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Preface

design for manufacturability and reliability. It is intended to be

used as a text for senior-level undergraduates and for graduate
students in their initial years and also to serve as a reference for
practicing design engineers. Because there are entire conferences and
journals devoted to this subject, it is impossible for any compendium
to be complete or fully current. Therefore, we focus more on principles
and ideas than on the granular details of each topic. There are
references at the end of each chapter that direct the reader to more
in-depth study. In order to understand this book, readers should have
some knowledge of VLSI design principles, including cell library
characterization and physical layout development.

This book is a result of the research interests of both coauthors,
whohavepublished actively in thearea of design formanufacturability.
Professor Kundu also introduced a new course on Design for
Manufacturability and Reliability at the University of Massachusetts.
Much of this book’s organization is based on the structure of that
course, which was developed for classroom instructions. Thus, it is
hoped that students will benefit greatly from this book. The text also
deals extensively with costs, constraints, computational efficiencies,
and methodologies. For this reason, it should also be of value to
design engineers.

The material is presented in eight chapters. Chapter 1 introduces
the reader to current trends in CMOS VLSI design. It offers a brief
overview of new devices and of contributions from material sciences
and optics that have become fundamental for the design process
achieving higher performance and reduced power consumption. The
basic concepts of design for manufacturability (DFM) are reviewed
along with its relevance to and application in current design systems
and design flows. The chapter also explores reliability concerns in
nano-CMOS VLSI designs from the perspective of design for reliability
(DFR), computer-aided design (CAD) flows, and design optimzations
to improve product lifetime.

Chapter 2 discusses the preliminaries of semiconductor manu-
facturing technology. The various steps—which include oxidation,

I I The purpose of this book is to introduce readers to the world of

xiii
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diffusion, metal deposition, and patterning—are explained. This
chapter concentrates chiefly on patterning steps that involve
photolithography and etching processes. Techniques are discussed
for modeling the photolithography system so that the manu-
facturability of a given design can be effectively analyzed. The
techniques are classified as either phenomenological or fully phy-
sical, and the methods are compared in terms of accuracy and compu-
tational efficiency.

The focus of Chapter 3 is variability in the process parameters for
current and future CMOS devices and the effects of this variability.
The main subjects addressed are variations in patterning, dopant
density fluctuation, and dielectric thickness variation due to chemical-
mechanical polishing and stress.

Chapter 4 explains the fundamentals of lithographic control
through layout-based analysis as well as the important photo-
lithography parameters and concepts. Lithographic variability control
is illustrated by resolution enhancement techniques such as optical
proximity correction, phase shift masking, and off-axis illumination.
This chapter discusses components of the DRM manual, including
geometric design rules, restricted design rules, and antenna rules. It
also contains sections on the evolution of model-based design rules
check and other changes to CAD tools for traditional physical design.
The chapter concludes with a presentation of advanced lithography
techniques, such as dual-pattern lithography, inverse lithography
technology and source mask optimization, that are used to push the
resolution limit.

Chapter 5 provides an in-depth look at various manufacturing
defects that occur during semiconductor manufacturing. These defects
are classified as resulting either from contaminants (particulate
defects) or from the design layout itself (pattern dependent). The
chapter describes how critical area is used to estimate yields for
particle defects as well as how linewidth-based models are used to
estimate yield for pattern-dependent defects. Metrology and failure
analysis techniques—and their application to semiconductor
measurement for process control—are also described.

In Chapter 6, particle defects and pattern-based defects are
examined in terms of their impact on circuit operation and
performance. The discussion covers the defect models and fault
models used to effectively identify and predict design behavior in the
presence of defects. This chapter also explores yield improvement for
designs through fault avoidance and fault tolerance techniques.

The physics of reliability issues and their impacts are discussed in
Chapter 7. Reliability mechanisms such as hot carrier injection,
negative temperature bias instability, electromigration, and
electrostatic discharge (ESD) are explained and illustrated. The mean
time to failure for each of these reliability failure mechanisms are also
discussed with design solution to mitigate their effects.
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Finally, Chapter 8 addresses the changes to CAD tools and
methodologies due to DFM and DEFR approaches at different stages
of the circuit realization process, including library characterization,
standard cell design, and physical design. This chapter then delves
into the need for statistical design approaches and model-based
solutions to DFM-DEFR problems. The importance of reliability-aware
DFM approaches for future designs is also detailed.

The central theme of this book is that decisions made during the
design process will affect the the product’s manufacturability, yield,
and reliability. The economic success of a product is tied to yield and
manufacturability, which traditionally have been based solely on the
effectiveness and productivity of the manufacturing house. Throughout
this book, readers are shown the impact of the design methodology on
a product’s economic success.

Sandip Kundu
Aswin Sreedhar
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CHAPTER 1
Introduction

1.1 Technology Trends: Extending Moore’s Law

Complementary metal oxide semiconductor (CMOS) technology has
been the dominant semiconductor manufacturing technology for
more than two decades. The demands for greater integration, higher
performance, and lower power dissipation have been driving the
scaling of CMOS devices for more than a quarter century. In 1965,
Gordon Moore famously predicted that the number of transistors on
a chip would double every 18 months while the price remained the
same. Known as Moore’s law, the prediction has held true until today.
This has been made possible by advances in multiple areas of
technology. Design technologies such as high-level design languages,
automatic logic synthesis, computer-aided circuit simulation, and
physical design have enabled increasingly larger designs to be
produced withinashorttime. Manufacturing technologies—including
mask engineering, photolithography, etching, deposition, and
polishing—have improved continuously to enable higher levels of
device integration.

Moore’s law has been sustained by concurrent improvement
across multiple technologies. There has always been a demand for
high-performance circuits that are cheap to produce and consume
less power. Historically, scaling of transistor feature size has offered
improvement in all three of these areas. “High performance” means
an increase in clock frequency with every new generation of
technology. Such increases are possible only with commensurate
increases in transistor drive current while parasitic capacitances
remain low, thus reducing propagation delay. The transistor drive
current is a function of the gate dimensions and the number of charge
carriers and their mobility in the channel region. Propagation delay is
the input-to-output signal transition time of a gate or a transistor. The
propagation delay depends primarily on the intrinsic capacitances of
the device: the threshold voltage and load capacitance. By making
changes to the contributing parameters, an integrated circuit (IC)
with higher clock frequency can be produced. With the foray of
semiconductor chips into portable and handheld devices, power

1



Chapter One

consumption has also become a critical design parameter. Power
consumption can be divided into dynamic power and static power.
Dynamic power is the power dissipated during transistor operation. It
is dependent on the supply voltage and frequency of circuit operation.
It also depends on device and interconnect parasitic capacitances,
which in turn depend on the manufacturing process and materials.
Static power is the power consumed irrespective of the device use. Itis
chiefly dependent on the threshold voltage of a device, which in turn
is related to process parameters such as dopant density in the gate
poly and the transistor channel region.

Improvements in clock frequency have been achieved primarily
by creating device of smaller effective channel length and reducing
the threshold voltage of the device. Power consumption and some
device reliability problems have been kept under control by reducing
the supply voltage. Leakage control has been attained through
selectively increasing the threshold voltage of transistors in noncritical
gates. This is also known as multithreshold CMOS (MTCMOS)
technology.

In each generation of CMOS technology, new challenges have
cropped up that required new solutions. In early days, when the
layout size increased to about a thousand polygons, manual layout
became impractical, so layout automation tools were required. Later,
when the gate count increased beyond thousands, computer-aided
logic synthesis became necessary. When the gate counts became still
larger, high-level design languages were invented. At about 1.5 pm or
so, interconnect delays became a concern. This led to development of
interconnect resistance and capacitance (RC) extraction from circuit
layout. With continued scaling, coupling capacitances created
problems that required development of signal integrity tools. As the
feature size became even smaller, considerations of device reliability
required the introduction of electromigration rules and checks. As the
transistor count increased and the frequencies became larger, power
density became a critical concern—especially in mobile designs. The
reduction of dynamic power demanded commensurate reductions in
interconnect capacitances, which in turn required development of
low-K interlayer dielectric between interconnect layers.

Collectively, these techniques have helped to move the industry
from one technology node to the next. Future technologies will
require innovation in (1) basic device structures, (2) materials, and (3)
processing technologies.

The move into transistors feature widths close to 45 nanometers
and below, unlike any other shift in technology, has led to the
simultaneous investigation of many changes to design and
manufacturing that attempt to better satisfy the three technology
requirements just listed. As identified in the International Technology
Roadmap for Semiconductors (ITRS) report,! the basic transistor
patterning technology will become a critically important factor in
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enabling future technologies. Photolithography, the core of transistor
and interconnect patterning, has been found wanting at lower feature
sizes. The main concerns are materials for mask and projection optics,
temperature of operation, and wavelength of light source. (These
issues are detailed in Chapter 3.) Lithography techniques that help
produce devices of smaller effective gate lengths are central to
technology scaling. The emergence of new, structurally modified
metal oxide semiconductor field-effect transistor (MOSFET) devices
aim atincreasing the channel region’s surface area in order to improve
the device’s drive current is also impelling the need for better
manufacturing techniques. These devices also need the help of
lithography to be printed on wafer. Newer materials that can provide
higher performance (through increased mobility) and better variability
control (through reduced intrinsic and interconnect capacitances)
also aim to help break the performance and power consumption
barriers. We address all these issues in the following sections.

1.1.1 Device Improvements

Conventional CMOS scaling involves scaling of multiple aspects of a
transistor; these include feature length and oxide thickness as well as
dopant density and profile. As we approach atomic scales for
transistors, scaling of these aspects presents a new set of challenges.
For example, scaling oxide thickness increases tunneling leakage
through oxide. Increased channel doping increases source-drain
leakage. Increased source-drain doping increases band-to-band direct
tunneling leakage to bulk. Increased source-drain doping also inc-
reases the source-drain capacitance, compromising the performance
of transistors. It is widely recognized that conventional scaling of
bulk CMOS will encounter these difficulties and that further scaling
of transistors will require modification to the conventional MOS
transistor. Several alternative devices are now under investigation or
actual use. They include silicon-on-insulator (SOI) MOSFET, whose
design seeks to mitigate the source-drain capacitance and transistor
body effects. The FinFET (an FET with a finlike vertical rather than a
planar structure) and tri-gate transistors being developed seek to
increase transistor ON current without increasing the OFF current.
Transistors based on carbon nanotube (CNT) technology offer another
alternative to device scaling. However, it is not yet patternable using
current lithography processes.

Several foundries are currently manufacturing SOI-based
MOSEFETS used in high-performance ICs. Although the wafer cost for
SOl 'has come down significantly, cost and yield still remain as barriers
to wider adoption of SOI devices. Furthermore, FinFET, tri-gate, and
other multigate devices are in the early stages of development. Once
they become practical to manufacture in high volume, such devices
will impel changes to conventional circuit design and optimization
methods. Carbon nanotubes have been touted as a potential
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replacement technology for silicon transistors, but assembly, perfor-
mance, and reliability remain open issues for such devices. The
following sections provide an overview of these developing device
technologies.

1.1.1.1 Silicon on Insulator

The SOI process uses a silicon-insulator-silicon substrate in place of a
doped silicon substrate as the bulk material in MOSFET devices. A
thin layer of buried SiO, isolates the channel regions of transistors,
which enables the transistor body to float without risk of substrate
coupling noise. This, in turn, reduces capacitance to body and imp-
roves both circuit performance and power attributes. Figure 1.1
depicts an SOI-based MOSFET device. From a circuit perspective,
one difference between an SOI and a bulk transistor is that the body
of an SOI transistor forms an independent fourth terminal of the
device. This terminal is typically left unconnected, but it can be fixed
at a potential to control the threshold voltage. The main advantage of
using SOI over bulk CMOS is the increase in performance due to
lower junction capacitance, lower body effect, and improved sat-
uration current. Other advantages include better control of device
leakage over the entire die, reduced susceptibility to soft error, and
low temperature sensitivity. A partially depleted SOI process is often
used to deliver both high performance and reduced power
consumption, where “partially depleted” means that the channel
inversion region of the SOI device does not completely consume the
body region.>® Partially depleted SOI uses the same materials, tools,
processes, and parameter specifications as the older bulk technology.
It also uses the same design technology and computer-aided design
(CAD) tools, and changes in CAD tools for circuit simulation and
physical design are easily accommodated within current framework.
This fact facilitates quick adoption of this technology.

Oxide spacer Gate Lorann
Gate Lgfective G’ate
‘ # : Oxide tOX
STI Drain Body Source STI

Ficure 1.1 Partially depleted SOl MOSFET.
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1.1.1.2 Multigate Devices

A group of multigate devices that includes FinFETs, DG-FETs (“DG”
denotes “double-gate”), and tri-gates has been touted to replace the
traditional MOSFET. Multigate devices are MOSFETs that have
multiple gate terminals. The gate terminals can be joined together to
form a single connection that performs the same operation as a
MOSEFET, or they can be controlled independently to offer circuit
designers greater flexibility. In this latter configuration the devices
are simply termed independent gate FET devices. Multigate transistors
are being manufactured solely to create ever-smaller transistors that
can provide higher performance with the same or smaller chip area.
These devices can be classified based on the direction of gate
alignment. Horizontally aligned multigate devices are called planar
gate devices, which can be double-gate or multibridge transistors
with common or independent gate controls. Both FinFETs and tri-
gates are vertical gates, which (for manufacturing reasons) must all
have the same height. This constraint forces all transistors to have the
same width. Consequently, current approaches to device sizing and
circuit optimization techniques must be tweaked to accommodate
discrete transistor sizes. Planar double-gate devices form a natural
extension to SOI technology, and they can be manufactured using
any of three conventional techniques: (1) the layer-on-layer process,
(2) wafer-to-wafer bonding, and (3) the suspended channel process.
The channel region of the device is sandwiched between two
independently fabricated gate terminals with oxide stacks. Figure 1.2
shows a planar double gate fabricated using the layer-on-layer
technique.

A FinFET is a nonplanar vertical double-gate transistor whose
conducting channel is formed by a thin polysilicon “fin” structure
that wraps around the body of the device.** The dimensions of the fin
dictate the channel length of the device. Figure 1.3(a) illustrates the
structure of a FInFET. As shown, the gate region is formed over the
silicon that connects the drain and source regions. Transistors with
effective gate length of 25 nm have been reported.® Tri-gate transistors
were devised by Intel® as its trademark new device for future
technologies that attempt to extend Moore’s law for higher
performance and lower leakage. They are quite similar to FinFETs

Source Top gate Drain
' -
I I =i
Bottom gate Channel region

Ficure 1.2 A planar double gate.
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Channel region

Fin

Ficure 1.3 Structure of (a) FinFET and (b) Tri-gate.

and are also considered as nonplanar vertical multigate devices (see
Figure 1.3(b)). These devices provide increased surface area for the
channel region, thus creating higher drive currents by wrapping a
single gate in place of multiple gate structures.”®

The new multigate devices described here provide greater control
over gate threshold voltage and also increase the surface area of the
channel for improved drive current, thereby producing faster chips.

1.1.1.3 Nanodevices
Nanodevices are created using materials other than silicon. These
materials are used to realize nonconventional devices capable of
mimicking the operation of a MOSFET. Not only are nanodevices an
order of magnitude smaller than conventional MOSFETs produced
today, they are also unique in terms of materials and the manufacturing
technology used. MOS transistors operate on the basis of movement of
charge carriers across the channel region, whereas the operation of
nanodevices is based on quantum mechanical principles. Nanodevices
can be classified, in terms of their working mechanism, as molecular
and solid-state devices. Molecular devices use a single molecule (or
a few molecules) as the switching device, and they can be as small as
1 nm.? Examples include switches using catenanes™ or rotaxanes™ as
well as DNA-strand-based devices.” Molecular computing systems
are highly sensitive to electrical and thermal fluctuations. They also
require large-scale changes to current design practices in order to
accommodate significantly higher failure rates and power constraints.
Solid-state nanodevices that have been investigated with an eye
toward forming logic circuits of reduced density include (1) carbon
nanotubes, (2) quantum dots, (3) single-electron transistors, (4)
resonant tunneling devices, and (5) nanowires. Without delving into
details of these devices, we list the underlying mechanism of
conduction in each. Carbon nanotubes and silicon nanowires are
further along in terms of manufacturing developments. These devices
use “ballistic transport” (i.e., the movement of electrons and holes are
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unhindered by obstructions) of charge carriers as the charge-
conducting mechanism. Quantum dots interact with each other based
on Coulomb forces but without actual movement of electrons or
holes.® Resonant tunneling diodes exhibit negative differential
resistance characteristics when a potential is applied across the device,
so they can be used to build ultrahigh-speed circuitry.**® Finally,
single-electron transistors are three-terminal devices whose operation
is based on the “Coulomb blockade,” a quantum effect whereby the
gate voltage determines the number of electrons in a region.'
Nonconventional manufacturing techniques (i.e.,, not based on
lithography) are being used to reduce the cost of fabricating these
devices, but large-scale manufacturing is not yet practical.

1.1.2 Contributions from Material Science

Except for SOI, all the new devices described so far are still in their
nascent stages and have not yet been manufactured in large quantities.
In order to obtain consistent results while scaling transistors, process
improvements were made in the materials domain. New materials
that target specific process stages and device regions have been
suggested either to improve performance or reduce leakage and so
allow extension of CMOS scaling. Examples include strained silicon
materials, low-K and high-K dielectrics, metal gates, and copper
conductors. A discussion of the purpose and properties of these
developments is presented next.

1.1.2.1 Low-K and High-K Dielectrics

Dielectrics (oxides) form an integral part of CMOS IC manufacturing
today. A liner composed of silicon dioxide (5iO,) or silicon oxynitride
(SiON) has traditionally been at the heart of transistor operation,
providing high impedance control for the conduction path between
source and drain of a transistor. Similarly, SiO, is used as a barrier
layer between active regions of devices and also between layers of
metal interconnects. The drive current (and hence the speed) of a
transistor is directly proportional to the gate oxide capacitance. The
gate oxide capacitance depends on the oxide thickness { and the
dielectric constant £ _of the material used as oxide:

-pc, Wy, ¢ -fx (1.1)

ox

In order to increase the oxide capacitance, the thickness of the
oxide is scaled in tandem with transistor scaling until the oxide
thickness reaches only a few layers of molecules. Oxide thickness is
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measured both in optical/microscopy and electrical terms. Because
of various field effects, thickness as measured in terms of capacitance
tends to be slightly higher than thickness observed via microscopy.
At a thickness of about 20 A, tunneling leakage through gate oxide
becomes a serious problem (see Figure 1.4).”” Clearly, the tunneling
current for SiO, is many orders of magnitude higher than other gate
oxides at this thickness.

Thicker oxides are required to reduce tunneling leakage. However,
thicker oxides reduce both gate capacitance and transistor drive
current. This necessitates a high-K oxide material to maintain higher
gate capacitance with thicker oxides. Hafnium oxide (¢=25) has
reportedly been used as a high-K gate dielectric. With the introduction
of high-K gate oxides, threshold voltages tend to increase significantly,
which is addressed by changing the gate electrode materials. Unlike
conventional SiO, gates, high-K gate dielectrics need metal gates and
a complex gate stack structure. Required properties of high-K
materials include (but are not limited to) high dielectric constant, low
leakage current density, small flat-band voltage shifts, low
concentration of bulk traps, and reliability comparable to that of
current SiO, dielectrics. Table 1.1%® lists some high-K dielectrics along
with their dielectric constants and compatibility with silicon substrate.
The crystal structure and stability of the Si substrate together
determine possible defect levels for a given type of oxide.

As the transistor count increases, the interconnect length increases
even faster. In today’s chips, interconnect capacitance dominates gate
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Ficure 1.4 Gate oxide tunneling currents for three oxide types at different oxide
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Stable on
Material € Crystal structure silicon?
SiO, 3.9 Amorphous Yes
Si;N, 7.8 Amorphous Yes
Y,0, 15 Cubic Yes
Tio, 80 Tetragonal No
HfO, 25 Monoclinic, tetragonal Yes
Ta, 0 26 Orthorhombic No
ALO, 9 Amorphous Yes

TaeLe 1.1 High-K oxide materials with dielectric constants and silicon
substrate compatibility

capacitance and is the greatest source of active power dissipation.
Because power has emerged as the most significant barrier to
transistor usage, reducing power dissipation has become a shared
goal for both process and design engineers. At manufacturing level,
this is addressed by reducing the dielectric constant for the dielectric
material between metal layers, which directly reduces the interconnect
capacitance and contributes to power reduction. Organic materials
and porous SiO, have been explored as possible alternatives. The
interlayer dielectric (ILD) must meet a thermal specification to
transport heat effectively; today, K<2.5 is used.

1.1.2.2 Strained Silicon

The movement of charge carriers, such as electrons in an n-channel
device and holes in a p-channel device, cause current to flow from
the source to the drain of the transistor. Under the influence of an
electric field, the speed at which the carriers move is called mobility.
It is defined as y=v/E where v is the velocity of charge carriers and
E is the applied electric field. The strength of the drain current (/) is
proportional to the mobility (u,, 4,) of the carriers. This mobility is a
function of temperature and is also a function of crystal stress. The
latter property is used by modern processes to improve mobility by
straining the atoms in the channel. Straining refers to the technique
through which the interatomic distance between the atoms in the
channel is increased or decreased. This causes an increase in the
mean-free path of the charge carriers present in the channel. For
nMOS devices, a tensile stress improves electron mobility; for pMOS
devices, a compressive stress improves hole mobility. The source
and drain regions of the nMOS transistor are doped with silicon-
germanium atoms to induce a tensile stress on the channel region.

9
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A layer of compressive or tensile nitride liner can be applied over
the gate region. Typically, this is done at a higher temperature.
Differential coefficients of thermal expansion produce strain upon
cooling. Higher stress may contribute to crystal defects and
reliability issues. Higher mobility may also contribute to increased
transistor leakage. These factors limit the amount of stress that can
be applied to the device. See Sec. 3.6 for more details on strain
engineering.

1.1.3 Deep Subwavelength Lithography

Manufacturing small MOSFET devices and interconnect wires today
requires printing of polygons that can have feature widths of less
than a quarter wavelength of the light source. Photolithography is at
the heart of the semiconductor manufacturing process; it involves
multiple steps that lead to the formation of device and interconnect
patterns on the wafer. Without photolithography it would not have
been possible to assemble billions of transistors on a single substrate.
A simple photolithography setup involves an illumination system
consisting of a UV light source; a mask that carries the design patterns;
the projection system, which comprises a set of lenses; and the wafer.
With everyday lighting equipment, an object whose width is smaller
than the wavelength of the light being used to project it will not be
projected with good resolution and contrast. The resolution of the
patterns being printed is defined as the minimum resolvable feature
on the wafer for a given illumination source and projection system
parameters. Thus the resolution R depends on the numerical aperture
(NA) of the lens system and the wavelength A of the light source. The
equation that describes this relation is known as Rayleigh’s equation
and is given as follows:

R=k—- 1.2
A 12)

The minimum resolvable linewidth on a particular mask is also
referred to as the critical dimension (CD) of the mask. The numerical
aperture of a lens system is the largest diffraction angle that a lens
system can capture and use for image formation. Mathematically, it
the sine of the maximum angle incident on the lens multiplied by the
refractive index (1) of the medium:

NA =nsiné (1.3)

Because air is the medium in optical systems, the limit value of
numerical aperture is 1. Manufacturing limitations are such that the
NA limit has not been achieved. But new inventions using water as
medium have increased the NA above 1, since the refractive index of
water is higher that that of air. Numerical aperture will continue to
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play an important role because the higher the NA, the better the
resolution of the system.

Another important parameter that controls the robustness of
patterns printed on wafer is the depth of focus (DOF), which is
defined as the maximum vertical displacement of the image plane
such that an image is printable within the resolution limit. This is the
total range of focus that can be allowed if the resulting printed image
on the wafer is to be kept within manufacturing specifications. The
maximum vertical displacement is given by

A

DOF =k, —— 14
? NA2 (14

Since this focus tolerance depends inversely on the square of the
numerical aperture, there is a fundamental limit on extremely high
NA processes. Improvement in resolution means a reduction in R in
Eq. (1.2). One way to improve resolution is to use a light source with
wavelength less than or equal to the required minimum feature width
of the mask. Figure 1.5" shows the historical trend in wavelength of
the illumination system. For a light source to be used in lithography,
it should be of single frequency with nearly no out-of-band radiation,
coherent in phase, and flicker-free with minimum dispersion. In
addition, the lens system must be available to focus light at that
frequency. Ordinary glass tends to be opaque to UV rays and is
unsuitable for lithography?®.

Another method for improving resolution is to reduce the k,
factor, which depends on processing technology parameters. This
factor can be written as

NA (1.5)
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Ficure 1.5 Progress trend of illumination light source across technology
generations.
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Here R is defined by the patterning rules of the technology. It is
typically referred to as the minimum half-pitch used in the technology
node or process. Factors that determine k, are the imaging system’s
numerical aperture (NA), wavelength (1), and half-pitch (R). As seen
in Figure 1.6, the k, factor has been progressively reduced by
technology scaling to produce smaller features on the mask. With
current technology using 193-nm light source for printing 45-nm
features, the theoretical limit for the k, factor can be obtained from
Eq. (1.5) as k,=0.25. The theoretical limit is calculated by assuming a
value of 1 for the numerical aperture. In practice, however, attaining
a k, anywhere near 0.25 with the current single-exposure systems
requires the use of high-index fluids having NA close to or greater
than 1. Anotherapproachis touselightsources of smaller wavelengths.
These two options are still being investigated, and neither has been
shown to perform reliable image transfer.”

