-masks, and reticles. Manufacturing solutions to avoid
ESD issues in photo-masks are reviewed. ESD failure images are shown of photo-masks in
the manufacturing environment.

Hopefully this text will teach engineers the mechanisms associated with the technologies. In
addition, the underlying ESD FA discipline will be illuminated for the readers and will help
them explore new devices and technologies in the nano-electronic era.

Enjoy the book, and enjoy the subject of ESD.

Steven H. Voldman
IEEE Fellow
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