Double-pattern lithography has been seen as a viable technique
to improve the k, factor below 0.25. This is accomplished by increasing
the pitch size while holding constant the minimum resolvable
dimension of patterns. More details on double patterning are provided
in Sec. 4.5.1.

1.1.3.1 Mask Manipulation Techniques

Resolution enhancement techniques (RETs) are methods used to
improve the resolution of the lithography system by manipulating
various parameters of the system. Most RETs aim to manipulate the
patterns on the mask. The resolution of a feature being printed
depends on neighboring features and the spacing between them.
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Ficure 1.6  Trend in k, reduction for printability improvement.
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The principle of diffraction governs the interaction of light waves
that pass through the mask patterns on the mask while being projected
onto the wafer. As shown in Figure 1.7, RET modifications to the
mask improve the resolution of the features being printed.

Resolution enhancement techniques include optical proximity
correction, phase shift masking, off-axis illumination, and multiple
exposure systems. Optical proximity correction (OPC) changes the
shape of the feature by adding extra jogs and serifs to improve the
resolution (see Sec. 4.3.2). Phase shift masking (PSM) utilizes
the superposition principle of light waves to improve resolution by
creating phase changes in spaces between the features; see Sec. 4.3.3
for more details. Off-axis illumination (OAI) is based on the principle
that, if the light rays are incident at an angle on the mask, then higher-
order diffraction patterns can be made to pass through the lens and
thereby improve resolution. This method and the type of lenses it
uses are described in Sec. 4.3.4.

Another promising technique that improves the resolution of
patterns being printed is multiple exposure systems. In one
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Ficure 1.7 RET mask manipulation to improve pattern transfer: (a) optical
proximity correction; (b) SRAF insertion; (c) phase shift masking; (d) double
patterning.
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embodiment of such a system, the pattern is carried by two separate
masks that are exposed in separate steps, leading to the final image
on wafer. This is known as double-pattern lithography, and it is being
used to print critical masks by decomposing them into two masks.
This method increases the spacing between metal lines and hence
reduces the minimum resolvable feature that can be printed on the
wafer; see Sec. 4.5.1 for details about this technique. Ongoing research
seeks to use triple and quadruple patterning techniques to further
push the resolution barrier. One negative consequence of such
patterning systems is that fabrication throughput and the overall
process yield may decrease, leading to an increase in product cost.

1.1.3.2 Increasing Numerical Aperture

As Eq. (1.2) indicates, increasing the system’s numerical aperture will
improve the resolution. The numerical aperture is given by Eq. (1.3),
where 1 is the refractive index of the medium between the projection
system and the wafer and 6 denotes the maximum angle of incidence
for a ray passing through the projection lens. Air, with refractive
index 1, is typically used as the medium. Figure 1.8 illustrates goals
for future techniques that aim to improve NA. Immersion lithography
(Figure 1.9) uses a liquid medium to increase the refractive index n.
Water, with refractive index of 1.3, is currently being used as the
immersion fluid, although other high-index fluids have been
suggested as possible replacements. Immersion can lead to process
issues such as spot defects from water molecules and error in handling
wafers. Additional suggestions for improving numerical aperture
include the use of high-index lenses, lenses with increased curvature,
and high-index resist materials.
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Ficure 1.8 Future trends in techniques to improve numerical aperture.
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Ficure 1.9 Immersion lithography technology.

Design for Manufacturability

Design for manufacturability (DFM) in the current context refers to
the new design techniques, tools, and methodologies that ensure
printability of patterns, control the parametric variation, and enhance
yield. Abroad definition of DFM encompasses various methodologies
from the starting point of design specification to the product launch
of an IC, which include circuit design, design optimization, mask
engineering, manufacturing metrology—to name just a few
technologies that aim to manufacture chips with repeatability, high
yield, and high cost effectiveness. The two most important metrics by
which all DFM methodologies are assessed are the cost of the entire
process and the cumulative chip yield loss due to irregularities at
various manufacturing steps.

With continued scaling, patterning is conducted almost at the
resolution limit, while the transistor count is growing exponentially.
When lithographic patterning is pushed to its limit, a single defect
may invalidate a chip consisting of millions of transistors. This under-
scores the importance of DFM. Concerns about manufacturability
have become so pervasive that DFM considerations—once dealt with
entirely by design rules and mask engineering—are moving upstream
in the design process. The next few sections will examine the economic
value of DFM, current parameter uncertainties, traditional DFM
approaches, and the requirement for model-based DFM techniques.

1.2.1 Value and Economics of DFM

In Sec. 1.1 it was noted that scaling from one technology node to the
next often required changes in design methodologies, CAD tools, and
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process technology. Design for manufacturability is one of those
necessities that became a design concern with the advent of
subwavelength lithography. Advances in this technology have
translated into more intrusive changes in design methodology. Long
ago, optical diffraction effects were handled through design rules
check (DRC), and any remaining issues were handled in mask
preparation. Since the introduction of subwavelength lithography,
rule-based DRC has been supplanted by model-based DRC: simple
rules have been replaced with quick and approximate optical
simulation of layout topology. With an increase in the field of optical
influence (aka optical diameter), the DRC models became more
complex. The true value of DFM is not yet understood by many
designers still using older process technologies. However, as designs
move to 45 nm and below, DEM steps are becoming more critical in
the design process. In 130-nm to 65-nm technologies, DFM issues
were mostly handled by postprocessing of the layout (i.e., resolution
enhancement techniques). But postprocessing alone cannot ensure
manufacturability when deep subwavelength lithography is inv-
olved. If one-pass postprocessing proves insufficient, then iteration
between physical layout generation and RET steps becomes necessary.
When all is said and done, DFM methodologies increase the number
of tools that are run through the design as well as the number of
iteration cycles, thus increasing the design’s time to tape out (TTTO).
Designers are increasingly concerned about the fact that improving
their designs using DFM tools requires more in-depth knowledge of
the process techniques. Designers already juggle multiple design
targets, which include area, performance, power, signal integrity,
reliability, and TTTO. Of course, adding new design objectives will
affect existing ones. Thus, the effectiveness of any DFM methodology
must be judged in terms of its impact on other design objectives. In
addition to the imaging system parameters already discussed and to
the associated processes, DFM also pertains to gate CD and
interconnect CD variations, random dopant fluctuations, mobility
impacts, and other irregularities that are subjects of TCAD (technology
CAD) studies. Once the design netlist rolls over to the DFM step (see
Figure 1.10), the outcome may be (1) changes to the physical design
netlist such that the desired parameters are within specifications; (2)
information feedback to designers regarding areas of design where
such DFM changes cannot be incorporated automatically; or (3) The
parametric impact of DFM on the design process, including static
timing analysis as well as signal integrity and reliability. With outcome
(2), where a one-pass DFM step does not succeed, the remaining
issues may be addressed by automatic layout tools or may require
manual intervention. This is an area in which tools and methodologies
are still evolving.

The first outcome results in a modified version of the design,
incorporating anticipated postsilicon effects. The techniques used
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Ficure 1.10 Purpose of design for manufacturability (DFM) methodologies.

include, for example, circuit hardening, resolution enhancement, and
dummy fills. The third outcome involves analyzing the given design
and providing design-specific parameter variability ranges. Instead
of providing yield benefits with DFM-based suggestions, these results
help designers perform more effective optimization with the promise
that postsilicon circuit variability will be minimized and will fall
within specifications.

Other than the value of DFM perceived by the designer, DFM also
bears an important economic aspect. The economics of DFEM aims to
establish a cost-benefit metric for each DFM methodology by assessing
its return on investment. Most such methodologies seek to improve
the overall design yield by taking different approaches to optimizing
parameters of the design and manufacturing process. As described by
Nowak and Radojcic, %* the economics of DFM can be classified into
three areas of potential profit or loss: (1) DFM investment cost;
(2) design re-spin costs; and (3) DFM profit (see Figure 1.11).2 The
costs of investing in DFM tools and methodology are incurred during
the phases of product concept, design, optimization, and tape out. The
benefit of this investment is realized after tape out, with improvements
in the yield and reliability of the chip. This means that the yield curve
of a process that includes DFM-based methodologies is sharper.

Quantification of DFM benefits requires silicon feedback. Given
the high cost of such direct observation techniques as microscopy, the
benefits of DFM are usually assessed via indirect silicon feedback such
as manufacturing yield and parametric yield. Indirect measurements
are contaminated with multiple parameters, so decorrelating these
parameters requires carefully constructed test structures. Design for
manufacture is important not only for continual product yield
improvement but also for enabling future technology nodes.

17
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Ficure 1.11 The value and economics of design for manufacturability (DFM).

1.2.2 Variabilities

Parametric variation has emerged as a major design concern. For
correct-by-construction methodology, circuit models need tobe accurate
and model parameters need to be correct; otherwise, the behavior of
the design cannot be reliabily predicted before construction. In reality,
a design may vary from model parameters owing to variations in
manufacturing process parameters. Current designs may consist of
billions of transistors, so when these variations become large there is
always the possibility of circuit failure, which can significantly reduce
yield. Also, current design practice is to assume that the underlying
hardware continues to be correct during the product lifetime.
However, the relentless push for smaller devices and interconnects
has moved the technology closer to a point where this design
paradigm is no longer valid.*** For example, with the advent of 90-
nm technology, negative bias temperature instability (NBTI) became
a major reliability concern,® since a pMOS device degrades
continuously with voltage and temperature stress. For nMOS devices
fabricated using 45-nm technology, positive bias temperature
instability (PBTI) is likewise becoming a concern.® Windows XP
failure data compiled by Microsoft Research also points to increased
occurrences of hardware failures.* According to ITRS, these problems
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are expected to worsen in future technologies,® as designs are more
likely to experience failure due to what designers call PVT issues—
that is, process corner, Voltage, and temperature issues.

Table 1.2 categorizes these variations from both a source and impact
point of view. Columns 1 and 2 form the first source and effect
relationship for variations in semiconductor manufacturing processes.
As mentioned previously, variations in the manufacturing process lead
to variations in the properties of the device and interconnect.
Manufacturing variations can be categorized as irregularities in
equipment and processing, such as in lithography, and chemical
processing. Other sources of variations include mask imperfections
caused during mask manufacturing, mask mishandling, tilting, and
alignment issues. Additional sources of variation are improper focal
position and exposure dose of the imaging system and variation in
photoresist thickness. Sources of device and interconnect variation
include such process steps as dopant implant onto the source, drain, or
channel regions of devices on the wafer and planarization of metal lines
and dielectric features during chemical-mechanical polishing (CMP).

The effects of such manufacturing variations are observed
through changes in the circuit parameters. The most important among
them are the parameters of the active devices, notably transistors
and diodes. Variations in circuit parameters have engendered several
modeling and analysis techniques that attempt to predict parameter
behavior after fabrication. Among physical features, -circuit

Manufacturing Circuit Circuit CAD analysis

process parameters operation

Mask Channel length | Temperature Timing

imperfections analysis

Alignment, Channel width Supply voltage RC extraction

tilting

Focus, dosage Threshold Aging, I-V curves
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Chemical Circuit
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TaBLe 1.2 Variations in IC Manufacturing and Design: Sources and Impacts
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performance is more sensitive to postlithography channel length and
interconnect width than any other. Consequently, they are known as
critical dimensions (CD). Poly-CD variation leads to change in
effective channel length. Circuit delay tends to increase linearly with
increasing channel length, whereas leakage current tends to increase
exponentially with decreasing channel length. As shown in
Figure 1.12, a 10 percent variation in gate CD induces large variation
in threshold voltage (V) and delay. Because the V. of devices can fall
below the minimum allowable for leakage control, poly-CD control
has become a critical aspect of overall process control. Interconnect
CD variation leads to changes in path delay, coupling capacitance
effects, increased susceptibility to electromigration, and spot defects.

Although the manufacturing variations have always existed and
the manufacturing tolerances have generally improved with suc-
cessive generations of technology, the impact on circuit parameters
has been otherwise. This is reflected in terms of wider variation in
circuit performance and power dissipation due to leakage.

Finally, manufacturing sources of variation—which include mask
imperfections, wafer handling, alignment, and tilting—lead to errors
in overlay and dielectric thickness. Focus, dose, and resist thickness
variation are factors that lead to CD variations on wafer. Many
modeling methods apply statistical techniques to predict the effect of
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Ficure 1.12  Design V. and delay variation due to change in critical dimensions (CD).
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these variations on electrical parameters, layout printability, and die
yield. The etching process is used to remove parts of the material not
covered by protective layers. It can lead to pattern fidelity issues
because wet, chemical, and plasma etch processes cannot be error-
free. The most important effects of etching problems are line edge
roughness (LER), which refers to the horizontal deviation of the
feature boundary, and line width roughness (LWR), which refers to
random deviation in width along the length of the polygon. One effect
of LER on transistor is changes in threshold voltage V, as shown in
Figure 1.13.32 Fluctuation in dopan density also induces such variation
in V. Figure 1.14% illustrates three devices that have an equal number
of dopant atoms in the channel but have different V values. Chemical-
mechanical polishing is used to planarize the wafer after deposition
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of the metal and dielectric layer material. Pattern density on the wafer
causes CMP to create surface roughness, defined as vertical deviation
of the actual surface from an ideal one. Such changes in the surface
lead to focus changes during subsequent lithography steps, con-
tributing to further CD variation (see Figure 1.15).

Circuit operation can be affected by several sources other than
variation in manufacturing process and circuit parameters. For exa-
mple, environmental factors, which include supply voltage and
temperature variation, affect the amount of current that flows through
a device. Temperature has an effect on circuit reliability (i.e., aging).
Circuit reliability effects, such as electromigration, NBTI, and hot
carrier degradation, change interconnect and gate delays over time.
These effects are related to interconnect width and thickness, which
in turn depend on the effectiveness of patterning and CMP (res-
pectively). Thus, a link can be seen between physical design,
patterning structures in the surrounding regions, and the circuit
aging process.

At each step of the circuit realization process, CAD tools are used
to predict circuit performance. As the realization gets closer to the
transistor and physical levels, the model parameters become
progressively more accurate to better predict circuit performance.
Initial performance prediction models do not consider variation. In a
typical design environment, interconnect RC extraction may be based
on nominal process parameters, while transistor models may take
parametric variation into account. Subsequent to manufacturing, if
silicon fails to meet performance expectations, such unlisted variations
have been identified as sources of errors. Considering all the possible
sources of variations is an expensive proposition in terms of design
optimization and timely convergence of design. Thus, a company
must be constantly evaluating new techniques for its DFM arsenal.

Thickness (Angstroms)
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Ficure 1.15 Design-dependent chip surface undulations after CMP. (Courtesy
of Cadence Design Systems.)
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1.2.3 The Need for a Model-Based DFM Approach

Design for manufacturing has been in use since the late 1990s. Trad-
itional DFM relied on design rules and guidelines for the polygons
and shapes present in an IC layout. Rules suggested by tools were
based on interaction between two adjacent metal line or two adjacent
poly line features. If a design layout passed all specified design rules
and abided by all suggested guidelines, then it was set to produce a
high yield. All traditional DFM methodologies were applied at the
full chip level, with corner-based functional analysis and parametric
yield-loss analysis predominating.

With the advent of subwavelength lithography, design rules
check alone is not sufficient to ensure high yield. This fact has been
chiefly attributed to the printability problems introduced by
subwavelength lithography. Printing of features whose width is less
than half the wavelength of the light source creates diffraction-
induced pattern fidelity issues. The interaction between polygons has
been found to extend well beyond adjacent features. This region of
influence on neighboring features is called optical diameter. As the
number of polygons increase, it is impossible to bring about rule
checks for each type of polygon-polygon interaction. The number of
DRC rules has increased exponentially to a point where it has become
virtually impossible to produce an optically compliant layout by rule
based DRC alone. Since the introduction of subwavelength
lithography, rule-based DRC has been supplanted by model-based
DRC, wherein simple rules are replaced with quick and approximate
optical simulation of layout topology. As the optical diameter
increased, these models became more complex. Because of this
complexity, model-based DFM methodologies typically limit
themselves to smaller regions of the circuit. These models have evo-
Ived over time to incorporate multiple effects, including diffraction,
CMP-induced wafer surface modulations, random dopant fluc-
tuations, and LER.

As fabrication moves into the 32-nm technology node, layout
modifications based on phase shift masking and double patterning
will have to consider interactions of second and third alternative
neighbors. Another new aspect for DFM methodologies is the need
for model-based techniques to predict DFM impact on timing, power,
signal integrity, and reliability issues. There is also a need to provide
early-design-stage feedback so that correct circuit operation within
the process variation window is assured. Standard cell methodologies
today incorporate model-based postlithography analyses that yield
highly compact, printable, and functional cells on silicon.

Design for Reliability

Transistors and interconnects are known to fail during their life
time under circuit operations. Some of the known failure mechanisms
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include gate-oxide shorts, interconnect voids or blobs caused by
electromigration, V. shift during the lifetime of transistor operation
that is due to negative and positive bias temperature instability, and
other mechanical, chemical, or environmental factors associated with
manufacturing. When such failures are modeled correctly, product
lifetime can be improved by design changes that involve device and
interconnect sizing and well as floorplanning to reduce thermal
hotspots. Collectively, this process is known as design for reliability
(DFR). Although DFR is distinct from DFM, the two may be integrated
from the perspective of design methodology because the correction
mechanisms are similar.

Design for reliability comprises the techniques, tools, and method-
ologies employed to analyze, model, and predict the reliability of a
given device or circuit. Reliability parameters are known to evolve
over process maturity. Nonetheless, it is important to establish a
relation between circuit parameters and product reliability so that
clear targets can be set during the DFR process. The reliability models
use information about failure mechanisms and how they relate to
circuit design parameters in order to model a product’s reliability; the
models aim to predict the mean time to failure (MTTF) of a device.
The MTTF is a function of manufacturing parameters and also of the
parameters associated with circuit operation, such as the device’s
supply voltage and temperature.

Design for reliability is an exercise in circuit and layout sizing,
floorplanning, and implementing redundancies to address failures.
Redundancies could be added at the circuit, information, time, and /
or software levels.*** Dual-rail encoding and error-correcting codes
are examples of information redundancy. Spare circuits and modules
are examples of circuit redundancy. Modern memories often
incorporate spare rows and columns to improve yield; in addition,
Spare processor cores, execution units, and interconnects have been
used in commercial circuits. Multisampling latches enable time
redundancy, and software redundancy includes redundant multi-
threads (RMT); many of these features are now found in commercial
systems.

Summary

An effective DFM-DFR methodology provides early feedback to the
design during its nascent stage. In this chapter we introduced the
reader to current trends in the design of nanoscale CMOS and very
large-scale integration (VLSI) circuits, explaining the various changes
that have been incorporated toward the end of achieving the two
principal goals of higher performance and lower power consumption.
We also provided a brief overview of new device structures in the
22-nm technology node that have been touted as replacements for
traditional MOSFET devices. We discussed the role of material science
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and optics in improving device operation, printability, and design
reliability. Also discussed were the applicability of DFM in the
presence of process and design parameter variability as well as the
process of integrating design and manufacture. We examined the
need for newer, model-based DFM methodologies given the use of
subwavelength lithography and higher density of layout patterns.
Finally, we mentioned some important reliability concerns in
nanoscale CMOS VLSI design and described the DFR-based CAD
tools that can help increase the anticipated lifetime of designs. In
short, we have described the trends in technology and the rising
importance of DFM and DFR.
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CHAPTER 2

Semiconductor
Manufacturing

Introduction

The art of manufacturing an integrated circuit involves various stages
of physical and chemical processing of the semiconductor wafer (ie.,
substrate). The major processing steps are oxidation, patterning, etching,
doping, and deposition. An integrated circuit is obtained by repetitive
processing of the wafer through these steps in a given sequence. Silicon
is now the dominant material used in high-volume semiconductor
manufacturing. However, the basic steps discussed in this chapter are
applicable to other types of compound integrated circuits that use
germanium, gallium arsenide, or indium phosphide substrates. The
two basic goals of semiconductor manufacturing today are:

1. Creating three-dimensional semiconductor device and interconnect
structures using semiconducting, conducting (metals) and
insulating (oxides) materials.

2. Pattern processing and doping to transfer design objectives related
todevice connectivity and parametric properties tostructures
thus created.

Silicon dioxide is used as gate dielectric and also as insulator
between metal layers. The oxidation step is used to create gate dielectric
while the chemical vapor deposition (CVD) step is typically used to
create inter metal layer insulator. In oxidation, silicon dioxide is
obtained by heating the silicon wafer to a temperature of 1000 to
1200°C in the presence of oxygen. The thickness of oxide is controlled
by the parameters of the oxidation process. CVD requires a silicon
containing precursor such as silane (SiH,) which is oxidized to
produce amorphous SiO,. Patterning is the most important step in
semiconductor fabrication. It involves using photolithography to
transfer abstract geometries onto a coated silicon substrate. Prior to
patterning, the silicon substrate is coated with a photo-sensitive
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material, or photoresist. Patterns representing abstract design infor-
mation are imprinted on a mask used during the patterning process.
The simplest mask is the chrome-on-glass (COG) type; this is made of
chrome-covered quartz substrates, and patterns are etched to form
opaque and transparent (i.e., chromeless) regions. Basic COG masks
are used only in higher, noncritical metal layers today, because they
do not work well for regions that require high contrast and fine
resolution. See Sec. 4.3.3 for more details on contrast and resolution of
patterns and their impact on different mask types.

Etching is the process of removing certain regions of the substrate
or oxide layer not covered by a protective layer (e.g., photoresist or
nitride). There are both liquid and gaseous forms of chemical etching,
and the choice of chemical depends on the material being etched and
the protective layer used. Dry plasma etching is the predominant
method used in IC fabrication because of its precision and its ability
to avoid etching underneath the protective layer. Etching also plays a
vital part in pattern formation on the wafer. Section 2.2.2 provides the
details on different methods of etching.

Doping is the process of introducing impurities such as boron,
phosphorus, or antimony into the semiconductor material so as to
control the type of majority carrier in the wafer. Diffusion, ion imp-
lantation, and rapid thermal annealing are the techniques commonly
used to introduce impurities into regions of the semiconductor.
Doping is typically done successively to obtain a proper dop-
ing profile, and high temperature is maintained throughout the
process.

Deposition is the process by which any material is laid onto the
substrate during the manufacturing process; these materials include
metals, polysilicon, silicon nitride, and silicon dioxide. Deposited
metals such as aluminum and copper are used as conductors in
today’s integrated circuits. Evaporation, chemical vapor deposition
(CVD), and sputtering are all techniques that can be used to deposit
material onto a substrate.

Photolithography and etching processes control the shape of
patterns formed on the wafer. Because IC defects are increasingly tied
to design patterns, in this chapter we delve into the details of
photolithographic patterning and the etching process. The other
processes involved in manufacturing an integrated circuit are beyond
the scope of this text.

Patterning Process

The pattern formation process involves transfering mask patterns
onto the wafer followed by etching to create the required contours.
Photolithography makes up the overall process of mask fabrication
and the transfer of patterns from the mask to wafer, and etching is the



Semiconductor Manufacturing

Resist coat

f

Preexposure bake/soft
bake

i

Mask alignment

1
Photolithography < Exposure

i

Postexposure bake
(PEB)

f

Develop

¥
> Hard bake
'

Resist strip

Etching < '

Material removal through
wet/dry etching

Ficure 2.1 Steps involved in the patterning process.

process of defining the patterns formed after each photolithography
step. Figure 2.1 lists all the steps involved in the patterning process.

2.2.1 Photolithography

Lithography, which was invented near the end of the eighteenth
century, is the process of printing patterns on a planar surface such as
a smooth stone or metal plate. The term lithos means stone, and grapho
means to write or print. Photolithography is a form of lithography in
which light sources are used to transfer the patterns that are present
on the mask (the smooth surface) onto the wafer (the plate).
Semiconductor manufacturing uses the photolithography technique
for printing abstract design patterns. A brief description of each step
in the photolithography process follows.
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2.2.1.1 Resist Coat

First, the wafer surface is cleaned to ensure good adhesion. Then the
wafer is coated with a photosensitive material called photoresist.
Because the photoresist does not adhere well to the silicon dioxide (or
silicon nitride) on the wafer, an extra adherent layer is often applied
before the photoresist. Figure 2.2 shows the resist coat process and
the resulting uniform layer of resist. Photoresist is typically applied
in liquid form. The wafer is placed on a vacuum chuck that spins at a
high speed while the photoresist is poured onto the wafer. Figure 2.3
shows a photoresist application table where the wafer is spun while
the resist polymer is sprayed from the top using a nozzle. The resist
can be dispensed through a nozzle in one of two ways. Static
dispensing keeps the nozzle positioned at the center of the wafer,
whereas dynamic dispensing moves the nozzle around the wafer at a
fixed radius from the center. Although the static method is simpler,
dynamic dispensing ensures better uniformity of the resist. As the
chuck spins at about 1500 rpm for a 300-mm wafer, the wafer is subject
to a centrifugal force that creates a thin uniform layer of photoresist.
A thin photoresist layer increases resolution of the patterns printed,
but thinness is not preferred when an anti-etching protective layer is
needed. Wafers are typically coated with thick layers of photoresist
material—nearly twice the minimum width of the feature being
printed. The resist thickness depends on the size of the wafer and the
viscosity of the photoresist material. It is also inversely proportional
to the square root of the speed at which the wafer is spun. Highly
viscous liquids form a thicker resist layer. Viscosity of the resist can
be controlled by changing the speed at which the chuck spins.

2.2.1.2 Preexposure (Soft) Bake
Soft or preexposure baking is a drying step used to increase the
adhesion between the photoresist and the wafer and to remove any

Photoresist
nozzle
Uniform thickness
photoresist

Photoresis

Oxide coated
wafer
Vacuum
chuck

Ficure 2.2 Photoresist coating process.
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Ficure 2.3 A bare silicon wafer mounted on a vacuum chuck and ready to be
coated with photoresist (Courtesy of Center for Hierarchical Manufacturing,
University of Massachusetts, Amherst.)

solvent present in the photoresist. Soft baking is performed before the
resist-coated wafer is sent to the exposure system. Baking is
accomplished by placing the wafer on a heated pad whose temperature
is maintained at near 90°C. The wafer is placed on the pad for specific
duration in the presence of air or nitrogen. Optimal soft bake
conditions must be maintained in order to remove the solvents and
reduce the decomposition of the resist. Once the soft bake is completed,
the wafer is ready for mask alignment and patterning.

2.2.1.3 MaskAlignment

A typical fabrication step can require as many as thirty exposure
steps. Before each such step, the mask is aligned with the previous
stage to avoid errors. In some technologies, even the first mask is
aligned with an underlying axis.? Mask alignment is performed with
the aid of special alignment marks printed on the mask. An alignment
mark is transferred onto the wafer as a part of the IC pattern. The
alignment mark on mask #n is carefully overlaid on the wafer’s
alignment pattern created by the mask n—1 exposure step. Simple
marks such as boxes and crosses are used to minimize alignment
errors, otherwise known as overlay errors. Mask pattern geometries
have become extremely small because of technology scaling, so
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today’s VLSI designs have extremely tight alignment tolerances.
Computer-controlled alignments are made to obtain the required
precision for all exposure steps.

2.2.1.4 Exposure

The exposure stage involves the actual transfer of mask patterns onto
the photoresist-coated wafer. Photoresist is a material that undergoes
a chemical reaction in response to incident light. Positive and negative
photoresistundergo different chemicalreactions: a positive photoresist
starts to become soluble in the presence of light, but the opposite
happens with a negative photoresist. Patterns on the mask are either
transparent or opaque. Light passes through transparent regions and
falls on the photoresist while the opaque regions block light from
passing through. Over the past four decades, exposure systems have
changed to ensure higher resolution, fewer defects, and smaller
exposure times. Different exposure systems and their impact on
resolution and contrast are discussed in the next section. One other
issue that sometimes arises after exposure is the effect of reflected
light waves on the sides of the photoresist. As light waves pass
through the photoresist, some of them reflect off the base of the resist
layer and form patterns—called standing waves—on the sidewalls.
Bottom antireflection coating (BARC) is applied during the photoresist
coat stage in order to reduce the reflectivity of the resist surface.

2.2.1.5 Postexposure Bake (PEB)

After exposure, the wafer is baked at high temperature (60 to 100°C)
to facilitate photoresist diffusion during development. The wafer’s
PEB is done for a longer period than for the soft bake process. For
conventional resists, PEB can reduce the standing waves caused by
increased surface reflectivity. For chemically amplified resists, the
PEB stage aids the diffusion process in exposed regions of the
photoresist. The postexposure bake causes the resist to create
photoacid generators (PAGs) that increase its solubility. Just as in the
soft bake stage, care must be taken to ensure correct operating
environment and temperature in order to reduce decomposition of
the resist.

2.2.1.6 Development

Immediately after exposure, a developer solution is sprayed onto the
wafer to aid in the process of removing the regions exposed by light
(positive resist). Developers are typically water-based solutions.
Because the characteristics of the resist-developer interaction
determine the shape of the resultant photoresist, development is a
crucial aspect of photolithography. Spinning, spraying, and puddle
development are techniques that are used to develop the exposed
resist. The flow of the developer solution determines the speed and
effectiveness of the resist diffusion.
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2.2.1.7 Hard Bake

A final baking occurs after development in order to solidify the resist
for subsequent fabrication stages. Baking at a high temperature (150
to 200°C) ensures cross linking of the resist polymer, which is
required for thermal stability. The hard bake also removes solvents,
liquids, and gases to optimize the resulting surface’s adherent
characteristics.

2.2.2 Etching Techniques

Etching refers to the process of removing regions of material not
covered by photoresist or any other protective material after the
development process. The final shape of remaining material depends
on the rate of removal of unprotected material and the direction of
etching. The material-removal rate is called the etch rate, and it
depends on the type of etch process. Etching is said to be isotropic if
the etching proceeds evenly in all directions, whereas anisotropic
etching removes material by moving in only one direction. Figure 2.4
illustrates the two etching processes. Etching techniques may also be
classified as wet etching or dry etching.

2.2.2.1 Wet Etching Techniques

Wet etching employs the use of chemicals in liquid form to remove
unprotected barrier material. Wet etching typically involves one or
more chemical reactions that eventually diffuse the material to be
removed without affecting the other materials or the etchant solution.
The material to be removed by the etchant material is often called the
barrier layer. Those portions of the material in this layer that are not
covered by a protective layer are etched away by the etchant.

As shown in Figure 2.5, wet chemical etching involves three
stages: (1) diffusion of etchant solution or immersion of the wafer in
etchant solution, (2) formation of barrier material oxide (i.e., oxide of
uncovered material), and (3) removal of the oxide. After the first step,
the next two steps continue iteratively until all the unprotected barrier
material is removed. The etchant solution used in this process is

Barrier material Barrier material

Protective coat >
7

(b)

Ficure 2.4 Etching profiles obtained for (a) isotropic etching and (b) anisotropic
etching.
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Material to be etched Etchant solutions

Silicon dioxide Hydrofluoric acid, ammonium fluoride
Silicon substrate Nitric acid, hydrofluoric acid

Aluminum Nitric acid, acetic acid, phosphoric acid

TaBLe 2.1 Common Barrier Layers and Their Respective Etchant Solutions

Diffusion of
etchant

Oxide
formation

Removal and
diffusion of oxide

Ficure 2.5 Stages in wet chemical etching.

chosen based on the material required to be removed. Table 2.1° lists
a few common barrier layers and their corresponding etchant
solutions.

The two parameters that control etching are etch rate and
sensitivity. Etch rate refers to rate at which the barrier layer is removed.
This rate typically depends on the chemical composition of the
etchant solution and the oxide being formed. The etch rate is slower
for oxides formed with dry oxygen than for those formed in the
presence of water vapor. The sensitivity of the etching process
determines the amount of material removed in the barrier, protective,
and substrate layers. Etchants of greater sensitivity are required for
unprotected layers.

Wet chemical etching is an isotropic etch process, which means
that the material is removed at an equal rate in all directions. This
results in undercutting of the barrier material, as seen in Figure 2.4.
Undercutting is the removal of material under the protective layer.
This extra reduction is measured during test chip manufacturing and
creates an etch bias for which etch masks must compensate.
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2.2.2.2 Dry Etching Techniques

The dry etching technique employs gaseous chemicals or ions to etch
out unprotected regions of material. Dry etching is based on either
chemical reactions (as with plasma etching) or physical momentum
(as with ion milling).

Plasma etching is a pure dry chemical etching process that is
performed in the presence of an excitation source installed within a
vacuum chamber. The excitation field is set up to excite atoms of the
gas that diffuse into the material to be etched (see Figure 2.6). These
atoms combine with the barrier material to form compound materials
through chemical reactions. The compound materials facilitate the
dissipation of by-products after removal of material. Like wet etching,
plasma etching is an isotropic process. Table 2.23 lists some gases used
for plasma etching.

Ion milling is a dry etching technique that uses gases such as argon
(Ar*) tobombard the wafer. This technique is considered a momentum-
based method because the etching aims to knock atoms off the wafer
surface. The electric field present around the wafer accelerates the

Electrode 2
T, Plasma
D Wafers % ;
Electrode 1/
= oot o
\Wafer holder mﬁ’ F mﬁ' @—
Gas, Gas. =
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Ficure 2.6 Dry etching techniques: (a) plasma etching; (b) reactive ion etching
using asymmetric fields.

Material to be etched

Etchant solutions

Silicon dioxide

CF,, C,F,, C,F,, CHF,

2l 6 V3" g
Polysilicon CF,, CCl,, SF,
Aluminum, copper CCI4, CIZ, BCI3
Silicon nitride CF4, CzFé, C3F8, CHF3

TaBLE 2.2 Commonly Used Gases in Plasma and Reactive lon Etching

Processes
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ions to the surface in order to physically knock atoms off the barrier
material. Anisotropic etching can be ensured by targeting the ions
that are perpendicular to the wafer surface. However, the ion milling
process is limited by poor selectivity.

Reactive ion etching (RIE) combines chemical- and momentum-
based methods. In RIE, plasma systems ionize the gases used in the
vacuum chamber, which are then accelerated to the wafer by means
of an asymmetric field applied to the wafer (see Figure 2.6(b)). Because
it combines the two types of dry etching, RIE is better able to achieve
the required anisotropy and sensitivity.

Photolithography and etching are the fundamental stages at
which patterns are transferred and defined. In fact, defects are bec-
oming increasingly dependent on the effectiveness of the pattern
transfer process. It is therefore important to model the patterning
process in order to produce mask patterns that are resilient to any
errors in the process. The following sections will discuss the details of
modeling and simulation with a lithographic system.

Optical Pattern Formation

A simple lithographic exposure system is shown in Figure 2.7.* The
system consists of four basic elements: an illumination system, the
mask or reticle, the imaging lens system, and the resist-coated wafer
substrate. Light from the source is directed on to the reticle, which
contains both transparent and opaque regions. Light coming through
the transparent regions of the reticle then pass though the lens system
and fall onto the wafer. The objective of the exposure system is to
deliver light to the reticle from the coherent source with appropriate
intensity, directionality, and spatial characteristics to translate the
mask patterns accurately into light and dark regions on the wafer.

Patterns to be formed on the wafer are etched onto the reticle.
Lines (dark patterns) with spaces (white patterns) and contact or via
holes (the square regions), as shown in Figure 2.8, are the types of
patterns typically drawn in a layout. The transmittance of light
through the mask is determined by the pattern. In a binary image
mask (BIM), the dark area of patterns have zero transmittance (and so
light cannot pass through) and the other areas have maximum
transmittance. The light passes through these areas of maximum
transmittance and then passes through the lens system. The purpose
of the lens system is to shrink the image to the required dimension
and to project correctly (i.e., without any loss of information) all
patterns on the reticle to the wafer. The illumination system creates a
pattern that resembles the mask image, and the projection system
projects this image onto the wafer to form light and dark regions on
the photoresist. The resist patterns are developed and etched in
preparation for subsequent processing stages.
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Ficure 2.7 A simple semiconductor photolithography system.
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Ficure 2.8 Typical mask features in nanoscale CMOS layouts.

2.3.1 lllumination

Choosing the proper light source is a function of the type of patterns
being printed, the resolution required for the system, and the proper-
ties of the lens system. The power and wavelength of the light source
are the fundamental criteria on which the choice of a light source is
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made. Wavelength is directly related to the smallest feature that can
be printed; power is directly related to the exposure time and hence
throughput. Smaller wavelengths can yield better performance, and
higher throughput leads to reduced unit cost and hence greater
profits.

Different light sources with varying power and wavelength have
been used over past generations of semiconductor manufacturing
technology. Early illumination systems used high-pressure mercury
arc lamps with wavelengths between 300 and 450nm. These light
sources were used for technology nodes with feature widths greater
than 1 um. Later, sodium lamps were used as illumination sources in
photolithography. The g-line and i-line sources of (respectively)
436-nm and 365-nm wavelengths are shown in Figure 2.9% along with
their corresponding intensities. To improve the resolution of images
transferred using sodium lamps, chemically amplified resists (CARs)
were introduced to aid in pattern formation. However, sodium lamps
were not able—even in the presence of better lens systems and
chemically amplified resists—to produce the high-resolution images
required for printing features smaller than 250 nm.*

It became necessary to find other illumination sources with
adequate intensity that could properly image features below 300 nm.
Lasers seemed to be an ideal choice, but the available continuous
single-mode lasers exhibited too much self-interference to be used in
lithography. However, excimer lasers were capable of ensuring dose
uniformity by providing interference-free radiation at wavelengths
of 248 nm and 193 nm. Source directional uniformity throughout the
wafer is ensured by using the Kohler illumination technique, in which
the light source is placed at the front focal plane of the condenser (see
Figure 2.10). When the source of an imaging system is placed at the
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Ficure 2.9 Spectral content of mercury lamps.
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front focal plane of a lens in this manner, the light rays refracted
through the lens tend to be focused at infinity (i.e., they are parallel to
each other and to the optical axis).” Nonuniformity of source intensity
is averaged out so that each point on the mask receives the same
intensity.

In lithography, the shape of a conventional light source is circular.
Other types of illumination shapes have been used to print certain
types of features. Figure 2.11 displays some of the commonly used

Reticle/mask
Condenser lens M

Light source
\ i
/

Focal length

Ficure 2.10 Kohler illumination: placing the light source at the front focal
plane of the condenser lens ensures uniform light directionality.

Conventional Annular Quadrupole
Dipole Quasar

Fieure 2.11 Types of illumination sources; the outer circle forms a support
region of unit radius.
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illumination schemes in lithography today. Annular light sources
emit light that produce rays at specific focal regions. The quadrupole
and dipole sources are used to expose features based on their
particular orientation. See Chapter 4 for details regarding the use of
such sources and their ability to control lithographic abnormalities.

2.3.2 Diffraction

Diffraction is the foremost phenomenon in projection imaging. The
word “diffraction” originated in the 1600s from the published work
of Grimaldi, who defined it as a general characteristic of waves that
occurs whenever a portion of the light wavefront is obstructed in
some way. This phenomenon is also referred to as the “deviation” of
light from a rectilinear path. The Dutch scientist Christian Huygens
proposed, in his 1690 work entitled Treatise on Light, that each point
on a light wavefront be considered as a source of secondary spherical
wavelets: at each point, a new wavefront can be constructed by
superposition of all the waves at that point. Figure 2.12%°is a simplified
illustration of the so-called Huygens principle that shows the
formation of spherical wavelets and the phenomenon of diffraction
through bending of light. However, the Huygens principle did not
take the wavelength (1) of light into consideration, and neither could
it explain the phenomenon of different phases of the wavelets.

In 1882, Gustav Kirchhoff formulated an equation for the
diffraction pattern based on the condition that the wavelets must
satisfy Helmholtz’s equation and the conservation of energy.'®"
Kirchhoff proposed that, if the distance from the mask to the image
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Ficure 2.12 Propagation of plane waves and illustration of diffraction through
a slit.
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plane is less than the wavelength of the light source (which is typically
the case when feature sizes exceed 21), then the diffracted image can
be assumed to be just the shadow of the mask pattern. The diffraction
is actually omitted, and the output pattern is close to a step function
(see Figure 2.13)."

Augustin-Jean Fresnel simplified matters in 1818 by describing
the diffraction pattern in terms of the phase of the waves and the sum
of the amplitudes of all the spherical waves at a given point to form
the diffraction pattern. This approximation, later coined the Huygens-
Fresnel principle, is valid only when the distance between the source
and the image plane is greater than the wavelength of the light source
used. As shown in Figure 2.13, varying the wavelength of the light
source, the aperture width, or the distance to the image plane yields
different interpretations of diffraction theory. In optical lithography
systems, the distance between source and image plane is assumed to
be greater than the light source wavelength; hence, the Fraunhofer
diffraction approximation is used to estimate the diffraction pattern’s
intensity (see Eq. [2.7]).

Consideranimaging experimentinvolving a coherentillumination
source of wavelength A and a mask consisting of a slit of width w (see
Figure 2. 14). The image plane is placed at a distance R>>w. Consider
a harmonic wave whose E-field on the X axis is given by the wave
equation

E(x,r)=E,sin(kr — wt) (2.1)

Plane waves Intensity profiles

e o

Aperture Shadow Kirchhoff diffraction Fresnel diffraction Fraunhofer diffraction
region region region
(z>M2) (z>>w) (z >> Tw?/))

Ficure 2.13 Diffraction pattern profiles at different regions based on the
distance between source and image planes.
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Ficure 2.14 Single-slit experiment to estimate the electric field at a point Q.

where k is the wave number and o is the angular frequency. The field
dE at any point Q at a distance r due to an infinitesimally small region
dy of the slit depends on the source strength per unit length s, and the
distance R from mask to image plane:

dE :%sin(kr—wt)dy 2.2)

where 7 is the distance between the infinitesimal slit and the image
plane. The term r can be expanded by using the Maclaurin series in
terms of R, y, and ¢ (i.e., the angle made by the line from the slit’s
center to the imaging point).’ The first-order approximation yields

r=R-ysing+-- 23)

Now considering the entire vertical slit width, the electric field is
given by the integral,

[sin[k(R-ysing) -t Jdy 24)
which leads to
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Now the electric field can be written as

E :%(Siggjsin(kR—wt); = (kw/Z)sinqo (2.6)

The intensity of a diffraction pattern is defined as the amount of
light that passes through the slit before the lens system determines
pattern shape. Also known as irradiance, intensity is the time-averaged
value of the square of the electric field:

1=(E) 27)

Given <sin(kR - a)t)>'2 =1/2, the irradiance resulting from the
diffraction of a coherent light source through a single slit is expressed as

I_Z(Rj[ Z) (2.8)

Equation (2.8) is a typical sinc? function, one that is symmetric about
the Y axis. As shown in Figure 2.15,%"* the irradiance amplitude falls
rapidly as we move away from the center of the slit. The width of the
central maximum depends on the slit width w and the source
wavelength 1.

e
1 _|sin¢
4504] Lt
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Ficure 2.15 Intensity distribution resulting from Fraunhofer diffraction of a
single slit.
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Young's single-slit diffraction experiment is a well-known but
simple experiment that illustrates the diffraction effect. Figure 2.16
depicts the single slit used in the experiment and the resulting
diffraction pattern in the image plane. This single-slit experiment can
be used to envision the diffraction of patterns on a mask. Each specific
feature width generates a diffraction pattern that rapidly deteriorates
from its center. The diffraction patterns from each mask source will
interact with each other, reflecting the superposition principle. When
two waves are of the same phase, constructive interference occurs
and the amplitudes are additive; conversely, out-of-phase waves
cause destructive interference and so their amplitudes are
subtractive.

In order to obtain a mathematical equation for the diffraction of
the mask pattern, let m,(x, y) be the mask E-field transmission function
in the spatial domain. The value of the mask transmission function at
each point on the mask is determined by the presence or absence of a
transparent pattern. For a chrome-on-glass mask, m,(x, y) has a value
of 1 for regions that are devoid of chrome (i.e., transparent) and a
value of 0 for regions where chrome was coated on the quartz glass
surface (see Figure 2.17). The image plane represented by the xy plane
is the plane before the objective lens. In the spatial frequency domain,
the coordinates f and g represent the plane and are proportional to the
wave number k and inversely proportional to the distance R and
wavelength 2. If E(x, y) denotes the electric field of the light source,

Mask plane Image plane

Ficure 2.16 Formation of the Fraunhofer diffraction pattern from a single slit.
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Ficure 2.17 Mask pattern, its transmission function, and the diffraction
pattern E-field.

then the electric field of the diffraction pattern for the mask
transmission function m,(x, y) is given by the Fraunhofer integral:

M,(f,g) = Hm,(x,y) “E;(x,y)e ™ dxdy (2.9)

This equation is nothing more than the Fourier transform. In
essence, the diffraction pattern created by the illumination system by
the passage of light through the mask is the Fourier transform of the
patterns on the mask.

2.3.3 ImagingLens

The diffracted light now travels through the lens system. Because it is
of finite size, the objective lens allows only a limited portion of the
diffracted light to pass through. Lenses are circular in general, and
the region of light that is allowed to pass through can be simply
quantified by the lens diameter. This region can also be viewed as a
circular aperture filtering out diffracted light outside its diameter.
The simple ray diagram of Figure 2.18 shows that the diffraction limit
is given by the largest diffraction angle that can be captured by the
lens to be used for image formation. This angle is represented by 0__
in the figure. The numerical aperture (NA) of the lens system is a
characteristic parameter that determines the quality of the diffracted
image on the wafer. It is defined as the sine of the largest diffraction
angle, 6

max”

NA =nsiné, (2.10)
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Aperture A(f,g)

Mask M(f,g) \
|
|

emax

Ficure 2.18 Numerical aperture (NA) of an imaging system.

The mathematical limit to the numerical aperture is 1 when air is
the medium between the objective lens and the wafer. Because of
many accuracy problems in lens manufacturing, this NA limit has not
been achieved. However, newer technologies use water (with n>1) as
the medium to increase the numerical aperture and hence the amount
of light being imaged onto the wafer.

A simple function for the aperture can be written as,

1, ﬂfz + gZ < TA
A(f, )= — NA (2.11)
0, f +g >T

where f and g are coordinates used to represent the aperture function
in the frequency domain. It can be seen that the function described by
Eq. (2.11) is a filter that allows all rays inclined at angles below 6__
through the lens.

There is always a need for lithography to print increasingly
smaller features. Smaller feature sizes lead to more devices being
printed onto the wafer. The smallest feature that can be printed on a
wafer with acceptable quality and control defines the resolution of
the imaging system. The resolution R of the imaging system was
proposed by Lord Rayleigh as®

A
R=bx (2.12)
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where k, is the Rayleigh factor used as proportionality constant. A
high k, factor value ensures better pattern fidelity. With changes in
resolution requirements, k1 has been reduced, leading to increased
instances of fidelity and contrast issues. Equation (2.12) shows that
the resolution of the system is directly proportional to the wavelength
of the light source. This direct correlation is a key enabler in the quest
to find newer light sources that can print smaller features.

The properties of the lens system determine its resolution, and
another important factor is the depth of focus (aka depth of field).
Depth of focus (DOF) is the maximum vertical displacement of the
image plane such that the image is printable within the resolution
limit. This is the total range of focus points that can be allowed and
still keep the resulting wafer image within manufacturing spec-
ifications. The depth of focus is given by

A
DOF =k, W (2.13)

The focus is inversely proportional to the square of the numerical
aperture. Thus, lower R and greater DOF requirements conflict.

2.3.4 Exposure System

The functions of an exposure system consist of exposing the features
on the mask and channeling the light from the mask to the wafer.
Exposure system configuration and techniques change with the
source wavelength and the chemical properties of the resist.

The imaging system now used in photolithography for
semiconductor manufacturing is projection optics, where the mask and
the wafer are placed far apart from one another and a lens system is
used to project the features (see Figure 2.19).™ Other types of printing
techniques include proximity printing and contact printing. In contact
printing, the photomask and resist-coated wafer are actually in contact
with each other. Contact printing was popular in 1960s, when device
dimensions exceeded 2 um. Patterns on the mask were transferred
onto the wafer using light sources with wavelengths between 300 nm
and 500 nm. The theoretical resolution limit for contact printing is

given by
R=3 /% (2.14)

where A is the source wavelength and z the resist thickness. Because
of practical difficulties and the inability to push the resolution limit,
contact printing could not be used for later technology generations.
In proximity printing, as the name suggests, the photomask and the
wafer are placed near each other but are not in contact. The theoretical
resolution limit for proximity printing is given by*

L
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Ficure 2.19 Exposure systems used in photolithography: (a) contact printing;
(b) proximity printing, with gap w between wafer and mask; (c) projection
printing.

f)l z

where w is the gap between the wafer and the photomask. The highest
resolution that could be achieved with a 450-nm light source and a
very small gap of 10 pm was 3 um. Diffraction issues due to the gap
limited the use of proximity printing, and projection printing has
been employed ever since.

The two techniques used to expose the mask in projection
lithography are the scanner approach and the stepper approach (see
Figure 2.20). The scanning technique projects a slit of light onto the
wafer while the mask and the wafer are being moved across it. The
exposure dose depends on the slit width, resist thickness, and speed
of mask and wafer movement. The stepper projects a rectangular
region, called a field, for one exposure step at a time. The field region
isa function of the mask size, exposure dose, and required throughput.
This stepper technique can be used to perform reduction imaging,
described in the next section.

2.3.5 Aerial Image and Reduction Imaging

As the diffraction pattern passes through the lens system, some of the
pattern is filtered out by the aperture. We know that the diffraction
pattern is the Fourier transform of features in the photomask, so an
inverse Fourier transform of this function should produce features
that resemble the original mask. This inverse Fourier transform
operation is performed by the lens system. A carefully designed lens
system can produce a nearly ideal pattern on a wafer. In the frequency
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Objective/reduction

© lens system

Photoresist coated
wafer

Ficure 2.20 Set-up for reticle exposure: scanner (left) and reduction stepper
(right).

domain, the filter function can be multiplied by the diffraction pattern
to obtain the electric field of the diffracted image above the resist. The
electric field of the final projected aerial image (AI) in spatial domain
is given as

Eu(x, )= F{M,(f, A(f, 8)} (2.16)

where F{-} denotes the inverse Fourier transform function. The
intensity distribution of this image is known as the aerial image of the
photomask pattern. The intensity distribution is simply the time-
averaged square of the electric field.

The control of feature width is critical in the photomask process,
because any error in the shapes will be replicated on the resist. So-
called 1X exposure systems have features on the photomask that are
of the same dimension as the required wafer dimensions. With
technology scaling and as light sources of smaller wavelength were
found, reduction projection systems came into use. In reduction
imaging, the features on the mask undergo demagnification during
the photolithography process. Reduction imaging employes a series
of lenses with focal lengths matched to create the required demag-
nification (see Figure 2. 21). In effect, the reduction lens system has a
different numerical aperture at each end of the system. The critical
dimension (CD) of the printed feature based on reduction imaging is
given by
ACD

mask (217)

A CDwafer = M
D

19
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Conventional light source

Condenser lens

x Required image

4
Reticle

LTz LT
aa L7
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LTL7 ) LT

Reduction (4:1)
lens system
1x Required image
Photoresist coated wafer

Ficure 2.21 Imaging system with reduction optics; demagnification factor
M, =4.

Here M, is the demagnification factor, which is typically 4 or 5 in
modern projection systems. Of course, errors in the mask are
demagnified by the same factor M,,. But for systems with features
smaller than the light source wavelength, there is a mask error
enhancement factor (MEEF) that must be taken into account when
considering wafer side errors:

= MEEF * % (2.18)

D

ACD

wafer

The importance of reduction is the ease of mask production.
Because it is much easier to produce a mask of 4X feature size than
one of 1X feature size, reduction imaging plays a significant role in
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mask production for all layers. Although this helpful feature of
reduction imaging has been exploited to project ever smaller images,
future technology generations may require a greater degree of
reduction if mask preparation becomes a bottleneck. The 2007 ITRS
technical report' suggests that higher magnification might be
considered in order to reduce mask preparation problems. Increase in
magnification requires changes to the projection imaging system and
also increases the burden on the controlling MEEF factor for mask
features.

2.3.6 Resist Pattern Formation

The aerial image created by an exposure system propagates onto the
resist to form a latent image. The resist is exposed, and diffusion
reactions begin within the exposed regions. Light rays may also
reflect off the resist wafer boundary to form standing waves. The
postexposure bake process and antireflection coats mitigate the
standing wave effect. Also, as shown in Figure 2.22(a),” the relative
intensity of the light traveling through the resist deteriorates with
depth. This creates a variation between the width of the resist profile
at the top and the bottom (see Figure 2.22[c]). An acceptable variation
between the intensity at the top and the bottom is given by the resist
sidewall angle (0) specification. The focal position of the lens system
on the resist layer is decided based on the required sidewall angle
and the absorption coefficient of the resist material. An intensity
gradient that is too high will cause tapering of the resist feature,
leading to variation in feature width after the etch stage.

The exposure dose (ED) is the strength of the light source used by
the exposure system. The dose of the system is the chief contributing
factor in resist pattern formation. The dose of an exposure step is
decided based on the thickness of the resist, the absorption coefficient,
and the imaging system parameters. Higher absorption of light is
controlled by using a special contrast enhancement layer (CEL) over
the photoresist.”” Depending on the dissolution property, the photo-
resist can be classified as either positive or negative. The contrast of a
resist refers to the ease of distinguishing between exposed and
unexposed areas of the photoresist. The rate of change in resist thick-
ness varies linearly with the logarithm of exposure dose, which
enhances the contrast of the resist. The contrast of a positive photoresist
is given by

1

%" InED_, - InED,,

(2.19)

(see Figure 2.23), where ED , is the exposure dose below which there
is no resist development, and ED , is the exposure dose above which
the resist is completely consumed (i.e., exposed region). A similar

a1
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Ficure 2.22 Resist pattern
formation: (a) relative intensity of
illuminating light source inside the
resist, where Dr is the resist thickness
on the wafer; (b) light rays passing
through chrome-free regions and
reflecting off the resist-wafer interface;
(c) the reflected rays create standing ! ! ! ! ! !
waves in the resulting resist profile. 0 20 40 60 80 100 D,

Relative light source
intensity

Depth in resist (nm)

(@)

(b)

Standing waves

()

expression can be used for the negative photoresist. The diffused
areas of the resist are treated with a developer followed by PEB.
Finally, the etching process creates the required profile, which is then
ready for the next stage of processing. It is important to note that a
mask’s resolution depends also on the width of the final resist profile
after etching. Because of such issues as standing wave formation, the
edge of the pattern formed after etching process is not regular. The
irregularity at pattern edges is called line edge roughness (LER),
which leads to line width roughness (LWR)—that is, variation with
LER in the width of the pattern. In essence, LWR is variation in
resolution of the feature. More details on etching-induced variation
in resolution are provided in Sec. 3.2.2.
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Ficure 2.23 Calculating the contrast of an exposure system.

2.3.7 Partial Coherence

The concepts of spatial and temporal coherence must be considered
when analyzing the phase relationship between signals. Spatial
coherence is the phase correlation between light sources at different
points in space at the same moment of time. Temporal coherence is the
correlation between signals at different moments in time. Spatial
coherence implies temporal coherence, but the opposite is not true.
To make things clear, all light sources discussed in this book are
temporally coherent. Future references to coherent, incoherent, or
partially coherent sources refer only to spatial coherence.

An ideal point source, whose light rays are highly coherent and
parallel to each other, form a plane wavefront when incident on the
mask; this produces the intensity profile shown in Figure 2.24(a). But
if the mask is illuminated by oblique light rays, as shown in
Figure 2.24(b), then the intensity profile is shifted; and if the mask is
illuminated from different directions, as in Figure 2.24(c), the resulting
profile is a broadened version of the initial intensity profile seen in
Figure 2.24(a). This technique of partially coherent imaging is widely
used today to improve intensity profiles on wafer.

Diffraction patterns produced by light rays with a large angle of
incidence may not fall within the aperture thus leading to loss of
information during the inverse Fourier transform. In this case, a
feature at some point in the mask cannot be replicated exactly at the
same position on the wafer. Kohler illumination is used to prevent this
loss of information by (1) making an image of the source fall at the
entrance pupil of the objective lens and (2) placing the mask at the
exit pupil of the condenser lens. This setup can be seen in Figure 2.25.
Since the mask is placed at the exit pupil of the condenser lens, all the
rays fall on the mask at incidence angles of less than 90°; hence all

53



B4 Chapter Two

|\\\\\
A ; A

Fully coherent imaging Oblique illumination

VY

| O+

| O+

Partially coherent imaging

(©

Ficure 2.24 Intensity profiles for different imaging techniques; panel (c) shows
the broadening of an intensity profile in response to incident rays from different
angles.
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Ficure 2.25 Kohler illumination used in the context of partial coherent
imaging.
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diffraction information is retrieved. Any change in the incidence angle
of light rays will affect the system’s resolution. Such variation is
quantified by a factor known as the partial coherence factor (0):

o= nsiné (2'20)
NA

The change in resolution of the imaging system as a function of this
coherence is given by*

A
R=k—"
"NAUT D) 2.21)

Another conventional way of representing the partial coherence
factor is as the ratio of the diameter of the source image at the aperture
plane to the diameter of the aperture itself:

S Source diameter

- s
7 [4 Pupil diameter (2.22)

Lithography Modeling

Several techniques that model photolithography can be classified
into two main categories: physics-based and phenomenological
models. Physics-based models accurately model the underlying optics
and also the chemical reactions that take place within the resist. These
models are highly complex, and they are difficult to calibrate and
verify because their parametershave complex, nonlinear relationships.
Phenomenological models (aka parameter-centric models) do not
consider the chemical reactions as such; instead, they model image
formation and estimate edge location based on available empirical
resist models. Physics-based models consider many physical and
chemical effects, so they are much slower than their parameter-centric
counterparts. PROLITH and Solid-C are well-known commercial
tools based on underlying physics-based models. Parameter-centric
models are fast but compromise on accuracy. But these models are
simple enough to be integrated with design flows in order to verify
printability of a design.

The following sections describe the steps involved in aerial image
simulation and chemically amplified resist modeling. Both physics-
based and phenomenological lithography modeling methods use the
aerial image simulation technique; the difference lies in the resist
diffusion and development modeling.

%
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2.4.1 Phenomenological Modeling

Phenomenological modeling involves the following stages:

1. Modeling the optics behind aerial image formation on top of the
resist; this modeling incorporates the behavior of different
illumination schemes, aperture types, and defocus effects.

2. Modeling the formation of latent PEB images with the aid of a
first-order resist diffusion model.

3. Determining the feature edge by using a intensity threshold that is
based on empirical resist models.

2.4.1.1 Hopkins Approach to Partially Coherent Imaging

Aerial image is defined as the aperture-filtered intensity distribution
of the photomask pattern observed in a plane above the photoresist
surface. Ernst Abbe proposed the extended source method for
partially coherent imaging system. H. H. Hopkins, in his paper on
diffraction,® devised an extension of this work for estimating the
intensity profile of patterns on the photomask. Since partial coherence
shifts the diffraction pattern at each point relative to the aperture, the
converse observation can be used to obtain the intensity profile. We
know that the electric field is given by the following Fourier transform
representation:

E(x, k) = I I Atk + k)M, (k)e>™*+ gk (2.23)

where E(k) is the frequency-domain representation of E(r) in the
spatial domain. In order to simplify the equation, we consider only
the x dimension. It is important to note that, since all illumination
sources shown in Figure 2.11 have a circular outer ring, their support
region is a circle. Therefore, the two-dimensional intensity profile of
a feature is referenced according to its radial distance (r) from the
center of the feature. The intensity profile is the square of the electric
field; its value, which is obtained by integration over all source points,
is given by

I(r) = H TCCk, k™). M, () M, (k").e>™ " dk dk" (2.24)

where M, (k) is the complex conjugate of M,(k). Hopkins used an
intermediate step to integrate over the source before the mask function
is considered. Because only the aperture function is affected by the
source, the two functions can be merged to form the transmission
cross coefficient (TCC):1018

TCC(k, k") = HS(k)A(k+k')A*(k LK"Yk (2.25)
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where S(k) is the source shape function. The intensity value obtained
in Eq. (2.24) is also known as the pre-PEB latent image.

2.4.1.2 Resist Diffusion

The postexposure baking is performed on the wafer after it has been
exposed. For a positive photoresist, exposed regions begin to diffuse
during the PEB process. A simple convolution of the diffusion function
with the pre-PEB latent image intensity is performed to estimate the
post-PEB image in resist. A basic Gaussian diffusion model can
be used (among various others that have been suggested). In the
frequency domain, the diffusion function can be given by

D(k, k') = exp{-27°d* (k* + k” )} (2.26)

Considering diffusion of photoresist, the change in Hopkins” TCC

function (TCC , ,.,) can be expressed as

TCC,, sk, K" = ” SUID(Kk, K)AGK +K)A" (k+ k") dk 2.27)

Hence the post-PEB latent image intensity can be written as

16k k") = ” TCC,,, 4y (&, KM, (OM; (K> ™ dkdk”  (2.28)

2.4.1.3 Simplified Resist Model
Simplified models can be used to predict the photoresist response
from the aerial image. Examples of such models include the aerial
image threshold model, the variable threshold model, and the
lumped parameter model. These models do not capture the
mechanistic response of the photoresist, but they do describe the
resist with a minimal number of parameters. The simplified models
have no physical meaning and are devised primarily for the purpose
of rapidly obtaining a resist response. A naive resist model has been
used in this chapter to establish the location of feature edges. This
model, termed the threshold bias model, has been shown to be
reasonably accurate in predicting projected critical dimensions. The
model assumes that, by applying to the printed contour a constant
bias that is equal to intensity threshold value, the exact location
of a feature edge—and hence its CD—can be computed. See
Figure 2.26.

The intensity threshold value is typically obtained by fitting resist
profile data. An empirical resist model (such as the variable threshold
model) is used to obtain the intensity threshold value.*'s

o1



38

Chapter Two

Mask

Aerial image Intensity
threshold
i Resist profile edge
! / location (x,y—r)
Resist on
wafer

Ficure 2.26 Using aerial image intensity threshold to estimate the edge
location.

2.4.1.4 Sum-of-Coherent-Systems Approach

Hopkins formulated an approach for estimating the aerial image
intensity distribution of photomask features. A technique was
proposed to simplify this formulation by “decomposing” the imaging
system. This technique, called the sum-of-coherent-systems (SOCS)
approach, performs eigenvalue decomposition of the transmission
cross coefficient function obtained in the original Hopkins
formulation:***

TCC, 4y (k, k") = J’j SOD K, KAk + KA (k + k") d*k (2.29)

In partially coherent illumination scheme, lights rays incident
from multiple angles do not interfere with one another and so their
effects on the diffraction pattern of the mask feature are independent.
The decomposition is described by a set of coherent sources whose
interaction is highly incoherent. The aerial image intensity is
decomposed into the sum of the intensities due to different point
sources. The exposure system function, which consists of the source
and the aperture functions, is decomposed into eigenfunctions called
kernels. These optical system kernels are arranged based on their
eigenvalues and are used to estimate the latent image intensity. Thus,
the TCC is decomposed into a discrete set of eigenvectors with their
respective eigenvalues:
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TCC = Z{mgom k) - &, (k) (2.30)

where the ¢ are eigenvalues and the ¢(k) are frequency components
of eigenvectors, or imaging system kernels. The aerial image intensity
is given as

1) =) £, (2,0 k)= + M,k K))° (2.31)

where the double asterisk denotes convolution in the time domain.

The number u of such vectors is determined by the error
requirement. Yet because the relation between each eigenfunction
and the intensity value is nonlinear, a higher u does not necessarily
lead to lesser error in intensity prediction. In short, the SOCS approach
is a decomposition-based technique for calculating the aerial image
intensity profile of partially coherent imaging.

2.4.2 Fully Physical Resist Modeling

Fully physical resist models are built from physical and mechanistic
chemical reactions of the photoresist—from the onset of application
on the resist to its removal at the etching station. Each step in the
lithography process is described by a complex, physical model. The
advantage of such models is the complete correlation between
simulation results and actual experimental data. Another important
advantage is that, when the technology parameters change, the model
as such requires only tuning and not a complete revamp, as would be
required with simplified models. Disadvantages include lack of speed
and scalability.

There are two different types of resists. Typical resists used with
i-line and g-line illumination sources are called conventional resists.
Higher resolutions have been achieved by using deep ultraviolet
(DUV) illumination sources with smaller wavelengths. Higher
sensitivities and greater throughput are achieved using chemically
amplified resists.” The CAR type of resist “amplifies” the exposure
dose response by undergoing chemical reactions that change the
dissolution properties of the resist during the PEB stage. Models used
today for CAR resists are simple modifications of the conventional
resist models.?®

Resist composition depends on the tone, technology generation,
illumination wavelength, and exposure system parameters. The pho-
toresist functions by converting the spatial light energy distribution
into a solubility distribution of the resist during development. Prior
to exposure, the inherent chemical constituents of the photoresist are
polymer resin, dissolution inhibitor, photoacid generator (PAG), and
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base quencher. Physical models concentrate chiefly on three stages of
the resist response when modeling the photoresist: exposure, resist
solubility, and development.

The first stage in the chemical process is the exposure response,
which mostly consists of absorption. This absorption can be defined
empirically by Lambert’s law as

a_ (2.32)
dz
The intensity profile within the resist during exposure is characterized

as a function of the resist thickness z and the absorption coefficient
2021

I(z) =I,(2) - exp{-a - 2} (2.33)

The second stage is resist solubility, or diffusion. For CAR resists,
diffusion can be characterized in three steps. First, obtain the relative
concentration of PAG molecules;** next, use this value to obtain the
concentration of unreacted photoacids. The third step is to model the
polymer resin deblocked by the unreacted acid during PEB. This
process is described well by a reaction-diffusion model. The rate of
acid deblocking is a function of the diffusivity of the acid, the relative
concentration of the base quencher, and PEB time.*

The last stage involves determining the development rate. Various
models*2*” have been proposed to obtain the bulk and relative
development rates of the photoresist dipped in an aqueous developer
solution. All physical resist models provide the maximum and
minimum rates of resist development, which are used to estimate the
shape of the resist profile.

Summary

In this chapter we looked into the various stages involved in
fabricating an integrated circuit. We chiefly concentrated on two
important processes that control the formation of patterns on wafer:
photolithography and etching. The photolithography process was
explained to help the reader understand the steps required to form
the pattern on the wafer. Details of the optical imaging system’s
components and of the parameters that control the final pattern were
discussed. We described lithography modeling in some depth because
it has become an important constituent of many model-based DFM
methodologies. Two types of modeling were analyzed, pheno-
menological and physics-based (“fully physical”) modeling. We also
demonstrated how the aerial image is formed above the wafer and
how photoresist models respond to different values of light intensity.
Understanding the fundamentals of pattern formation above and on



Semiconductor Manufacturing

the resist, as explained in this chapter, is required for modeling
process variations and tying them to device and interconnect
parameters.
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CHAPTER 3
Process and Device
Variability: Analysis

and Modeling

Introduction

The most important concern today for design and process engineers
alike is the increasing impact of parameter variation in semiconductor
manufacturing. The percentage of parameter variations have
increased drastically from 10 percent in 250-nm technology node to
around 50 percent in 45-nm technology.! There is always a certain
amount of variation in any manufacturing process. The degree of
variability that can be tolerated is often provided with the product
specification, and any variation exceeding it will lead to a low-yield
process. Parameter variations can be classified into different categories
based on process purpose, region of correlation, and behavior.

The basic steps in semiconductor manufacturing involve geo-
metric patterning to create devices such as transistors, diodes, and
capacitors and then connecting those devices using wires (metal
interconnects). Photolithography is central to patterning that creates
devices and wires. Creating a device involves poly or metal gate
patterning, oxidation to create gate oxide, a development process,
and introducing source and drain impurities via diffusion or ion
implantation. Lithography is also used to pattern interconnect metals.
Variations in patterning process are chiefly due to problems with
projection lithography. As the feature width of patterns printed in the
wafer have become less than a quarter of the wavelength of the light
source, diffraction-induced printability variations have become
highly prevalent. Other than the inherent resolution and contrast
problems, further variations are caused by defocus and lens
aberrations in the imaging system. These variations affect the patterns
being printed, including gate and interconnect features.
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Polysilicon patterning is used to create gate terminals of a
MOSEFET. The image transfer of gate patterns on the wafer is an
importantstep in the creation of self-aligned gate structures. Variations
in such patterns include changes in the gate length L_ and/or gate
width W, two dimensions that determine the area over which the
inversion region is formed when the transistor is in its ON state.
Variations in L and W, lead to changes in electrical characteristics of
transistor operation. For example, a transistor’s drain (drive) current
I —which is the most important parameter characterizing its
operation—is inversely proportional to the gate length L and directly
proportional to the gate width W_. A reduction in L increases I,
causing the transistor to switch faster. When such reductions are
systematic across a chip the result can be improved performance,
although such improvements usually come at the expense of increased
leakage through transistors. At lower channel lengths, transistor
threshold voltage tends to become lower, a phenomenon known as
V., roll-off (see Figure 3.1).2 In contrast, leakage current increases
exponentially with reduction in threshold voltage. Figure 3.2 shows
the various leakage currents for a reduced V. n-channel MOSFET.
The gate width is defined by the region over which the polysilicon
lies on the active region. When the patterning of active region under
the poly is not perfect, gate widths may vary. This effect of improper
diffusion formation, which leads to W, variation, known as diffusion
rounding (see Figure 3.24[b]). Change in W_ leads to proportional
variation in drain current and hence in the transistor’s operation.

The drain currentis a function of amount of charge in the inversion
layer of a transistor in the channel region, which in turn is a function
of the gate capacitance. Transistor size and the gate oxide thickness
are the principal determinants of gate capacitance. With scaling, the
size of the transistor gate length shrinks; this calls for a commensurate
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reductionin gate oxide thicknesst toimprove transistor performance.
Variation in the thickness of the oxide layer may lead to transistor
breakdown and failure. Gate dielectric breakdowns are a known
cause of circuit reliability problems.

Transistor threshold voltage V. depends on the concentration of
impurities in the channel region. Impurities are introduced through
an ion implantation process, which cannot guarantee a specific
number or location of dopant atoms in a nanoscale structure.
Consequently, as the transistor size scales and the transistor channel
area shrinks, the number of dopant atoms scales similarly. With fewer
dopant atoms, even a small variation in their number leads to
threshold voltage variation in transistors. New impurities are
introduced into the source-drain regions of the transistor in order to
increase the mobility of charge carriers through stress. The extent of
this stress depends on the amount of active area, shallow trench
isolation (STI), and other regions within the standard cell. Variations
in the stress alters the mobility of electrons and also the extent of
device leakage. A summary of past and projected process control
tolerances is given in Table 3.1.2

Creating interconnect metal lines involves deposition and
planarization. Aluminum has long been used as the material for metal
interconnect wires, although modern processes use copper for
interconnects. Aluminum is deposited on the wafer by processes such
as sputtering, chemical vapor deposition (CVD), and epitaxy, whereas
copper is deposited using a dual-damascene process. In the dual-
damascene process, a single metal deposition step is used to form the
vias and the interconnect metal lines. Both trenches and vias are first
formed in a single dielectric layer by two separate lithography steps;
then the via and trench recesses are filled in by a single metal-
deposition step. After this filling, the excess metal that is deposited
outside the trench is removed by a chemical-mechanical polishing
(CMP) process. An electroplating process is used to deposit copper
interconnects on a seed metal liner.
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Year of production

2001 2002 2003 2004 2005 2006 2007 2008 2009
Tech. node (commercial, not 130 90 65 45 30
ITRS)
DRAM 1/2 pitch (nm) 130 115 100 90 80 70 65 57 50
MPU 1/2 pitch (nm) 150 130 107 90 80 70 65 57 50
Printed gate 90 75 65 53 45 40 35 32 28
Physical gate (postetch) 65 53 45 37 32 28 25 22 20
t,, Thickness control, EOT (% 30) <+4% <+4% <+4% <+4% <+4% <+4% <+4% <+4% <+4%
| L, 30var. (nm) Wiw, W2W, L2L 6.31 5.3 4.46 3.75 3.15 2.81 2.5 2.2 2
i@ 30 var. as % of Physical gate 10% 10% 10% 10% 10% 10% 10% 10% 10%
Total max allowable litho 3o 5.51 4.33 3.99 3.35 2.82 2.51 2.24 1.97 1.79
Total max allowable etch 30 3.64 3.06 1.99 1.88 1.41 1.26 142 0.98 0.89
including resist trim & gate etch
CD bias: dense & isolated lines <15% <15% <15% <15% <15% <15% <15% <15% <15%

TaBLe 3.1 Roadmap for Overall Process Control
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The deposited metal must be planarized not only to achieve uni-
formity of capacitance but also to establish the surface planarity req-
uired for creating subsequent upper metal layers. The planarity of
the deposited metal after CMP depends on the patterns present ben-
eath the metal and also on the underlying metal layers. Isolated and
dense patterns are polished at different rates, leading to surface non-
planarity and variation in metal thickness. Such metal thickness
variation can lead to variation in interconnect capacitances, con-
tributing to variation in circuit performance and circuit noise
tolerance.

Correlation factors can be used to categorize process parameter
variation as lot-to-lot, wafer-to-wafer, die-to-die, or intradie variation.
Process parameter variation is least when correlation is high. Process
variation may be temporal or spatial. Variations within a wafer are
called spatial variations, whereas variations across wafers are called
temporal variations. Lot-to-lot and wafer-to-wafer are types of temporal
variation or correlation. There are many sources of spatial variation,
including overlay errors, reticle errors, lens errors, and focus errors.
Additionally, handling errors and particulates may contribute to
spatial variations. These variations initially form a considerable
portion of the total process yield but are reduced as a process matures.
Die-to-die variations have a spatial correlation that depends on the
wafer size. Typical die-to-die (interdie) variations include those that
are due to chemical-mechanical polishing and oxide thickness.
Intradie variations occur within a die. In the past, intradie variations
were not considered to be significant. However, with continued
scaling of transistor feature size, intradie variations have become
more important. In fact, some studies show that intradie variation
today may be as prevalent as interdie variation.? Intradie variations
include patterning variation, random dopant fluctuation (RDF), and
CMP-induced thickness variation—to mention just a few. Variations
within a die are of design concern because they influence the operation
of a transistor. Patterning variations and RDF are both sources of
parametric variations in design.

Variations may also be classified as being either systematic or
random. This distinction is vital for analyzing the underlying causes
of variation and for addressing them through specific changes in
design or manufacturing. Random variation, as the name suggests, is
not attributable to a specific cause or parameter. Such variation is
often assumed to be gaussian, with mean x and standard deviation o.
A gaussian distribution usually follows from the law of large numbers.
Examples of random variation include dopant atom fluctuations in a
MOS transistor, supply voltage variations in a circuit, spot defects in
a wafer, and line edge roughness due to lithography. Systematic
variations are functions of design or manufacturing parameters; hence
they can be modeled by a function or a set of functions. Examples of
systematic process variation include V. skew between nMOS and
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pMOS devices due to systematic doping variation. Systematic
variations may also arise from design attributes. The pattern density
of a mask is known to cause systematic variation in oxide thickness
leading to variation in interconnect capacitance. Proximity effects are
known to cause distortion of shapes that lead to device and
interconnect parameter variations. Such variations can often be
modeled and predicted before or after manufacturing. It is also
important to note that variations within a design (die) can be both
systematic and random in nature. Such variations can be modeled
only by factoring the two types of variations and then modeling them
individually. The factoring process is complex and usually statistical
in nature.*

Sources of intradie process variability in semiconductor manu-
facturing can be related to the illumination source wavelength and to
the minimum feature size of patterns being printed on the wafer. It
has been observed that, for “above wavelength” lithographic
processes, the variations are chiefly random in nature. Such random
errors may result from handling, particulates, overlay error, dopant
fluctuations, and so on.

The wavelength of lithographic light sources has historically
scaled in tandem with technology. For example, 0.35-um transistors
used a light source of wavelength 365 nm. But as shown in
Figure 1.5, from 180-nm technology onward the wavelength of
lithographic source light has remained constant at 193 nm. A
continuation of the past progression toward shorter wavelengths
for optical lithography has been thwarted by several factors.
Although al57-nm light source exists, it did not gain traction
because lithography at this wavelength requires the exposure
system to be purged of oxygen and water, which strongly absorb
radiation at 157 nm. Therefore, the cost of moving to a 157-nm
system outweighed the benefits. Another problem with wavelengths
at 157 nm or its designated successor at (e.g., 13.4-nm extreme
ultraviolet of EUV light source) involves the photomask itself. The
photomask must have high transmissivity of light because
otherwise it absorbs energy, causing it to heat up and suffer from
thermal expansion. A typical exposure system reduces the mask by
a factor of 4 or 5. Thus, if we contemplate manufacturing a chip 1
cm on the side, the mask must be (4 or) 5 cm on the side. For the
current generation of masks based on fused silica, a 1°C rise
corresponds to a 25-nm expansion of the mask. As a result, for
small-resolution targets the temperature rise of the photomask
needs to be much less. Achieving this requires high reflectivity in
the dark areas of the mask and high transmissivity in the exposed
areas. Given the lack of highly transparent or reflective materials at
13.4 nm, EUV-based fabrication is still far on the horizon. Similarly,
lenses need to exhibit a certain refractive index and transmissivity,
which presents another challenge for projection systems below
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193 nm. Parabolic reflectors have also been studied for optical
projections systems that can obviate the need for lenses, although
such a reflector must have a low absorption coefficient. This
remains an open area of research for light sources at lower
wavelength.

Consequently, devices of feature width 180 nm and below (i.e.,
minimum feature < 1) have been printed using the argon fluoride
(ArF) 193-nm light source. These devices have dimensions that fall
outside the diffraction limit (i.e., minimum feature > 1) of a nominal
projection or illumination system. The diffraction limit issue makes it
difficult to print features with high contrast and within a reasonable
width tolerance, which leads to an increase in design-related
variability for such technology nodes. For technology nodes below
180 nm, diffraction-related issues have become much more prominent
than particle-related errors (see Figure 3.3).5 Design-dependent
lithographic process variability is of major concern in today’s
semiconductor manufacturing.

Linewidth variation between intent and imprint is unavoidable
unless a better flare-free light source with smaller wavelength is
found. Parameter variations have been rising since the advent of
subwavelength lithography; this can be seen in Figure 3.4, whose
trend plot is derived from Nassif ¢ and Borkar et al.” New design
and process methods to control these variations are required for a
high-yield process in future technology generations. In this chapter,
the most important process parameter variations will be discussed
in detail. Each section will examine the manifestation of these
variations and their impact on design performance and yield.
Analysis and estimation techniques for such variations will also be
discussed.
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Ficure 3.3 Process variability trends.
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Gate Length Variation

The operation of a transistor according to given specifications is
dependent on the polysilicon gate pattern being printed on wafer.
Variation in gate length can be caused by patterning effects or by
etching-induced edge effects. We delve into each of these issues in the
sections that follow.

3.2.1 Patterning Variations Due to Photolithography

Image transfer from mask to silicon is influenced by optical diffraction,
which affects the intensity of light on the image plane and also the
resist etch process. Depending on whether the photoresist is positive
or negative, the dimensions of the printed pattern will vary for the
same optical exposure. These dimensions are further influenced by
the chemistry of the etch process itself. Consequently, a printed line—
whether metal or polysilicon—may be characterized by a trapezoidal
model. Parameters include the trapezoid base width w, the sidewall
angle 6 of the profile, and the resist height /. See Figure 3.5(a).® The
critical dimension (CD) of a mask is defined as the minimum
resolvable feature that can be printed on the resist within required
specifications.

The width of a feature cannot be clearly defined by a single
parameter based solely on the cross section of the resist. Photoresist
profiles after development are fitted to a trapezoidal feature model
using multiple parameters of the profile. Whenever one talks about
the CD of a mask, the first measure that is recognized about the
feature is its width on the resist; this is the base width w from
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Ficure 3.5 Assessing critical dimension (CD): (a) parameters controlling CD;
(b) standing wave formation due to reflections from the resist-substrate
interface; (c) varying resist profile with equivalent width at different focus.

Figure 3.5(a). Yet a change in focus can yield completely different
resist profiles even with the same base width, as shown in Figure 3.5(c).
Hence, when measuring CD, it is also important to consider the
profile height and the effect of sidewall angle. The CD of a mask can
be described by any one of these three parameters, provided the other
two are within required specifications. Any one of the three parameters
can be used to define CD and in postdevelopment metrology.

3.2.1.1 Proximity Effects

The required width of patterns in today’s VLSI designs are well below
the minimum resolvable feature width of the 193-nm light source; as
a result, linewidth variation is a major issue. Linewidth varies as a
result of proximity effects in optical lithography, and these proximity
effects result from optical diffraction. Linewidth variation of gate-
poly features may result from the diffraction patterns of adjacent
lines.

As we saw in the previous chapter, diffraction patterns are
centered at the midpoint of a feature and decay rapidly in intensity
as they spread over a finite region. The peripheral intensity patterns
overlap with diffraction patterns from neighboring lines, which
leads to optical interference. The resulting intensity profile is based
on superposition of the phase and amplitude of diffraction patterns
from neighboring lines. Constructive interference occurs when the
diffraction patterns are in phase; conversely, destructive
interference occurs when they are out of phase with each other.
See Figure 3.6.

Consider the following one-dimensional plane wave represented
by the equation

Py 1% (3.1)

n
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Fiaure 3.6 Superposition principle: (a) constructive interference (in-phase
waves); (b) destructive interference (out-of-phase waves).

where y(x, t) represents the wave and v the wave’s velocity. Now,
according to the principle of superposition, if two waves v, and v,
propagate in the same direction, then their amplitudes are additive.
The new wave v, , is given by

O _ 1 gy 1 Y

= wave 1 2 — 2 (wave 2

oxt vt o ( ) ox? 2 o ( ) (32)

P(h+i) 18 (h+th) _ P _ 1 g ‘
ox? v? ot ox*  v* o

Figure 3.7 illustrates the interference between two-dimensional
intensity patterns. One effect of such interference is the widening or
shrinking of resist patterns; this is known as the proximity effect.
Proximity effects depend on the feature width, distance between
adjacent patterns (spacing), type of mask used, and other illumination
system parameters. Proximity effects often occur in lower metal
interconnect layers and poly-gate patterns, which can lead to
parametric variation in the design process.

Proximity effects widen or constrict metal lines based on the
spacing of adjacent features (see Figure 3.8). Spacing is defined as the
distance between any two successive edges of adjacent features, and
the pitch is defined as the distance between two successive similar
edges (e.g., right edge to right edge) of two adjacent features in a
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Ficure 3.8 Proximity effects on metal lines.

layout. Socha et al.? studied proximity effects on linewidth by varying
the spacing between features while keeping the linewidth of the mask
constant. It was observed that, at certain pitches, the metal line width
shrinks dramatically from the original width; see Figure 3.9.2° The
spacing at which this narrowing of width occurs defines the pitches
that should be barred from the design process, and each becomes a
forbidden pitch for that metal width.>?® For 45-nm technology and
below, the large number of forbidden pitches imposes multiple
constraints on layout topology. Geometric layout rules do not allow
adjacent metal lines to be placed at forbidden pitches. Even within
tolerable pitches, proximity effects lead to linewidth variation caused
by neighboring lines; this variation is known as across-chip linewidth
variation (ACLV)." Other proximity effects on metal lines include line
end shortening and corner rounding, as shown in Figure 3.8.
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Ficure 3.9 Resist feature width, CD (nm)
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3.2.1.2 Defocus

Defocus is defined as the difference between the focal position in
the resist on wafer and its position at target focus. Focus of the
exposure system depends on the light source and the reduction lens
system used as well as the thickness of the resist on the wafer.
Defocus leads to blurring of the image being printed on the wafer.
Variation in focus causes linewidth variation due to improper
pattern formation on the wafer. The impact of defocus on linewidth
variation for patterns at different pitches is systematic and can be
modeled. The printed linewidth for pitch variation and defocus is
shown using a Bossung plot (see Figure 3.10).”* The Bossung plot
has a “smile” and a “frown” feature that is associated with the
change in linewidth."** Highly dense features tend to have increased
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Ficure 3.10 Linewidth change due to through-pitch variation with defocus for
various pitch configurations (Bossung plot).

linewidth, with defocus causing a “smile”; isolated features tend to
have decreased linewidth value, with defocus causing a “frown.”
Dense patterns are those where features are closely spaced over a
region of the layout, and isolated patterns are those where features
are sparsely populated. Defocus affects dense and isolated lines
differently. As shown in Figure 3.10, the rate of change in linewidth
for dense features is higher than the rate of change for isolated
features.

Resist thickness variation due to improper CMP planarization
leads to defocus across the lens field, as shown in Figure 3.11."
Chemical-mechanical polishingislayoutdependent,and planarization
errors across varying density regions can be modeled and predicted
(see Sec. 3.5 for detailed treatment of this subject). The high-energy
light sources used by exposure systems cause the lens to heat during
patterning; this changes the refractive index of the lens material,
which is another cause of defocus. Lithographic input parameters
such as exposure dose and system focus can vary systematically and
also have associated random components. Typical random com-
ponents of defocus, including wafer misalignment and wafer tilt, are
difficult to model. The linewidth variation that is due to such sources
is modeled statistically.

3.2.1.3 LensAberration

Aberration is defined as a departure from ideal behavior. Thus,
aberration in the lens system is any deviation from the ideal operation
of a lens. Understanding lens aberration is facilitated by a review of
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Ficure 3.11 Defocus caused by resist thickness variation.

Snell’s law. Consider the ray diagram of Figure 3.12.* For that diagram,
Snell’s law states that

n;sin 6, = n,sin ), 3.3)

where 7, and 7, are the refractive indices of (respectively) the incident
and transmitted media. A well-known simplification based on first-
order theory is that, since 6 is very small, sin 0 = 6. Hence Snell’s law
becomes 1,0, = 1,0,. The angle of incidence and the refractive index of

Ficure 3.12 Understanding Snell’s law.
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the media under contact describe the light behavior that is used to
estimate the front and back focal points of the lens system. This
simplification assumes that rays are paraxial. Paraxial rays are those
that pass close to the axis and thus have very small angle of incidence
on the lens.

In practice, rays from the light source that pass through the mask
will diffract in different directions and fall on the objective lens. The
objective lens now sees rays that are not paraxial, so the assumption
behind Snell’s law is now invalid. The Taylor series expansion of sin
0 can be written as

sing=0-0 .0 7 .. (3.4)
31 51 71

In any case, at least the first two terms need to be included when
considering rays away from the axis. A incident angles of light rays
are higher than the first-order Taylor series approximation of sin 6,
Because not all the incident light rays are focused at the same focal
point. This brings the third-order theory into the picture leading to
the creation of primary aberrations as shown in Figure 3.13. The
difference in the focal positions of incident rays causes focus variation.

Focus for vertical patterns

Astigmatism = |R-Q|

Point on mask 4 Focus for horizontal
P patterns

(©

Fiaure 3.13 Defocus due to lens aberration: (a) spherical aberration; (b) coma;
(c) astigmatism.
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The optical path difference (OPD) for each incident beam is defined as
the difference in optical path between the current beam and the zero-
diffraction beam that passes through the optical axis. This focal
variation is termed lens aberration, which leads to blurring of the
image on a wafer.

There are multiple sources of aberration in a lens, as shown in
Figure 3.13. Lens aberrations can be classified into two types:
chromatic and monochromatic.**** Chromatic aberrations are caused by
dispersion of light due to variation in the lens refractive index for
constituent wavelengths of light. Longitudinal and transverse
aberrations are examples of chromatic aberration, which are not seen
when a monochromatic light is used. Monochromatic aberrations that
can cause defocusinclude piston, tilt, spherical, coma, and astigmatism
aberrations. Piston and tilt aberrations do not model a curvature in
the wavefront and hence do not affect the image; they simply cause a
small shift in position. The defocus due to piston and tilt aberrations
is seldom significant. Spherical aberration causes variation in the
position of focal planes of nonparaxial rays. Coma aberrations cause
variation in the focal position for rays that are incident at an angle to
the lens; these aberrations manifest as asymmetry in the image.
Astigmatism is the variation in focus as a function of orientation of
the image. This aberration causes shapes in different directions to
have relative defocus.

Aberrations can also be classified in terms of whether they are
due to (1) manufacturing; (2) the lens type; or (3) the design pat-
terns. Lens manufacturing variations are due to lens usage and can
be seen as imperfections on the lens surface, curvature, and/or com-
position. Improper usage of the lens (e.g., mishandling, incorrect
placement tilt) will lead to variations in the patterns formed. Aberra-
tions caused by the design are due to the orientation of patterns dur-
ing exposure.

Asseries of lenses is used to perform reduction of the mask image
onto the wafer. The step-and-scan approach used in projection
printing today scans regions horizontally in one exposure, moves to
another region for the next exposure, and so on repeatedly. The reg-
ion over which the exposure system scans the mask patterns onto
the wafer is called a lens field. It has been observed that aberration
across the lens field may induce variation based on feature position
with respect to the center of the lens. Since scanning proceeds hori-
zontally, this type of variation may not be observed on vertical
patterns. Because the field is small compared to the wafer, variation
within the field is considered to be inconsequential (see
Figure 3.14).1

Lens aberration causes defocus-induced variation in metal
interconnect and gate linewidth. All aberrations due to a lens can be
characterized by calculating the optical path difference of beams
traveling across the lens. The simplest method, proposed by Zernike,
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Ficure 3.14

Lens aberration
causing CD
variation between
different lens
fields.

Scan direction

Lens field ~ CD
is constant

is to represent the OPD surface as a function of all the components of
aberration. This function of the orthogonal components can be
represented in spherical dimensions as"

OPD(p, ¢)= Y 5.Z,(p,¢)

X
Z"(p,¢) =R (p)cos(mep):odd
Z,"(p, @) =R (p)sin(me):even

Z(p, so):{

where m and n are nonnegative integers with n > m, ¢ is the azimuthal
angle in radians, and p is the radial distance. The radial polynomials
R(p) are functions of n, m, and p. The orthogonal components Zy - Z)
are the Zernike coefficients, and the coefficients s_determine the
contribution of the orthogonal component to image defocus. The
OPD value is positive for patterns in one direction and negative for
those in the opposite direction.

Each component models an aberration up to a particular order.
The Z, polynomial models the piston aberration; Z and Z, model
imagetiltinthe xand y directions; and Z, and Z, model the astigmatism
(Z,, Z,, and Z, do not actually contribute to defocus of the image and
have low s_values). The terms Z_and Z, represent coma, which causes
defocus based on the angle of diffracted rays, and Z, models the
spherical aberration of the lens. The same set of aberrations at different
diffraction orders are repeatedly modeled by higher-order terms Z,
and above. These polynomials are used by lithography simulators to
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estimate the impact of lens aberration on the aerial image and resist
profiles of the patterns on the mask. Further details can be found in
the text by Born and Wolf."”

3.2.1.4 Modeling Nonrectangular Gates (NRGs)

Current transistor modeling methodologies assume that transistors
on silicon are of the same shape as in layout, with a single channel
length and width. But as we move into subwavelength lithography,
there is a difference between intent and imprint: poly-metal gates
often take a nonrectangular shape on silicon. The channel region is
determined by the dopant profile under the gate and by its interaction
with the source-drain diffusion regions, so the channel region may
not be rectangular even under a rectangular gate.”® The modeling of
such nonrectangular transistors is a complex problem because the
dependence of leakage current and threshold voltage on the gate
length is nonlinear (see Figure 3.15).”

Figure 3.16 shows a drawn gate-mask feature and its printed
contour on wafer for 45-nm technology node. Figure 3.17 illustrates
the difference between the drawn and printed contours in terms of
drive and leakage currents. It is clear from the figure that lithography
induces a change in postsilicon transistor characteristics, so discre-
pancies will arise if one assumes the gate shape to be rectangular for
the purpose of presilicon circuit simulation. The first step in modeling
nonrectangular gates is to slice the gate into regions of minimum gate
length variation. AnNRG can be modeled as a set of parallel transistors,
where each slice represents a transistor of particular width and length
(see Figure 3.18).2* The main drawback of this approach is that the
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Ficure 3.15 Variation of ON current, OFF current, and V, = V, with gate length
L, due to CD variation.
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Ficure 3.16 Gate and diffusion contours: (a) drawn mask; (b) printed contour.
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Ficure 3.17 Variation in drive and leakage currents of drawn and printed
contours.

model increases circuit complexity and the transistor count, limiting
the size of circuits that can be simulated. Another drawback is that,
owing to the effects of narrow width and shallow trench isolation, the
standard transistor model may not be applicable to the slices. An
alternative approach is to model the gate as a single rectangular
transistor that predicts the characteristics of the printed contour for
one particular region of operation—for example, cutoff or saturation.”
This methodology, known as equivalent gate length (EGL) modeling,
can be used to simulate circuits. The EGL approach offers a prudent
compromise in circuit simulation without sacrificing accuracy or
simulation performance. Another approach to modeling properties of
nonrectangular poly-metal gates is based on three-dimensional device
simulation.”? However; such simulations are impractical for anything
larger than small library cells. Many such models were proposed to
model the NRG using SPICE-based simulations.®'°2%2% The NRG
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Ficure 3.18 Modeling the nonrectangular gate (NRG): (a) slicing of gate resist
profile; (b) model suggesting a transistor for each slice; (c) single equivalent gate
model (EGL) for modeling ON and OFF operations of the device.

model offers a viable CAD methodology for analyzing devices affected
by lithography-induced imperfections.

3.2.2 Line Edge Roughness: Theory and Characterization

Line edge roughness (LER) is defined as the variation in resist pattern
edges that arises from the complex interaction of exposure and etching
process parameters.?3” With top-surface imaging, LER for chemically
amplified resists with deep ultraviolet imaging in sub-100-nm features
has been found to vary between 5 and 10 nm.*® A variation of up to
10 nm on each edge amounts to equivalent linewidth variation in
interconnect and poly-metal gate lines (Figure 3.19). With the scaling
of feature sizes down to below 50 nm, LER has a sizable effect on
linewidth tolerance. Variation in LER has been under intense scrutiny
because of its effect on interconnect resistance, device characteristics,
design limitations, and resolution of the imaging system.

Line edge roughness variation is caused by a complex interaction
of several factors that occur during the manufacturing process. Many
researchers have attempted to identify the source of these variations
and quantify the LER effect. Even today, the cause of LER variation
cannot be narrowed down to a single source, so we will look at some
probable causes that have been identified experimentally. These
include:

* Mask roughness
e Aerial image contrast

® Molecular structure of the resist
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* Shot noise caused by absorption fluctuations between dif-
ferent locations

* Mixing of resist polymers

¢ Development processes

Mask roughness is a direct cause of LER on silicon. All errors in
the mask are demagnified (by MEEF, the mask error enhancement
factor) on the wafer during the exposure process. An error of 10 nm
due to mask roughness can lead to a 5-nm edge variation on the wafer
in a 4X reduction imaging system with an MEEF factor of 2. So, just as
in final wafer feature printing, mask fabrication errors must be
controlled by constant monitoring of final linewidth tolerance limits.

The aerial image of the mask pattern falls on the resist to create
chemical reaction within the resist. The sharpness of this aerial image
affects the final resist profile. Sharpness of an aerial image is
quantified by the exposure system’s achievable level of contrast. As
defined in the previous chapter, contrast is the rate of change of resist
thickness with exposure dose. Experimentation using exposure
systems with varying contrasts have been used to study the effect of
aerial image contrast on line edge roughness. Variation in LER is
inversely proportional to the contrast of the aerial image. Thus LER
variation is low when the contrast is high, and LER variation is high
when the contrast is low (i.e., when the intensity slope is not steep).
This effect is illustrated schematically in Figure 3.20.* In short,
maintaining good contrast for features throughout the design leads
to a reduction in LER.

The molecular weight dispersion of the resin present in the
photoresist polymer has an effect on dissolution properties and on
LER. The molecular dispersion of polymer is defined as the ratio of the
“weight” average molecular weight M and the “number” average
molecular weight M . The polymer becomes inhomogeneous in the
presence of high levels of molecular dispersion, resulting in a rough
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Ficure 3.20 LER dependence on aerial image contrast.

profile edge.® Higher M_/M ratios also lead to less acid diffusion,
which increases sidewall roughness in the resist. The resolution of the
photoresist polymer depends on the acid diffusion that occurs during
the PEB stage.

Shot noise is a type of electrical noise characterized by variation
in the number of high energy photons present in an optical device,
which leads to statistical fluctuations in light intensity.*** Shot noise
increases with average amplitude of light intensity. The use of
chemically amplified resists with illumination systems that constitute
of a large number of photons increases the level of shot noise present
in the resist. Light intensity fluctuations due to shot noise cause
irregular exposure of mask features onto the wafer, leading to LER. It
has been shown that a variation of 200 ions within a 100-nm? area of
the wafer can cause LER-induced linewidth variation of 6 nm.*>*

Sulfonate and sulfonium salts are typically used as photoacid
generators (PAGs) in chemically amplified resists today. Acid
chemistry between the salt and resist polymer upon exposure ensures
the proper diffusion and photoacid generation within the resin.
Inhomogeneous mixing of resist polymer with the salt can lead to
improper acid dissolution, which causes LER variation. Sensitivity of
the resist to exposure depends on the quantum yield of acid generation
from the sulfonium salt.**** Contrast, which directly affects LER
variation, relies on the PAG-induced chemical reactions with the salt.
The interaction between resist polymer and the developer solution
also affects the impact of LER on the feature. Differences in sidewall
roughness between dense and isolated lines have been found to be
caused by the flow of developer solution into these areas. Because the
resist development stage is an isotropic process, the erosion rate of
the solvent-free post-PEB resist polymer determines the level of edge
roughness.

With the introduction of sub-50-nm gates, the impact of LER on
device performance and reliability is a major concern. Line edge
roughness variability further reduces the small linewidth tolerance
available for today’s poly-metal gate features on silicon; that is, an
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increase in LER erodes linewidth tolerance. The effect of LER is
observed in both gate patterns and metal interconnect patterns in the
wafer. The linewidth distribution measured at multiple locations of a
die is plotted in Figure 3.21, where the 30 variation was found to be
8 nm.” The effects of LER variation on metal interconnect linewidth
include reduced current conduction through the metal (due to
increased resistance) and higher susceptibility to an electromigration
failure. The major concern with gate LER is that gate length
variation may lead to improper operation of the transistor. Gate
length variation affects the I and I of the device, causing leakage
and changes in propagation delay.

Various LER modeling techniques have been proposed to aid in
measuring the impact of LER variation on device parameters. An
LER model is typically formed by first obtaining linewidth and LER
information from scanning electron microscopy (SEM) images.”
When measuring linewidth and LER data from an SEM image, the
distance between sample points is specified so as to yield a balance
between resolution and throughput. The length of the inspection area
and the number of scans of the wafer determine the amount of
variation in the data obtained. These data points are used to fit a
model for predicting variation; see the example fitted model in
Figure 3.22.35 Although LER is irregular in nature, Fourier analysis
reveals periodicity in LER variation. However, the LER period is not
constant over any inspection region. A statistical model with varying
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Ficure 3.21 Linewidth distribution measured at multiple locations of the die;
30 line edge roughness (LER) variation of 8 nm.
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Ficure 3.22 Graph reflecting a simple model of LER variation.

probability for LER periodicity is used to predict line edge rough
ness using the correlation between different sample points. The LER
period probability for a particular type of resist is plotted in

Figure 3.23.37

LER variation will become more prominent as we aggressively
scale toward 32-nm and 22-nm devices. Methodologies to prevent
LER from occurring—or to mitigate its sources—are needed to reduce

variations

in gate length and V. in future technology generations.

0.3 7
0.25
2
2 021
Qo
o
o
- 0.15 A
(0]
N
©
g 0.1
[s)
2
0.05 A
0 .
o o o o o o o o o o o o
o o o o o o o o o o o o
— — [sp) [Te] N~ (o] — (5] Te] N~ (o] —
v — - ~ — — [a\]
A
LER period, (nm)
Ficure 3.23 Different periods of LER variation and their probability of

occurrence.



Process and Device Variability: Analysis and Modeling

3.3 Gate Width Variation

The width of a MOSFET is given by the region over which the
polysilicon-metal gate overlaps the underlying active area (see
Figure 3.24(a)). The active area (aka the diffusion region) lies beneath
the gate and is a doped region of silicon created through patterning
and ion implantation processes. For the gate width to be rectangular,
variations must be minimized in the processes of (1) patterning the
gate and (2) diffusion patterning and creation of rectangular oxide
spacers through the STI process. Imperfection in either of these
processes may cause gate width variation. Because gate width W_ is
directly proportional to the drain current of the transistor, W, variation
hinders performance. Gate patterning problems caused by proximity
effects (as explained in Sec. 3.2.1.1) can lead to pullback of gate ends;
this was shown in Figure 3.8. Pullback causes irregularity and
reduction in gate width. Gate width variation due to pullback is
included in the nonrectangular models described in previous
sections.

It is typically assumed that the diffusion region is rectangular and
hence has little effect on transistor operation. But as shown in
Figure 3.24(b), diffusion regions do not remain rectangular on silicon.
Similar diffraction effects occur when thediffusion region is being
patterned, causing the phenomenon known as diffusion rounding. The
rounding commonly occurs at L- and T-shaped features, depending
on how the contacts are placed on the diffusion region.” The type of
source and drain contacts to the power supply rails depend on
whether the transistors are in series or parallel. The shape of the
diffusion region that bends toward the source or drain region also

Gate-poly
w L Diffusion
| T region

Mask Resist profile
(@) (b)

Ficure 3.24 (a) Poly-gate width and length; (b) diffusion rounding of the gate
alters its width and length.
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depends on the series or parallel nature of transistor arrangement.
The extent of diffusion rounding is a function of the distance between
the poly and the irregular diffusion region. Poly regions extending
over the diffusion are not a problem because they are used for intracell
connections.

Another factor that plays a vital role in determining the shape of
the diffusion region is the creation of STI wells between active areas.
The aim of shallow trench isolation is to isolate active areas within
a die to prevent them from interacting with each other. Isolation is
ensured by growing a gate oxide (usually SiO,) inside a cavity
etched in silicon. The stages in STI creation include: wafer oxidation,
nitride layer deposition, trench patterning, anisotropic etching,
oxidation of liner, chemical vapor deposition of the trench oxide
fill, planarization using chemical-mechanical polishing, and finally
wet etching to strip the nitride and wafer oxide. The wafer is first
oxidized, and this is followed by a CVD-based nitride layer
deposition. Trench regions are patterned using lithography and
etched using the anisotropic dry etch process. This creates
rectangular trench regions ready for the next stage of oxidation and
CVD-based trench oxide deposition. The oxide grown or deposited
is planarized using the CMP process. The drawback of this type of
planarization is that it depends on the oxide removal rate and the
underlying pattern density. Regions with differing pattern density
lead to the formation of dishes and eroded areas (as explained more
fully in Sec. 3.5). Wet etching of the regions not covered by nitride
lead to removal of some active areas at the STI boundaries. This
removal renders the active area beneath the gate pattern
nonrectangular, which causes variation in W .. Gate width variation
due to line end pullback and diffusion rounding will affect the
transistor drain current. Gate width variation also changes device
geometry, causing parasitic capacitances to vary.

Atomistic Fluctuations

Ion implantation and diffusion are techniques used to introduce
impurities into the silicon wafer. The total number of dopant atoms
introduced into the channel region to control the device’s threshold
voltage V. was in the hundreds until the advent of 90-nm CMOS
technology. With ever-increasing reduction in channel length, it has
become a challenge to control the doping profile with fewer than 100
atoms introduced into a nanometer-scale channel. Because the
number of atoms is so low, any small change in the channel region
can create a significant change to the V. of the device. Doping today
is predominantly done using ion implantation followed by thermal
annealing. Dopant profiles created by these techniques are not
deterministic, and the distribution of atoms in the channel region is
random (see Figure 3.25).
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Ficure 3.25
Dopant distribution in a device.

Dopant aoms

The MOSFET is said to be ON when there is a conducting path
formed between the source and the drain. With the introduction of a
random set of dopant atoms into the channel, various regions of the
channel form nonuniform conducting paths between the source and
the drain when the gate voltage V. equals or exceeds V. This
conducting path is formed in regions where the relative percentage of
impurity atoms is low. If we consider these discrete regions to be
cubes in three-dimensional MOSFET channel space, then the presence
or absence of impurity atoms in a cube determines the probability of
conduction along that path: the higher the number of impurity atoms,
the lower the probability of conduction. Now, for a cube that contains
anumber a_of atoms at threshold voltage level, the probability of the
number of dopant impurity atoms being less than a_(thus enabling
conduction) can be modeled as a Poisson distribution, with average
impurity concentration K, as follows:*

a=ac a_—K
_\ Ke (3.6)

Pcube—con - K!
a=0 :

The value of P_, _ must be high to ensure conduction of majority
carriers across that cube.

The Poisson distribution, which is used to model the number of
atoms around the channel region, gives a good approximation of the
conduction behavior. This atomistic variation in number and position
of dopant atoms leads to variation in the threshold voltage V. of the
device. This variation is a characteristic of an individual channel
region and bears no correlation with other channel regions. To
illustrate the effect, Figure 3.26* plots the statistical variation in V_ for
identical MOSFETs placed as a minimum spaced array. It has been
shown that doping near the source-drain regions controls the
threshold voltage, so retrograde doping is used to minimize V.
variation in the channel. Transistors with undoped channel regions
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Ficure 3.26  Statistical variation in V, as measured from various identical
MOSFETs in the die.

are used in silicon-on-insulator (SOI) devices, for which V_ is set by
back-gate biasing or gate-metal work functions.*

Deviation in threshold voltage is modeled by a Gaussian
distribution that depends on the doping (N,), the channel area
(LyxW,), and the oxide thickness (t ). The spread in V. can be
described by the following relation (also see Figure 3.27):%

(3.7)

The process of gate oxide deposition is a regular and well-
controlled procedure. But with the need to increase device
performance, gate oxide thickness has been reduced to just a few
layers of atoms. The wafer is oxidized and planarized to attain the
required thickness, after which lithography is used to print gate
patterns and then unprotected areas (other than the gate) are etched
to form gate oxides. Improper planarization in the CMP process can
cause the number of atoms in the oxide to vary, which can lead to
reduced mobility in certain regions of the die. Too thin a gate oxide
layer results in oxide tunneling, which leads to device failure. The
number of gate oxide atoms varies randomly from device to device
and therefore is modeled statistically. As gate length and gate oxide
dimensions approach angstrom units, atomistic and quantum
variations will have to be accurately modeled to perform proper
analysis on presilicon designs.
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Thickness Variation in Metal and Dielectric

Variation in metal and dielectric thickness is a result of improper
planarization. The purpose of planarization is to level the surface
after metallization and oxidation processes. With continued aggressive
scaling of transistor feature sizes, the importance of chip-level
planarity has increased. Without proper planarization, there would
be severe focus problems in lithography when creating upper layers.
Mask-layout uniformity produces better planarity and thus is highly
desired for better manufacturing and parametric yield.

There are several planarization techniques that have been used in
semiconductor manufacturing, such as spin-on-glass (SOG), reverse
etch back (REB), and chemical-mechanical polishing (CMP). The SOG
technique involves the use of a special chemical compounds to coat
the surface of the wafer, which are cleaned before the application of
SOG materials. Silicate-based compounds are typically used to fill
holes during planarization. The SOG material is poured onto a chuck
that is holding the wafer and spinning at high speed. The thickness of
the SOG layer varies depending on the viscosity of the fluid.

Reverse etch back is a process in which metal is deposited on the
wafer completely in the first step. Because the typical deposition step
isnot uniform, it results in some regions having higher metal deposits.
In the second step, these regions with higher metal deposits are
removed to form a uniform layer with specified thickness. The REB
process requires the use of additional masks. In semiconductor manu-
facturing today, SOG and REB techniques are not favored because
they require complex control of parameters during the planarization
process. Furthermore, the required extra mask steps lead to extra

9
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cost. For these reasons, CMP is the planarization method most used
in industry today.

Chemical-mechanical polishing is a wafer planarization technique
that is widely used to satisfy local and global planarity constraints.*
Unlike the previously used SOG and REB approaches, CMP has been
the choice for multilevel metal and oxide planarization for VLSI
design processes. Figure 3.28 is a photograph of a metal polishing
station, and a simplified schematic is drawn in Figure 3.29.

A wafer is held upside down by a wafer holder using vacuum
suction. The holder presses the wafer onto a polishing pad that is
spun at a constant speed. At the same time, a chemical compound
known as slurry is applied continuously to the polishing pad. This
slurry is a chemical with suspended abrasive (aluminum and silica)
solids that interacts with the wafer to make it softer. The polishing
pad itself is also an abrasive surface, which aids in the material
removal process. The interaction of mechanical pressure, rotation,
and chemical abrasion leads to planarization of the wafer surface.
Copper CMP requires extra stages of planarization to remove barrier
layers.

In nano-CMOS VLSI circuit manufacturing, the quality of the
photolithography, etching, metallization, and other manufacturing

Ficure 3.28 CMP planarization station. (Courtesy of IBM.)
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Ficure 3.29 Pressure
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steps depends on the target layout. In order to reduce the amount of
variations across these manufacturing steps, uniformity in layout
pattern density is preferred. Uniformity in patterns also reduces
parameter control requirements throughout the process. Experimental
data have confirmed that post-CMP wafer topology is highly
dependent on mask layout pattern density. The Preston equation,
which relates the metal-removal rate to the polishing pad speed and
pressure, shows that the planarity of the surface is affected by the
pattern density on the wafer.*> The effective density is estimated by
averaging density over a surrounding region. This region is determined
by the planarization length, which is fixed for each CMP process based
on particular properties of that process. The thickness of the oxide and
metal after CMP depends not only on the neighboring pattern density
but also on the thickness of underlying metal layers and interlayer
dielectric (ILD); this is shown in Figure 3.30(a).* Variations in thickness
of lower metal layers add up to the variation on higher metal layers
and ILD thickness. Metal/ILD thickness variation leads to defocus
during subsequent patterning, which in turn leads to higher CD
variation and other defects. Two additional types of variations that
can be caused by improper CMP planarization are material erosion
and dishing (see Figure 3.30(b)). Erosion is defined as the difference
between the post-CMP and pre-CMP thickness of metal or ILD on the
wafer. Dishing is the reduction in material thickness above spaces and
line shapes. Both dishing and erosion are also caused by pattern
density variation in the layout.

Material thickness variation due to CMP can be caused by
factors that include errors in setting the polishing pad and wafer
holder speed, poor polishing pad condition, and incorrect slurry
composition—any of which can cause improper abrasion. Because
the polishing pad is an abrasive surface that helps in material removal,
an unconditioned pad will reduce the rate of material removal. The
slurry functions not only to planarize but also (through convective
heat transfer) as a cooling agent between the wafer and the polishing
pad.** Any variation in the slurry composition could impair its cooling
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Ficure 3.30 Compounding effect of CMP, erosion, and dishing.

function, which would cause the pad to heat up. The polishing pad
becomes soft when it gets hotter than the specified temperature, and
this increases its area of contact with the wafer. Such variations are
random in nature and are usually better controlled as the
manufacturing process matures. All CMP-induced variations that
depend on pattern density lead to change in interconnect capacitance
and resistances that directly affect the performance and reliability of
the design. The planarization length affects the region over which
neighboring features affect the CMP planarity.

Consequently, modeling CMP for oxide planarization or
metallization boils down to estimating the pad pressure and pattern
density.*> Several approaches have been suggested for estimating
post-CMP oxide thickness. A computationally manageable CMP
model was proposed by Stine and colleages; see Figure 3.31.*2 This
model uses the following formula to estimate the interlayer dielectric
thickness z at a point on the wafer:

[ Kt ] L t< (pozl)
Zp—| —— ; — 22
- P (% y) K

t>(p12) (3.8)

zo—zl—Kt+p0(x,y)zl; K
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Ficure 3.31 Modeling copper planarity.

Here K is the blanket polishing rate, z, and z, are (respectively) the
“up” and “down” area thicknesses shown in the figure, t is the
polishing time, and p (x, y) is the initial pattern density. Because ¢ is
almost always greater than p z, /K, the thickness is equal to the second
(lower) expression in Eq. (3.8) Observe that the parameters z, z,, t,
and K are constant for a given process, which makes the final oxide
thickness dependent on the underlying pattern density.

Ouma and colleagues* provided a comprehensive model that
includes the effect of pad deformation during planarization. The ILD
thickness is no longer just a function of the local pattern density;
instead, it is a weighted function based on location within the layout.
The weighting function proposed is given as w(x, y) = exp{x* + ¥}, an
elliptical function that is obtained by using an elastic material placed
normal to the pad surface.** The planarity of metal and oxide layers
underneath has a compounding effect on the current planarization
level. Multilevel oxide layer thickness is obtained by considering the
pattern density of the underlying layer:

Zm—]
polx, ym)+—"=p(x,y:m-1) |w(x, m>1

po(x, y:m)-w(x, ) m=1

where z_and z__, denote the oxide thickness in the current and the
underlying metal layer, respectively. These values are constant for a
given process. The term p (x, ¥ : m) denotes the local pattern density
of the current metal layer, and p(x, y : m — 1) is the final pattern density
of the metal layer underneath. Equation (3.9) captures the effective
pattern density by considering the weighted value w(x, y) of pattern
densities in the stack below.

The focus and exposure dose of a particular metal patterning
stage depend on the thickness of the metal and oxide underneath. As
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metal or oxide thickness varies, it becomes a contributing factor in
changing the focus and dose during photolithography. As discussed
previously, change in focus is called defocus and leads to linewidth
variations.

There have been several approaches to estimating the pattern
density of layout regions across a die. Those available in literature are
targeted primarily to finding the maximum or minimum density
regions in the layout. A standard practice is to consider windows of
fixed dimension when calculating pattern density.*** In this approach,
the layout is divided into a grid, and only the windows whose
boundaries are on the grid are checked for maximum or minimum
density. This technique suffers from inaccuracy in the calculation of
density for regions whose boundaries are not on the grid. Multi-
window and sliding-window approaches have been suggested to
overcome this limitation.*** The details of these algorithms are
beyond the scope of this text; for additional details, see the review
paper by Kahng and Samadi.*

Stress-Induced Variation

The active areas of devices are separated by STI filled with silicon
dioxide. Shallow trench isolation induces strain on silicon and thereby
alters carrier mobility. Thus, MOSFET characteristics are, in part, a
function of STI-induced stress. Transistors of same gate length and
width are typically considered to posses similar characteristics.
However, because STI stress varies with the length of diffusion (LOD)
and with the distances between active areas and poly-gate lines (see
Figure 3.32), the characteristics of otherwise similar transistors tend
to diverge. In active areas, the STI-induced compressive stress builds
up gradually during the trenching process in response to difference
in thermal coefficient of expansion between silicon and oxide.®
Oxidation of STI sidewalls during various other stages in the process
also increases stress in the material.

With increasing demand for faster processing power, foundries
have incorporated new process techniques to improve the mobility of
majority carriers in silicon. Foundries today have incorporated
stress-engineering-based stress memorization techniques on different
regions of the device to improve the drive current by altering the
transistor’s mobility.**** The contact etch stop layer (CESL) and the
epitaxial growth of silicon germanium (eSiGe) in source-drain
recesses incorporate tensile and compressive stress to improve device
mobility. The effect of different types of stress—including STI stress—
on contemporary nMOS and pMOS devices is illustrated in
Figure 3.33.%® The stresses also change with the orientation in which
they come into effect. Stress on pMOS devices is tensile in both
longitudinal and lateral orientations, but this is not the case with
n-channel MOSFETS.
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Ficure 3.32
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Ficure 3.33 Effects of lateral and longitudinal stress on nMOS and pMOS
devices.

Figure 3.34 shows where stress is applied and how it propagates
within a device. To improve mobility of the transistor channel, an
epitaxial growth of silicon germanium (eSiGe) is introduced into
cavities made in the source and drain regions. The cavity depth of
epitaxial SiGe in source and drain regions influences mobility directly.
Gate lines within a standard cell are typically placed at minimum
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Ficure 3.34 Epitaxial growth of SiGe layer in cavities within the source and
drain regions of pMOS devices.

spacing in compact layouts. At such spacing, stress-induced mobility
due to eSiGe cavities varies rapidly with a small change in spacing
between gate polygons. Changes in distance between gate linewidths
can be attributed to proximity and other printability issues. In
addition to affecting stress-induced mobility, variation in gate line-
widths induces other first-order effects, including variation in channel
length, channel width, and device threshold voltage.

The contact etch stop layer (CESL) is used to prevent erosion of
the gate and its oxide during etching for placement of metal contacts.
The CESL film applies a stress that depends on the proximity of the
film to the channel region and its volume. One technique for
incorporating longitudinal stress in nMOS and pMOS devices is to
deposit a nitride liner on top of the gate oxide. Longitudinal stress is
tensile in nMOS devices and compressive in pMOS devices. Tensile
nitride liner (TNL) in nMOS increases electron mobility, reducing the
device’s high-to-low transition time. Compressive nitride layer (NL)
in pMOS increases hole mobility, reducing the input’s low-to-high
transition time. Current process technologies use a dual-line approach
whereby a highly tensile Si,N, layer is deposited over the wafer and
regions are etched over the pMOS; then, a Si,N, compressive liner is
deposited and etched over the nMOS region. The amount of stress is
controlled by the region of overlap of the gate oxide and the nitride
layer. These two parameters are controlled by such aspects of the
layout geometry as contact pitch, contact area, and contact-to-gate
area. Because the stress develops gradually during the fabrication
process, its effect on mobility is not the same for two standard cells of
identical size and drive strength.

Mobility variation in all of these stress techniques is partly
controlled by layout dimension and spacing between regions of the
standard cell: the active area, contacts, and gate polygons. These
effects are systematic and can be modeled by simplified design rules
to help increase mobility. The development of stress during the
fabrication process cannot be tightly controlled and hence is not
systematic. Two standard cell layouts with similar dimensions can
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generate entirely different mobility profiles. Today’s designs must
deal not only with the partial randomness of mobility but also with
stress-induced leakage, which can be devastating to a device.
Improper design rules and poor stress engineering can lead to reduced
mobility and increased leakage.

Summary

Variability in the process parameters for current and future CMOS
devices is of critical concern. In this chapter we have discussed
important sources of variations and their effects. A key observation is
that, even though manufacturing processes introduce variability, the
variations are a strong function of layout attributes such as pattern
size, orientation, density, nesting, and isolation. We also showed that
many components of the variation can be modeled in terms of layout
attributes. Such components are considered to be systematic, whereas
the unmodeled components are considered to be random. Thus,
design for manufacturability is an exercise in shaping layouts with
the purpose of improving manufacturing and parametric yield while
minimizing variations and unpredictability.
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CHAPTER 4

Manufacturing-Aware
Physical Design
Closure

Introduction

The quality of patterns printed on wafer may be attributed to factors
such as process window control, pattern fidelity, overlay performance,
and metrology. Each of these factors plays an important role in
making the process more effective by ensuring that certain design-
and process-specific parameters are kept within acceptable variation.
Quality of image transfer from mask to silicon is a function not only
of manufacturing process parameters but also of design quality. This
is where design for manufacturability (DFM) plays an active role,
involving improvements to the quality of physical design. This is
done using rules, guidelines, and simulations. Design rules and DFM
guidelines themselves are obtained through simulation and
experimentation using control structures, as shown in Figure 4.1.

The foundry communicates a set of physical design rules known
as restricted design rules (RDRs) to the designers. As an alternative, the
foundry may publish a set of design guidelines; these are not checked
during the design rules check process but are considered to be good
design practices. Restricted design rules are obtained either through
simulation or through actual silicon observation. Simulation is useful
for establishing forbidden pitches, the control of interconnect and gate
linewidth, and the placement of via and contacts. The experimentation
process is expensive, but is more comprehensive in terms of assessing
the impact of etch, line edge roughness, overlay structures, and so
forth.

Manufacturing an IC under a new process technology involves
the use of control structures to measure the effectiveness of design
rules and variabilities of the process. Many critical measurements are
performed through experimental observation. The line edge roughness
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Ficure 4.1 Transfer of process specification and design database between the
foundry and the design house.

of both resist and overlay are measured through careful experimen-
tation. Control structures help create a database of measurements that
are used to formulate the process specification to be handed to the
design house. The process specifications as shown in Figure 4.1 include
(1) a design rules manual (DRM) containing all the layout rules to be
used; (2) fill information that indicates the minimum and maximum
allowable regions to be filled during routing; (3) antenna diode
insertion rules; and (4) circuit simulation (SPICE) models, parameters,
and process corner information. In the design phase, these four
specifications are used to produce a design that satisfies performance
objectives, area and power constraints, and all layout design rules.
The DRM contains the geometric design rules that must be satisfied
during the layout generation process. Layout generation may be based
on a number of design methodologies, including “sea of gate,”
standard cell-based, semicustom, and fully custom design. The usage
of automation and tools varies accordingly, but the layout must be
RDR compliant regardless of which design process is used.

In a completed CMOS circuit, the source drain of a transistor
drives the gate terminal. However, during an intermediate
manufacturing step, a metal line connecting the gate terminal may
not yet be connected to a driver. Because the etch process involves
application of an electric field, this metal line may act as an antenna,
developing an electrical potential that exceeds the maximum
allowable voltage on a gate terminal, causing the gate oxide to break



Manufacturing-Aware Physical Design Closure

down. Foundries publish so-called antenna rules to prevent
occurrence of such effects. The usual solution falls into one of three
categories: (1) inserting a Zener protective diode to limit the line
voltage; (2) inserting jumpers; or (3) breaking up a line into multiple
layers or segments.

Traditional design flow ends with the production of a placed,
routed, and antenna-inserted design. In the traditional design process,
mask engineering typically takes care of dummy fills and optical
proximity correction (OPC). This procedure is predicated on the
assumption that the dummy fill and OPC may be completed in one
step. However, with the advent of deep subwavelength lithography
and the increased range of optical interaction between adjacent
features, the OPC process may fail if it includes both dummy fills and
interconnect lines. The only available solution may then be to change
the original layout, which makes the layout-fill-OPC convergence an
iterative process. In an iterative design, a layout designer is not
shielded from the details of fill and OPC process. Hence, this
traditional DFM step must now be performed by the designer using
design tools (see Figure 4.1).

Yield learning and failure analysis is performed on the
manufactured dies. During this process, repeated patterns of process
abnormalities such as defects and patterning issues are observed. In
many cases, these issues are resolved by changes to manufacturing
process parameters. Successive process tuning is done to improve
yield and reduce failures. Issues that are not resolved by process
tuning are often associated with a mask defect. In such cases, changing
a mask or two may solve the problem. However, this procedure
requires accurately diagnosing the defects and correlating repeated
defects to masks. Sometimes, neither process tuning nor mask changes
can fix a problem. Then the physical design must be reassessed and
layout modifications implemented. Such a step may also be associated
with the introduction of new design rules, as indicated by the dashed
connecting line in Figure 4.1. This causes an unwarranted increase in
the chip’s time to market and reflects poorly on a foundry.

Aside from physical design rules, a foundry is also responsible
for publishing circuit simulation models and parameters. Many
foundries have embraced public transistor models such as BSIM,
BSIM-SQO], et cetera. In that case, the foundry need only supply the
equation parameters. When equation parameters are supplied, the
foundry must also specify parameters for various process corners;
this will enable circuit simulation at multiple process corners and
thus encapsulate the range of manufacturing process variation. In the
bipolar design days, the range of such process variation spanned +3
standard deviations of the process. However, with today’s higher
overall level of process variation, such a wide range can lead to large
differences in gate delays under slow and fast process corners. A
wider range is particularly problematic for CMOS transistor sizing,
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which occurs during the circuit optimization step. It invariably leads
to upsizing of transistors and increasing the number of iteration steps
during circuit performance optimization. Allowing parameters to
vary by a full 30 places time constraints on the optimization steps in
terms of converging to asolution. For this reason, process specifications
today are abstracted to provide only a +1.50range in circuit simulation,
so that designers can produce an effective design within the prescribed
tape-out time. With the advent of DFM-based flows (see Figure 4.2),
complete information of process variation is made available to layout
design engineers who perform OPC and other layout modifications.
However, this procedure can complicate the abstraction of circuit
simulation parameters. If, say, circuit simulation corners come from a
single source, then consistency may be maintained. But if parameters
such as transistor length come from multiple sources (e.g., supplied
by the foundry or extracted from the layout), then inconsistencies
may arise across the design process.

We mentioned at the start of this chapter that the quality of image
transfer from mask to silicon is a function of the manufacturing
process and the design quality. An important change that has occurred
in the design process is the implementation of model-based design
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Ficure 4.2 Typical design for manufacturability (DFM) flow.
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rules check (MB-DRC). In this methodology, an approximate but fast
model is used to predict the quality of the mask image on silicon, then
design decisions are made accordingly. Over time, these models have
become more comprehensive and may even include a statistical range
of variations that correspond to the manufacturing process. This
information is quite helpful in producing highly manufacturable
layouts. For layouts that are less manufacturable, postprocessing of
layout may allow fast yield estimation based on statistical predictions
of the line edge range.

Errors in the fabrication may be caused by improper wafer
handling as well as by nonuniformities in the photolithography
process stemming from variations in mask placement and alignment,
scanner vibrations, thickness of the resist coat, and postexposure
baking (PEB) temperature. These nonuniformities can be systematic
or random, and there can be lot-to-lot, wafer-to-wafer, and within-die
variations. For effective control of linewidth and process latitude (i.e.,
variation), all the errors described so far must be tightly controlled by
the characterization and modeling of each cause-and-effect relat-
ionship in the process. When considering the possibility of a cor-
relation between errors in the process and their complex interaction,
linewidth control is of utmost importance for overall process and
design improvement. All the parameters mentioned previously can
be tied to two fundamental components of a photolithography
system: focus and exposure dose. In order to simplify the control of
process latitude, a window of focus and dose variation is defined for
each process. This so-called focus-exposure matrix, which is more
simply referred to as the process window, is used as a metric to control
process-specific line errors. More details are provided in Sec. 4.2.

Information transfer that provides intricate details about process
variability is required to enhance a design and adapt it to
manufacturing constraints. For early technology generations (i.e.,
above 250-nm technology nodes), where variability was not as
intense, layouts drawn using geometric design rules were considered
to be “golden.” The layouts underwent postsilicon analysis, the
results of which were used to tune the design for improved timing
and power and for reduced noise.

The multitude of variations observed in current nanometer-scale
designs, together with the level of pattern density in layouts, has lead
to design rule explosion in today’s DRMs. Lithographic printability
issues have created a divergence between design pattern intent on
the mask and the imprint on the wafer. Because all analysis and
optimizations performed on the design depend on patterns printed
on the wafer, simple DRM-based rules will not suffice to quantify all
the variations in the process. Furthermore, simply providing
information about the nominal shape on wafer is not sufficient. For
tool engineers using computer-aided design (CAD), it is preferable to
work with contours that represent features on the wafer and their
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intrinsic ranges of variations. Thus variations in the process are
replicated by CAD-based models to help designers analyze their
designs after lithography. Some tools require more lithographic
knowledge (to infer simulation results) than a typical designer wishes
to learn. In order to insulate layout designers from intricacies of the
lithography process, many DRC tools today incorporate changes to
the design without any input from the circuit designer. Resolution
enhancement techniques (RETs) are an example of such changes,
which are described more fully in Sec. 4.3. These tools do not require
designer knowledge about the lithographic process and its variability
yet still provide in-depth information about electrical parameter
variation for timing and power optimization. Newer analysis and
layout modification tools have been incorporated into the design
flow to create layouts of high manufacturability.

The methodology of using information obtained from the foundry
to create effective, manufacturable designs is known as design for
manufacturability. Various DFM techniques used today help create
printable polygons with reduced variability in design timing, power,
leakage, and other electrical parameters, resulting in overall yield
improvement. As demonstrated in Chapter 1, DFM is associated with
monetary benefits because yield is highly dependent on manu-
facturability. Companies follow changes to DFM methodology closely,
since each additional step or modified technique can affect the
number of mask steps and the overall yield. As mentioned previously,
CAD tools have incorporated DFM-based analysis and layout
modification techniques to existing design rules check tools.

Although lithography is not tied to the variability of all electrical
parameters in a design, many parameters can be controlled by
effective lithography techniques. This chapter provides a brief des-
cription of process window analysis, resolution enhancement
techniques, and traditional and modern rule checks; it also offers
some insights into the advanced processing techniques used to help
mitigate lithography-induced variability.

Control of the Lithographic Process Window

Variability is associated with nearly all manufacturing steps. The
design community is more concerned with the overall effect than
with decorrelating individual sources of variation, although these
may well be of interest to process engineers.

Among the many sources of lithographic process errors, the most
important are those due to focus changes and exposure dose changes.
Dose and focus errors determine the process variability. The process
window characterizes variation in focus and dose in terms of depth
of focus and exposure latitude. Depth of focus (DOF) can be defined as
the range of focus errors that the process can tolerate while still
producing acceptable patterns on the mask. Chapter 3 described how
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focus errors in lithography can be caused by (among other things)
wafer misalignment, surface modulations induced by chemical-
mechanical polishing, and vertical or horizontal displacement due to
lens aberration. Focus errors typically induce changes in the resist
profile as well as other second-order effects. The resist profile is
estimated by modeling the resist as a trapezoid that depends on three
parameters: base width, sidewall angle, and resist thickness. (See
Figure 3.5 for an illustration of the resist profile used to measure the
overall linewidth of a feature.) It is possible to ascertain the variation
in these parameters with focus, information that is used in process
window analysis. Also considered are other second-order effects due
to focus variation (e.g., resist development variation and etching
issues).

Exposure latitude is defined as the range of exposure dose values
thattheresistcan withstand whilestill producing a good representation
of the mask pattern on the wafer. Exposure latitude also contributes
to an effective etch process, since proper development of the resist
depends on the incident light intensity. The amount of light energy
that falls on the wafer changes with each scanner step and also differs
from wafer to wafer. Other variations that cause the same type of
changes as caused by dose error are photoresist development time,
PEB temperature, and resist dissolution. Such variations are modeled
as contributions to dose errors in order to simplify the characterization
of process variability (and also to reduce the number of independent
sources of variability). In short, good estimates of resist profile
behavior and imaging process tolerance can be found by using just
two parameters: dose and focus.

Because exposure dose is a second-order effect of defocus,
variation in focus and dose are typically considered together when
modeling the process. The response of the process (i.e., the resist
profile) is obtained by simultaneously varying both exposure dose
and focus to obtain what is known as the focus-exposure matrix (FEM).!
A Bossung plot, which displays the linewidth variation for different
focus and dose values, is shown in Figure 4.3.2 A similar plot can be
obtained for various exposure dose values at discrete focus points. (A
Bossung plot also gives linewidth variation at different pitches, as
shown in Figure 3.10.) Feature pitch variation induces changes in
linewidth for dense and isolated features, a phenomenon known as
isodense bias. For larger defocus values, densely spaced features tend
to increase in linewidth, forming a “smile” in the Bossing plot;
whereas sparsely spaced features tend to decrease in linewidth,
forming a “frown” (see Figure 4.3).

The Bossung plot can also be drawn as contours depicting focus
and dose variation for fixed linewidth values, as shown in Figure 4.4.2
All the plots displayed so far can be similarly obtained for the other
two parameters of the resist profile, sidewall angle and resist
thickness. A process window plot records the variation in dose and
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focus for a given value of each of the three parameters that define the
resist profile. So, for a given linewidth tolerance of +10 percent, the
focus and dose values that keep the linewidth within specification are
plotted first. These two curves (one for +10% and one for —10%)
define the critical dimension (CD) bound. Next, the resist thickness
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and sidewall angle tolerance are stipulated, and the corresponding
curves for dose and focus variation within specification are plotted.
Overlapping these contour curves in a single graph reveals the focus-
exposure window for the current process, as shown in Figure 4.5.1
The exposure latitude and depth of focus is obtained from the process
window plot of the common (overlapping) region. This region is
marked by a rectangle or an ellipse that encloses the intersection area
based on type of focus and dose variation.

When variation in the independent process parameter is
systematic, a rectangle is drawn within the overlapping region to
obtain the process latitude. The height of the rectangle gives the
exposure latitude for all focus values, and the width of the rectangle
defines the depth of focus for different discrete exposures (see
Figure 4.6). In this case, every point in the rectangle can be used as a
process corner to obtain resist profiles within specification. If the
variation of focus and dose is random, then this variation occurs with
a given probability; as a result, the values fall within an ellipse fit to
the overlapping region. This area defines the process latitude wherein
a large number of process corners can be used without observing any
extremity in the resulting resist profiles. Figure 4.7' compares the
range of process corners that can be used during manufacturing when
the process window is fit with a rectangle versus an ellipse. Because
of the isodense bias described previously, process windows for dense
and isolated line have very little overlap.! This is a cause for concern
and calls for techniques to increase this overlap.

Process window
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. --- Sidewall angle
------ Resist linewidth

% Exposure dose variation

T
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Ficure 4.5 The focus-exposure process window constructed from contours of
linewidth, sidewall angle, and resist loss within specification; the overlapping
shaded area constitutes the overall process window.
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ellipse method of establishing process window (cf. Figure 4.6).

Process window analysis has established that controlling the
focus and dose of a process is a critical aspect of obtaining distortion-
free resist profiles on the wafer. The best focus and dose “sweet spot”
is obtained by interpreting the plot of DOF versus exposure latitude.
Centering the process on the derived value is vital for maximizing
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tolerance under process variability. This centering is ensured by
metrology techniques, which are described in Chapter 5.

Resolution Enhancement Techniques

A simple illumination scheme was shown in Figure 2.7. An illum-
ination source of wavelength A is incident on a set of patterns etched
on a chrome-on-glass mask. The light waves are diffracted and are
projected onto a resist-coated wafer. The illumination system most
often used today is an excimer laser of wavelength 193 nm. The
projection system consists of a series of lenses that reduce the image
on the mask by a factor of 4 or 5 while projecting it onto the wafer (see
Figure 2.21). At the current technology node, the minimum feature
width (i.e., 45nm)—whichis also referred to as the system resolution—
is far less than the wavelength of the light source used. As explained
in Sec. 3.2.1, limits due to optical diffraction cause printability
problems for features whose width is less than half that of the source
wavelength (in this case, less than 90 nm). Because no flare-free light
source of shorter wavelength has been found, problems remain in the
transfer of mask patterns to wafer. Resolution enhancement techniques
were proposed to improve the fidelity of features projected onto the
wafer.

There are four key characteristics of an electromagnetic wave:
wavelength (1), which is constant for an imaging system; amplitude;
direction of propagation (k) and phase (w). Resolution enhancement
techniques target the latter three properties of the diffracted elec-
tromagnetic wave to improve the overall resolution of the system.
Improving resolution leads to printability of increasingly smaller
features.

There are four principal aspects of resolution enhancement:

1. Optical proximity correction (OPC)
2. Subresolution assist features (SRAFs)
3. Phase shift masking (PSM)

4. Off-axis illumination (OAI)

Optical proximity correction modifies the amplitude of the
electromagnetic wave by making changes to the features present on
the mask. By increasing or decreasing certain mask features, OPC
controls the amplitude of the diffracted waves. Because OPC-induced
changes are made to the layout pattern and not to the mask itself, this
is categorized as “soft” RET. Subresolution assist features expand the
process window by adding extra features that improve the diffraction
pattern. Phase shift masking, as the name suggests, changes the phase
of the diffracted wave in order to enhance resolution and contrast.
Neighboring patterns are assigned alternate phases, which improves
the resolution of each pattern. This process is categorized as “mask”
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RET because it requires changes to the mask properties. Finally, off-
axis illumination is used to print features that are oriented in a
particular direction on the mask. Because OAI prescribes what lenses
to use for a given feature orientation, this technique is categorized as
“lens” RET. The use of resolution enhancement techniques have been
instrumental in enabling continued feature scaling with each
technology generation.

4.3.1 Optical Proximity Correction

Proximity effects between adjacent features affect the profile of the
resist on wafer. As discussed in Sec. 3.2.1.1, proximity effects cause
unwanted interference of diffraction patterns, which can lead to
changes in feature width. Such effects are especially severe for feature
widths of less than half the source wavelength. Optical proximity
correction involves changing mask features to improve printability in
the presence of proximity effects. In essence, OPC divides each
polygon into segments and then removes features from (or adds
features to) each segment in the mask pattern to minimize
nonuniformity and ensure that the patterns printed on wafer closely
match those of the mask. Figure 4.8 shows a comparison—with and
without OPC—of resist images on silicon for layout. Clearly, the mask
pattern is reproduced more accurately after OPC. One obvious
approach to obtaining ideal predistortion of the mask is to use an
inverse transform on the target image. Using inverse lithography to
create masks is a complex process because it requires accurate
modeling of wave diffraction and three-dimensional resist dissolution.
The main purposes of OPC are to enhance the patterns imaged on the
wafer and to reduce the variability in postsilicon parameters.

Feature on mask Image in resist

Original featur% I —_

Mask without OPC

\l

OPCed mask

Ficure 4.8 Resist images with and without optical proximity correction (OPC).
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Optical proximity correction employs two types of approaches,
rule-based and model-based, to changing patterns on the mask. In
the rule-based approach, geometric rules are applied to the layout in
order to identify regions that are vulnerable to proximity effects.
Rule-based OPC is similar to design rule checks; however, the OPC
algorithm not only flags a bad region but also modifies the patterns
in that region until it complies with specification. Simulations are
performed on various mask patterns to derive the geometric rules
used to perform OPC. Pointers from actual experimental data are also
used to augment the rule set® Rule-based OPC techniques have
been used since the advent of 250-nm technology. The geometric OPC
rules are typically based on interactions between features adjacent to
each other. A pattern’s region of influence on other patterns is called
its optical diameter. It is no longer sufficient to consider only the nearest
neighbor, because layouts are becoming denser as feature sizes shrink.
A feature’s optical diameter subsumes much more than the nearest
neighbor, so designers must consider the effect of all neighboring
patterns within this range of optical influence on the diffraction
pattern of the main feature. As a result, rule-based OPC techniques
cannot accurately predict required corrections to the mask patterns.
This fact led to the development of model-based OPC.

The model-based approach to OPC is a complex algorithmic
technique that involves simulation of electromagnetic wave prop-
agation and of various process steps in order to find and correct
suspect features in a mask. The simulation is typically performed by
computing a weighted sum of process and optical parameters based
on previously computed look-up tables. (See Chapter 2 for more
details on lithography simulation.) Model-based OPC divides
polygons into small segments whose individual resist profiles are
obtained from look-up tables. The basic mathematical principle
behind these OPC techniques is the convolution of mask patterns
with precomputed diffraction kernels. The construction of diffraction
kernels is based on models of lithographic imaging system and
process stages. These kernels take into account the following
parameters: type of illumination source (refer to Figure 2.11); lens and
pupil functions of the imaging system; resist contrast; and the
photoresist polymer diffusion rate. Since these parameters remain
constant for a given manufacturing process, the kernels are
precomputed and stored in tables to be used during the OPC
process.

Figure 4.9 shows the model-based OPC flow, in which the given
layout is modified recursively; this involves adding or removing
polygons based on quick simulation of the features and then
comparing how closely the simulation matches the required image.
The procedure continues until a preset level of closeness to the ideal
image is achieved in all regions of the layout. Thus, model-based
OPC uses repeated simulations to guide the modification of small
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Ficure 4.9 Model-based OPC flow.

regions of mask features, choosing the best solution based on a cost
metric. Because this technique is so intensive computationally, it is
not performed on entire layout masks. Model-based OPC is highly
parallelizable when it is based on layout selection and also when
parallel, uncorrelated modifications can be made to regions of the
layout. Optical proximity correction is performed individually for
each metal layer because there are no interlayer optical interactions.
The linewidths of geometrical one- and two-dimensional shapes in
the mask are increased or decreased by OPC to counteract the effect
of pitch-dependent linewidth variation, also known as through-pitch
variation (see Figure 3.10). Simulation of lithography can anticipate
problems in two-dimensional features that are due to proximity
effects, including line end shortening and corner rounding. These
problems lead to reduced yield and cause defects in the metal layer,
necessitating changes through OPC. Line end shortening is corrected
by adding hammerhead structures, which increase the printability of
line ends. Corner rounding occurs at both line ends and at places
where a line changes direction; serif structures are added to these
region to compensate for proximity effects. As shown in Figure 4.10,
serifs form a protrusion (polygon added) for rounding at line ends
but form an intrusion (polygon removed) to compensate for rounding
at other locations.

Optical proximity correction is typically performed on the layout
just before the mask is handed off to the mask shop. This means that
designers rely on OPC to help produce nearly ideal images on silicon.
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Ficure 4.10 Serifs, hammerheads, and jogs added to the original mask by the
OPC process.

The final mask after OPC is transferred to mask manufacturers for
further processing. Masks are manufactured by using an E-beam
setup to write the layout pattern onto a glass mask. The OPC-induced
changes to mask features will, of course, increase the mask writing
time. Unlike the rule-based approach, model-based OPC incorporates
a multitude of small changes to the features; therefore, the time and
consequent expense of mask writing increases the cost of manu-
facturing the mask. Any change in a mask feature is referred to as a
shot. Shot count (see Figure 4.11) is directly related to the cost of the

Final mask after

Original mask Final mask w/o OPC model-based OPC

]

]

Shot count =4 Shot count = 15

Ficure 4.11 Shot counts at the mask-writing stage for layout with and without
model-based OPC.

17



118

Chapter Four

mask-writing stage in the manufacturing process. Because companies
designing application-specific integrated circuits (ASICs) typically
need two or three mask tape-out cycles for a design, mask costs have
skyrocketed with the increased shot count due to model-based OPC.
A balance between rule-based and model-based OPC is needed to
keep mask manufacturing costs under control.

4.3.2 Subresolution Assist Features

Optical proximity correction modifies the amplitude of the diffraction
pattern of mask features that cause linewidth reduction, line end
shortening, and corner rounding. Special features such as jogs,
hammerheads, and serifs are added to reduce change in the linewidth
of such features. During this process, OPC increases the overlap of
process window between isolated and dense features. Tight control
of CD variation and increased process latitude for isolated features
remain problems that cannot be solved with OPC techniques.
Subresolution assist features constitute a new resolution enhancement
technique that aims to increase the process window of isolated
features by adding extra features that improve the diffraction pattern
of the main features. The SRAFs are assist features or scatter bars that
are drawn adjacent to mask polygons in order to enhance the
diffraction pattern. These assist features are of lower resolution (see
Figure 4.12) and are not printed on the wafer, but they aid in modifying
the diffraction pattern of the main feature. The SRAFs cause
destructive interference due to phase difference, which improves the
contrast of the image being formed on the wafer (see Figure 4.13). The
phase depends on the pitch between the main feature and the SRAF.

Increasing the number of SRAFs can further improve the pattern,
but the relation is not monotonic because the effects saturate owing to
interactions of the SRAFs. Process latitude improvement relies on the
original layout’s provision of unobstructed regions for optimal SRAF
placement. Neither the size nor the number of SRAFs placed adjacent

Mask with SRAF Image in resist

SRAFs

Ficure 4.12 Subresolution assist features (SRAFs)-features of lower
resolution, not printed on the wafer, that enhance the diffraction pattern.
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to mask patterns is continuous, so the process latitude variation has a
discontinuity when there is a quantized jump in the size of SRAF
used to improve the central feature (see Figure 4.14).* Apart from
space constraints set by the original layouts, SRAF placement in
modern fabrication is controlled by design rules for SRAFs, SRAF
shapes optimized for two-dimensional (2-D) features, and better

Original mask Mask with SRAF
| ]:I:[ I]]]]]]
Dense
features Incorrect edge location — decrease in CD
v
e
Correct edge
definition
Isolated
reature Incorrect edge location — increase in CD

Ficure 4.13 Destructive interference between diffraction patterns of original
mask polygons and SRAF features.

*\ With SRAF

latitude vs. DOF

Without SRAF

Process window — Exposure

Ficure 4.14 Variation in chip process latitude with and without SRAF insertion;
the ideal number of SRAFs cannot be added here, resulting in lower process
latitude.
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placement engines.* Unlike the tried and tested SRAFs shown in
Figure 4.13, real-world layouts involve 2-D features for which the
SRAF structures and placement are more complicated. Two-
dimensional SRAFs (see Figure 4.15) for enhancing printability of
corners and line ends must be defined and optimized based on yield
results. Designers can also use a ranking of SRAF placement options
based on parameter optimization for chip timing, leakage control,
and density enhancement.

4.3.3 Phase Shift Masking

The generic mask structure used in photolithography is chrome-on-
glass (COG). Chrome-on-glass masks consist primarily of chrome
patterns etched on a base material of glass. The most basic type of
COG mask is the binary image mask (BIM). This type of mask has
patterns and spaces that enable only two types of transmission
through the mask. Chrome-filled regions form the mask patterns that
have zero transmittance, while the nonchrome regions have high
transmittance. The BIM mask creates slits that cause diffraction
patterns to be formed on the image plane. Masks that use glass for the
background material are called light-field masks. Conversely, dark-
field masks are filled with chrome throughout and the patterns are
formed by removing the chrome.

Now observe the formation of diffraction patterns in the light
transmitted through a BIM mask, as shown in Figure 4.13. Depending
on the type of photoresist being used, certain regions react to light
and certain regions do not. Soluble regions of the resist are removed
by development and etch processes. The sharpness of the image
depends on the resist properties and the shape of the diffraction
pattern. It can be observed that, for patterns whose width is smaller
than the light source wavelength, the linewidth is severely limited.
Moreover, according to the Rayleigh criterion (i.e., R=k,(1/NA)), the

Mask with SRAF + OPC Silicon SEM image

|- — - SRAFs

Ficure 4.15 SRAFs for two-dimensional (2-D) features.
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minimum resolvable resolution (with k =0.5) is a function of two
fixed parameters of the process: source wavelength and numerical
aperture. With no foreseeable change in the illumination department,
using an argon fluoride 193-nm light source for imaging features
smaller than 45 nm is bound to cause pattern formation problems in
the future. Patterns placed at minimum pitch can cause interference,
leading to the improper intensity profiles shown in Figure 4.16(a).

One method of overcoming such a fundamental limitation is to
use RETs that can manipulate the phase of the incident wave to cause
favorable diffraction patterns on the wafer. Phase shift masking is an
RET used to enhance diffraction patterns for features in the
subwavelength regime. This resolution enhancement technique
modulates the phase of the incident wave as it transmits through the
patterns in the mask. Special phase shifters are used to modulate
the wave, creating a phase difference between neighboring mask
features. Destructive interference occurs for features with opposite
phases, which improves image intensity and contrast on the wafer.
Figure 4.16(b) illustrates how adding phase shifters to certain regions
of the mask causes a 180° phase difference with respect to adjacent
features.

The two types of PSM techniques used in mask manufacturing
are alternating PSM (AItPSM) and attenuating PSM (AttPSM). These
PSM techniques are described for light-field pattern masks in the text
that follows, but a similar technique can also be implemented for
dark-field patterns. Alternating PSM involves creating a phase

Phase = 0° Phase = 180°

Quartz Phase
Cross section shi ftor
Electric field A _/\/\w/ e A A
Intensity at \ / \

resist surface

| o+

(a) (b)

Ficure 4.16 Light waves passing though openings of different phase cause
destructive interference of the diffraction patterns, leading to better pattern
transition: (a) no destructive interference between same-phase patterns, which
leads to poor pattern contrast; (b) the mask produced using phase shift masking
(PSM) yields improved pattern contrast.
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difference on both sides of a dark region in order to increase pattern
contrast. Alternate light features are assigned 0° and 180°. Because
light passing through adjacent high-transmittance regions are out of
phase, the resulting destructive interference forms zero-intensity
curves at these locations. The alternating phase regions are selectively
etched on the mask, creating an optical path difference of 1/4 to
produce a proper 180° phase change for the incident light. Each dark
feature is flanked by light features of opposite phases. The PSM
technique enables processes to create features of smaller resolution
with increased process latitude and contrast (see Figure 4.17).°

An important issue in PSM is the problem of phase assignment in
layouts. Phase assignment requires that no light feature have more
than one phase assigned to it, and a layout is considered phase
assignable if it satisfies this condition. Otherwise, the layout is not
phase assignable and hence changes to the existing layout are
necessary. Two common patterns that lead to phase conflict are shown
in Figure 4.18. The required changes typically involve transforming
the feature into a noncritical one by increasing either the feature
width or the spacing between patterns. The results is an overall
reduction in design pattern density.

The attenuating PSM technique applies the concept of alternating
PSM to create a phase difference that causes destructive interference
to enhance image contrast. The difference with AttPSM is the change
in transmittance of dark patterns and the utilization of same-phase
light-field patterns. Dark-field patterns in a binary mask have zero

857 o~ AltPSM

-O- COG mask

3.0

2.5
204 ©-

1.5+

Depth of focus (R.U.)

1.0

0.5 1

0 5 10 15 20 25 30
% Exposure latitude

Ficure 4.17 Alternating PSM yields greater process latitude than that of a
binary, COG mask.
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Ficure 4.18 (a) Two common layout patterns with phase assignment conflicts;
(b) solutions to the phase assignment problem.

transmittance, which prevents any light from passing through them.
With the AttPSM technique, these patterns transmit 7 to 15 percent of
the light energy incident on them. Resist exposure is prevented
because the light energy that passes through the transmitting dark
patterns is very small. However, the increased transmittance of dark
patterns causes a 180° phase change for the light that does travel
through it. Since all light-field patterns have the same 0° phase, the
phase change causes destructive interference with the fully transmitted
light, which leads to improved contrast at pattern edges.® The result
is an increase in image contrast, as shown in Figure 4.19.5 The
transmittance factor is a key parameter for enhancing high-density
patterns, and its benefits include reduced mask costs and simpler
design rules. Attenuating PSM is most beneficial in imaging isolated
contacts and trenches, which require a low k, as well as a high NA.°

123



124

Chapter Four

1.5 1

— COG mask
- - AttPSM .
1.25 - A
> '
% 1.04 i
c 1
2 ! f
= 075 - Lo
-% COG edge | /| Attenuated
E 051 Image intensity b P.SM e(.jge
ringing intensity
L e i
A —
O F—” h T T T 1

T |'
-10 -08 -04 00 04 08 10
x (MNA)

Ficure 4.19 Effect of attenuating PSM on intensity profile.

Because higher performance and better control of variations are
directly tied to the need for features with lower resolution and
enhanced contrast, PSM has become an indispensable tool for
designers in the mask manufacturing process. Therefore, CAD tools
that create layout features must be capable of producing designs that
are phase assignable. The disadvantage of a layout with phase
conflicts is a severe relaxation of pattern density, which leads to
increased area. Thus, phase-shifting RETs unavoidably require
designers to trade off improved printability against design density.

4.3.4 Off-Axis lllumination

We have remarked that the RETs discussed so far attack the amplitude
(OPC, SRAFs) and phase (PSM) of the wave incident on the mask.
These techniques have led to the enhancement of such mask feature
attributes aslinewidth, process latitude, and image contrast. However,
off-axis illumination manipulates the angle and direction of the light
wave incident on the mask plane. As the name implies, this resolution
enhancement technique is based on reducing (or eliminating) the
effects of the on-axis component of illumination. Off-axis illumination
increases the imaging system’s depth of focus by using alternative
pupils (see Figure 4.20).”

By tilting the illumination system, light rays incident at an angle
causes diffraction patterns to be spatially shifted from the optical
axis; see Figure 4.21.2 This spatial shift allows higher-order diffraction
patterns to be formed on the projection lens system, which improves
the depth of focus of the mask features. A tilt in opposite direction
causes similar effects. Pupils can be used to produce the required
angle and direction of illumination. Figure 4. 22 shows several types
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Ficure 4.20 Off-axis illumination (OAl).
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Ficure 4.21 Off-axis illumination causes a spatial shift in the diffraction
pattern; patterns of higher order pass through the aperture.

of pupil filters. Monopole pupils can capture individual effects, and
dipole pupils can be used to produce a combined effect. Pupil
orientations can be changed to increase the depth of field of a
particular orientation. As shown in Figure 4.23,% dipoles offset by 90°
capture variations in x direction and y direction separately and thus
are used to print (respectively) horizontal and vertical lines with
increased DOF.? Other pupils, such as the quadrupole and quasar, are
typically used to enhance OAl-based depth of field for technologies
below 65 nm.” Pitch-based DOF optimization can be obtained by
choosing the best OAI pupil for the pattern set being printed.
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Ficure 4. 22 Pupil filters.
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Ficure 4.23 Alternating dipole pupil filters to print vertical and horizontal
patterns using off-axis illumination.

4.4 Physical Design for DFM

Physical design solutions have been in use for drawing layouts,
standard cell placement, interconnect routing, parasitic extraction,
and various other requirements. The physical design layout forms
the interface between the high-level logic graphs that represent
circuits and the abstract geometries that represent metal lines on
silicon.™ For technology beyond 65 nm, parameter variability control
has become the most important challenge for physical design.
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Analyzing and modeling variability are also part of DFM meth-
odologies that take advantage of information from the foundry.
Because the economics of the semiconductor industry is tied to
effective mask manufacturing and high-yield processes, physical
designmethodologiesincorporating DFM havebecomeindispensable.
In this section we see how physical design tools have incorporated
techniques to help mitigate problems arising in today’s design for
manufacturability.

4.4.1 Geometric Design Rules

The classical application of physical design tools is performing design
rules check to ensure the physical and electrical manufacturability of
a design. Design rules specify geometric distances, between 1-D and
2-D layout features, that must be preserved to ensure design imaging
within specifications. All design rules are written into the design
rules manual, which is constantly updated through feedback from
manufacturing failure analysis. The DRM consists of two generic
subsets of rules, one for polygons of the same layer and another for
those between different layers. Rules such as spacing, pitch, linewidth,
and minimum bounding box for shapes are listed for comparison
among polygons in the same mask layer. Overlay rules that dictate
the distance between contact and diffusion edge, metal thickness
around contacts, and gate to contact distances are stipulated in order
to avoid misalignments between different layers during photo-
lithography. These rules also convey electrical specifications, since
the contact thickness and distances from gate layers define effective
current paths and stress levels in designs.

All geometric rules consider only the effect of the nearest neighbor
to the current polygon. But as technology scales, these rules become
grossly insufficient for estimating the actual interaction between
polygons. The effect of neighbors beyond the nearest one is no longer
local and must be considered within a region of influence of the
diffraction pattern. The number of possible shapes within the radius
of influence around each polygon is high because of the increased
layout density seen in current technology nodes. Geometric design
rules cannot accurately characterize all the interactions of the contours
as a simple function of the distances between them. Although DRM
suggests various rules for such contours, these tools are not up to the
task of quantifying and preventing variation in the design. Hence, in
the subwavelength domain, compliance to geometric DRC rules does
not guarantee manufacturability. Layouts that are DRC compliant
can still face printability problems, leading to variation in electrical
parameters or even to the formation of defects.

4.4.2 Restrictive Design Rules

Geometric design rules are not binary; that is, a part will not nec-
essarily fail just because it violates the rule. Nonetheless, the yield
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function for tools that perform geometric DRC on designs is simplified
to a step function as a conservative design practice. But for layouts in
the subwavelength regime, such simplified yield functions do a poor
job of representing actual postlithography circuit behavior, as shown
in Figure 4.24." Yield is a far more complex function, and even a
DRC-compliant layout will produce suboptimal yield as a result of
subsequent errors in lithographic imaging and processing.

Many manufacturing and design specifications are written into
the DRM. Most of these requirements are converted to abstract design
geometric rules. Continued technology scaling has led to denser
layouts being created, which increases the number of interfeature
and interlayer interactions and so requires more design rules to verify
the layout for specification conformity. This translates into an increase
in complexity of CAD tools that rely on the DRM manual, and the
result is an ambiguous and insufficient set of rules to be checked for
verifyinga design. Toalleviate the sheer volume of DRM specifications,
a new set of rules—restricted design rules (RDRs)—were proposed.
The RDRs add specific criteria, such as standard orientation for a
single cell or line, a limited number of allowed pitches for lines,
uniform layout regularity, and limited narrow width lines on critical
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Ficure 4.24 (a) Yield as a step function of geometric design rule (GDR)
dimensions; (b) in subwavelength regimes, yield is no longer a step function of
GDR dimensions.
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features. These new specifications reduce the influence of DRM on
layout and have been found to reduce the 3o interconnect linewidth
variation.”® The regularity obtained by the use of RDRs reduces
linewidth variation across the chip. The main disadvantage of RDRs
is their inability to make predictions for 2-D device features, since all
calibrations are performed on 1-D features.

4.4.3 Model-Based Rules Check and Printability Verification

The rules check procedures embodied in DRMs and RDRs are
classified as rule-based DRC techniques because they use rule tables
to flag errors that can cause manufacturing problems. As the number
of interpolygon and interlayer contour interactions increased, rule-
based DRC was supplanted by model-based DRC tools that use
complex predictive models to identify lithography “hotspots” in
densely packed sub-90-nm layouts.

The most prevalent such technique used by designers today is the
use of complex lithography modeling tools to forecast design hotspots.
The supplied design is run through a “black box” stage that mimics
the process and estimates hotspot locations and variability at sensitive
regions of the circuit. The model typically performs lithography
simulation after application of OPC and other resolution enhancement
techniques. The process accurately predicts hotspots based possible
process instabilities, but it is computationally intensive. Another
technique (suggested by Gennari and Neureuther)™ detects hotspots
by pattern matching of two-dimensional structures. This technique
uses bitmap images to identify 2-D features while rapidly performing
image-based pattern matching. The bitmap images include not only
regular polygons, such as L-shapes and T-shapes, but also
nonrectangular polygons derived by performing edge extraction on
scanning electron microscopy images. The table of bitmap images
and the layout are provided as inputs to the hotspot detection engine.
The output consists of a ranked list of manufacturing vulnerabilities
for exact and nearly exact matches, a listing that enables quick
identification of 2-D configurations likely to produce low or borderline
yield. Other types of hotspot detection mechanisms include
techniques that incorporate foundry-issued information on process
irregularities.’' These tools target specific regions of the layout that
have been identified during the failure analysis stage and mark them
as process hotspots. A good example of this is the double via insertion
checkers. It had been observed that via resistance increased with
technology scaling, and this led to a requirement for using double
vias in critical locations. Hotspots caused by these double vias can be
detected by using model-based via resistance prediction.

With lithography hotspot detection, hotspot removal becomes a
necessary addition. Various techniques have been proposed to detect
and remove hotspots based on simple modifications of polygons and
spacing. One such method, the lithography compliance checker (LCC),
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aims to verify layouts by using lithography simulation.”” In general,
LCC tools begin verification from primitive standard cell-sized
regions and work up to higher regions in the layout. Hotspots are
identified at the full-chip level after considering all neighborhood
polygon interactions. The three main components of an LCC engine
are OPC, verification of marginal conditions through lithography
simulation, and hotspot judgment. Optical proximity correction is the
first stage in the LCC process. Next is lithography simulation to verify
the layout and find marginal conditions; a subset of these are ranked
and marked as litho hotspots. The final stage is to modify the layout
and to reanalyze, based on the designer’s input, whether these regions
are actual physical or electrical hotspots. The layout modification and
reanalysis is performed by simple CAD tools. Any further analysis is
based on user input. Hotspot detection is performed at standard cell
level in ASIC designs to allow layout flexibility during modifications
when hotspots arise at higher levels of layout hierarchy. If a layout is
LCC clean, it means the designer is satisfied with the electrical
characteristics of the design parameters. It also guarantees that the
design complies with all lithographic imaging and other process
tolerances. Hence care must be taken during hotspot identification
and reanalysis so that no unclean layouts can pass LCC. Such hotspot
checking at various design houses have yielded impressive results:
hotspot mitigation rates in excess of 80 percent with acceptable run
times.’81

Layout printability verification (LPV) is implemented as a full-
chip process simulation performed on post-OPC layouts. This engine
typically groups all residual OPC errors into printability classes that
are ranked in terms of their severity. The ranking is based on indexes
such as mask CD distribution, process window, and yield. Full-chip
simulations are rare before the tape-out stage, since they involve
intense calculations that require high computing and storage levels.
The LPV engine is based on OPC tools that segment the design into
points at which simulations must be performed to check printability.
Typical printability errors include necking and bridging errors that
passed OPC. Because simulation at a nominal process corner is not
enough for accurate verification, simulations with process parameters
at multiple process corners are performed. The simulation engine
incorporates lithography simulation while considering such process
parameters (and their variability) as dose, focus, overlay, resist
thickness, and critical dimension.

Figure 4.25 illustrates the printability checker engine using
process parameter distributions to provide hotspot analysis.
Figure 4.26 shows hotspots at different process corners. It can be seen
that necking and bridging do not occur under normal conditions
(process corner C) but do occur at more extreme corners. One of the
greatest benefits of printability verification is obtaining yield values
on a full-chip level for various process corners. This provides valuable
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Ficure 4.25 Verifying printability by checking process parameter variabilities.
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Ficure 4.26 Necking and bridging defects that can arise at different process
corners; simulations based on variation of input parameters.

information for the designer and the process engineer regarding
which process corners will lead to the best yield and performance.

4.4.4 Manufacturability-Aware Standard Cell Design

Resolution enhancement techniques such as OPC, PSM, and OAI
have been applied to chip-level analysis and layout modification
for increased printability. Conventional OPC involves running
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lithography simulation on flattened layouts. This has proven to be
the most accurate and manufacturability-aware technique for
modifying layouts, but it is extremely time-consuming and—because
dense OPC is not performed throughout the layout—may not produce
the best results within standard cells. Manufacturability effects due to
scaling are most pronounced in standard cell layouts. Common effects
(e.g., change in linewidth, improper contact connections, poly-gate
length variations, diffusion rounding) are quantified as either gate
delay or leakage that can affect overall circuit performance. It is
widely recognized that standard cells are central to the IC design
process. The impact of manufacturing variations on cell performance
is critical to design, so layouts must be analyzed and compensated
appropriately. One approach is to perform cell-level RET-aware
characterization to ease the OPC load at the full-chip level.® A physical
design flow that includes RET-aware techniques for DFM is shown in
Figure 4.27 .8

Standard cells are drawn based on the DRM, which dictates the
properties of metal lines, polysilicon region, active areas, contacts,
and vias. Then the model-based rule checkers described previously,
including LCC and LPV, are used to analyze the standard cell layout
for hotspots under the given manufacturing specifications. Standard
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Ficure 4.27 RET-aware standard cell library characterization; dashed lines
indicate new flow.
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cells are also evaluated at multiple process corners and conditions in
order to create a complete library characterization. This procedure is
similar to characterizing process corners based on V. and gate sizing
for overall circuit timing and power analysis. Hotspots are fixed after
performing resolution enhancement techniques such as OPC and
PSM. The modified layout is now stored as a characterized standard
cell for use in circuit layout design and other stages in the design
flow.

In Figure 4.28,* a yield-loss mechanism is shown where a poly
line extends over the diffusion region. By increasing the extension of
the poly line, yield can be improved. Statistics on misalignment and
edge placement error (EPE) reveal that metal overlap on contacts can
cause yield errors due to the reduced width; see Figure 4.29.%
Therefore, an increase in metal overlap leads to improved contact and
reduced resistance. The use of off-axis illumination enhances the
resolution of patterns placed at a certain pitch range (these are
“contacted” pitches) but not for other pitches (the “forbidden”

RET rule: large .II
polyendcap \

. Fixed small

poly endcap :I

Ficure 4.28 Poly extension rule: increasing gate extension near diffusion.

Ficure 4.29 Increased metal
over contact overlap.
REFtule: largef
end-of-line at contact
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pitches). Within the diffusion region, poly lines can be modified so
they will be in the contacted pitch range. For poly lines that are not in
the contacted pitch range but are adjacent to active areas, dummy
features are inserted to counteract the effect of diffraction; see
Figure 4.30.2!

Standard cell performance and yield are a function of three critical
metrics: poly-gate length, gate width, and contact coverage.® Litho
hotspots can trigger variation in these metrics, so next we describe
some conditions that can lead to such hotspots.

The differences between cell-level and full-chip OPC tend to be
large when standard cells are assumed to be independent of the
environment. To reduce this disparity, dummy features (aka SRAFs;
see Sec. 4.3.2) are added at cell boundaries. These dummy features
are also added at the top and bottom and near poly line end contacts,
as shown in Figure 4.31.22 Intracell PSM is also performed to enhance
the resolution of features. Phase shifting with 0° and 180° regions
requires the neighboring geometries to be opposite in phase. Since
the standard cells of the current technology generation are highly
compact, it is difficult to assign alternating phases. This phase
assignment conflict is resolved by moving features or by increasing

Standard cell Dummy
\y .
7 %
Forbidden pitch
% %

Contacted pitch

Ficure 4.30 Poly features placed at contacted and forbidden pitches within a
standard cell; dummy features are added between active areas and around cell
boundary.
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Ficure 4.31 Three types of dummy poly features.

the width of gate regions outside the diffusion region and metal lines
(cf. Figure 4.18). Diffusion rounding at regions where contacts are
placed can cause yield problems. For a sample standard cell layout,
the gate linewidth variation with and without manufacturability-
aware changes are graphed in Figure 4.32. These plots demonstrate
the importance of incorporating an RET-aware methodology for
standard cell characterization.

Typical DFM flows incorporate modifications to standard cell
designs based on information from the manufacturing side. These
standard cell layouts are used to ease the full-chip OPC process. In
addition, when properly used for analysis, they can enhance the
capacity of simulations to predict postsilicon circuit performance and
reliability failures.

4.4.5 Mitigating the Antenna Effect

The antenna effect that results from layout structures is a phenomenon
that can cause yield and reliability problems to arise during
intermediate steps of the CMOS manufacturing process. Antenna
effect is also known as plasma-induced gate oxide damage. As the
name suggests, such problems occur when charge accumulates on
metal lines; the result is a transistor with increased voltage at gate,
which causes gate oxide breakdown.
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Ficure 4.32 Gate length variation for a standard cell over the entire chip area:
(a) without dummy feature; (b) with dummy feature inserted.

An example is shown in Figure 4.33(a).”® In this case, the gate
terminal is connected to the net at the lowest metal layer, which then
travels through other layers to connect to a diffusion region.
Figure 4.33(b) shows the state of the wafer after patterning of the first
metal layer. The connection to the gate from the diffusion is open: the
gate is connected to a dangling line that accumulates charges, causing
breakdown of the gate oxide. Such accumulations may occur during
the reactive ion etching process. This effect is associated with
intermediate steps in manufacturing of the device. When the chip is
fully fabricated, the gate terminal is connected to a diffusion region
that acts as protection diode(s), limiting the voltage level. Reducing
the length of a dangling wire connected to a gate reduces the
possibility of damage to the gate; this is one of the antenna rules.
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Ficure 4.33 Antenna effects: (a) gate breakdown during construction;
(b) violation of antenna rule.

Antenna rules are provided in the DRM document to avoid
antenna effects. The effect on device reliability depends on the
antenna dimensions. Hence, the rules typically provide an allowable
ratio of metal area to gate area for each interconnect layer. Antenna
rules are used by routers that assign metal layers to the nets.
Techniques used by routers to perform antenna effect mitigation
include change in routing order® antenna diode insertion,® and
jumper insertion.”® Because antenna effects are primarily due to the
presence of lower metal layers connecting to the gate terminal, routing
techniques can prevent this by allowing only higher metal layers
to be connected to the gate terminal, as shown in Figure 4.34(a).?*

The technique of antenna diode insertion creates a diffusion
region close to the gate terminal that can form a diode, thus limiting
gate oxide breakdown (see Figure 4.34(b)). This diode insertion
technique can be implemented as standard cell methodology to
completely remove all antenna violations throughout the layout, thus
relieving the router from having to consider antenna effects at all. The
main drawback of this approach is that the extra capacitance of the
inserted diode increases cell delay. For this reason, antenna diodes
are inserted only on critical nets that are vulnerable to antenna
effects.

Jumper insertion involves the minimization of lower layer metal
areanear the gate terminal. Thisismanaged, as shownin Figure4.34(c),
by moving affected portions of the node to upper interconnect layers.
Doing so decreases the ratio of lower layer metal interconnect area to
the gate area.
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Ficure 4.34 Mitigation of antenna effect: (a) change in routing order; (b) ant-
enna diode insertion; (c) jumper insertion.

4.4.6 Placement and Routing for DFM

Other than DRC, placement and routing form the major workhorse of
physical design tools used today. Lithography-aware placement and
routing have become an integral part of the ASIC design flow because
they optimize design constraints under a specific lithographic
variability.

Placement tools model the impact of a process parameter on the
position and orientation of the standard cell within the layout. Given
data on process parameter variability, placement algorithms
implement new cost functions to be minimized while obtaining an
optimum placement. As seen in Sec. 2.3.3 (see Figure 2.20), modern
lithography systems use the step-and-scan approach to expose
regions of the wafer individually.?? These small regions or fields are
exposed from one side to the other. Lens aberration parameters—as
quantified by Zernike’s coefficients (see Sec. 3.2.1.3), which capture
divergence of nominal on-axis light behavior—change during
scanning. This induces CD error for lines that are oriented in the same
direction as the scanning (horizontal, in this case). The variations in
average CD for different types of standard cells are plotted in
Figure 4.35.® Linewidth change in standard cells results in an input-
to-output delay; this change in delay is plotted in Figure 4.36.%
Information on the delay change due to aberration-induced linewidth
variation can be used to optimize the placement of standard cells,
thus maximizing design timing yield. The process flow for this
technique is illustrated in Figure 4.37.%

Routers have increasingly adopted novel flows that incorporate
design rules based on process knowledge. These flows use improved
process windows that create better rules for optimizing design
constraints. These new routing strategies include restricted pitches
for each metal layer—to eliminate forbidden pitches; metal-width-
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Ficure 4.36 Change in average delay with position of the lens center.

dependent spacing—to reduce increased capacitive effects; restricted
metal line orientations—to regularize layouts; and increased spacing
at vulnerable necking and bridging areas—to prevent catastrophic
defects (see Figure 4.38). One approach to litho-friendly routing uses
edge placement error to identify hotspots.”” Edge placement error is
defined as the difference in the position of the edge in the mask and
on the aerial image, and it is found by using lithographic simulation
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Ficure 4.37 Lens-aberration-aware placement for timing yield.
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Ficure 4.38 New rules for effective manufacturability-aware routing:
(a) linewidth-dependent spacing rules; (b) increased end-of-line and corner
spacing.

based on edge look-up tables (see Sec. 2.4.1.4). This approach, called
RET-aware detailed routing or RADAR, is a noniterative process that
rips and reroutes after generating blockage data for hotspot regions.
The EPE of the new route is again estimated to determine whether the
new route or the old one should be kept. A step-by-step flowchart for
this approach is shown in Figure 4.39.
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Ficure 4.39 Flowchart for RET-aware detailed routing (RADAR).

Advanced Lithographic Techniques

The techniques described in previous sections have been incorporated
into the CAD flows employed by various design houses. Yet even
with printability enhancement techniques modeled on process
information, manufacturability problems persist in today’s designs.
These problems involve performance degradation, yield, and other
economic factors. Mask patterns that are tuned by OPC and other
resolution enhancement techniques almost always satisfy the overall
constraint of optimizing printability. Today, however, designers
require approaches to printability that are based on local constraints
pertaining to circuit performance. In particular, the use of
nonrectangular devices and interconnect features can lead to
performance degradation and increased reliability concerns. There is
always the need for improvements in the CAD tools used to
predict shapes on wafer so that better-quality designs can be
produced. One advanced lithography technique, double patterning,
is described next.
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4.5.1 Double Patterning

Since the advent of 45-nm technology, a 193-nm light source has been
used to transfer images from mask to wafer. As design density grows,
the need arises for producing patterns that push the resolution limit.
This increased resolution requirement is observed in memory
manufacturing. In Rayleigh’s equation, R = k,(A/NA), the k, factor
controls the resolution of images being printed on wafer. There are
only two options for improving resolution with the same set of
exposure steps. The first, immersion lithography, uses high-index
fluids between the projection optics and the wafer with the same
illumination source. The second option, extreme ultraviolet (EUV)
lithography, uses an illumination source of 13.5-nm wavelength.®
Both of these process techniques feature k, values equal to or less than
0.5; however, the practical limit of the k, factor is 0.25, which cannot
be attained by these methods. Also, because of technical hurdles in
manufacturing a flare-free EUV source, the only alternative is to
decompose the mask into multiple layers. Such dual-pattern lithography
(DPL) is now being used in commercial productions. In this approach,
a mask is split into two separate masks that are exposed in two
separate steps. Hence the pitch size doubles, which enables resolution
below 30 nm without any technical barriers (see Figure 4.40).%* Unlike
all other methods, double patterning makes it possible to go below
the “limit” value k, = 0.25 because the minimum pitch constraint is
relaxed.?' Half-pitch resolution as low as 18 nm has been obtained
with the combined use of double patterning and immersion
lithography. With these techniques come new challenges for mask
design and processing flows as well as increased tightening of mask
error budgets (owing to overlay requirements).

Mask 1
[
I1:I I I
T —
Min spacing —
~ L 1 [ Mask 2
I_‘:I ] ]
]

Ficure 4.40 Dual-pattern lithography (DPL): a single mask is decomposed into
two masks, where minimally spaced features are placed on different masks;
DPL increases pitch size for each of the resulting masks.
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Layout decomposition for dual-pattern lithography is approached
differently for positive and negative processes. Positive processes use
light-field masks, where dark regions indicate the patterns that need
to be printed on the wafer. Decomposition in this case is similar to the
phase assignment problem in the alternating PSM technique. Polygons
separated by a minimum pitch are assigned different colors, which
indicates the need to move one of them to another mask layer® (see
Figure 4.40). For a negative process, spaces between metal lines are
colored alternatively. Then the mask is decomposed to print spaces in
two stages. The decomposition technique resembles that used for the
positive process, but assigning alternating colors will not produce a
solution because spaces do not have a regular boundary. Furthermore,
when lines have spaces on either side that are being printed using
different masks, the consequent overlay problems can -create
bottlenecks due to excessive linewidth variation. Figure 4.41 illustrates
the difference in decomposition between positive and negative tone
processes.

mask 1

Mask with phase
Original mask assignment

mask 2

(a)

mask 1

Mask with phase

Original mask assignment

(b)

Ficure 4.41 Phase assignment and mask decomposition for (a) positive tone
process and (b) negative tone process.
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For the positive process, polygon coloring may not lead to a
complete dual-colored solution, as with the example shown in
Figure 4.42.% This problem arises because of the high pattern density
and nonconformity of patterns to a particular orientation in today’s
designs. Coloring conflicts of this sort are solved by splitting the
polygon in two, as in Figure 4.43,* to generate stitches. However,
splitting the polygon moves half of it to another layer, which can
create overlay and yield problems. Extra metal or jogs must be added
in order to maintain connectivity at stitched locations. After splitting,
a few unresolved regions may exist that can be corrected only by a
complete redesign of the layout. It is therefore important to solve the
problem by simultaneously minimizing the number of conflicts and
reducing the number of stitches required. These factors have been
used as cost functions in many of the techniques described in the
literature.

Several different process techniques are classified as double
patterning: double exposure, double exposure—double etch, and self-
aligned spacer. Double exposure consists of two separate exposure
steps with two different photo masks but on a single photoresist layer.
This technique involves two masks, two exposure steps, one
photoresist coat, and one each develop, etching, and cleaning stage.
Double exposure is used for patterns on the same layer that are of
different pitches and /or irregular density. Each stage in this technique
patterns features that are perpendicular to each other for improved
resolution. As shown in Figure 4.44, only one photoresist coating is
used for both the exposure stages. The wafer undergoes resist coat

Ficure 4.42 DPL j
decomposition: example of a t SPrin t Conflict
phase assignment conflict. ;
]
L 1 ]
]
] Confhct
,~~=<— Overla
_ stitch ) (i Overtay
I ‘ll

Ficure 4.43 A feature being split to resolve an assignment conflict; the requi-
site stitch has led to an overlay error.
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Ficure 4.44 The double .
exposure process. Resist coat
1St expostre _

2nd exposure

Etch

followed by two exposure stages without being moved away form
the exposure station. All settings for illumination and the projection
system are modified for each wafer. The develop, etching, and resist
strip stages finally generate the patterns. The image intensity is the
sum of first and second exposure stages. The fundamental resolution
cannot go below k, =0.25 because the photoresist response is the sum
of the individual stage intensities.

The double exposure-double etch (or litho-etch-litho-etch) technique
is a process that involves two resist coats, two exposures, two develop-
ment cycles, and two etch and resist strip steps (see Figure 4.45).
Unlike with the double exposure technique, here the combination of
the two exposures with the other stages in between make the
photoresist response a nonlinear function of the illumination intensity.
Therefore, a resolution limit below k,=0.25 can be achieved.
Figure 4.45 shows the processing steps for a positive resist, where
lines are patterned; Figure 4.46 shows the steps for a negative resist,
where spaces are patterned. For both types of imaging, alternate
patterns/spaces of the same color are exposed in two stages. In this
technique, two hard mask coats are applied before the exposure
stages. After a resist coat, the first exposure transfers one set of
patterns to the first hard mask layer. Next, another layer of resist is
coated over the patterns so formed, followed by a second exposure
that transfers the next set of patterns (in between the patterns already
present) onto the second hard mask. Each coat is removed using an
appropriate etchant after exposure to create the required pattern.
Because there is a delay between the first hard mask coat and the
second photoresist coat, variation in pattern formation is a concern.
To prevent the first hard mask from etching, the resist surface is
hardened to control linewidth variation.
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Hard mask 2 i )
Hard mask 1 First resist coat

After first exposure

After first etch

Second resist coat

After second exposure

After second etch

Ficure 4.45 Double exposure-double etch DPL process: positive tone for line
features.

In the self-aligned spacer DPL (SADP) process, special film layers
(the spacers) formed on the sidewall of patterned features are used to
double the density of features printed on the wafer. After the first
pattern is printed on the wafer, a layer of spacer material is formed by
deposition or by reaction with the prepatterned layer. This stage is
followed by an etching step that removes material from all horizontal
surfaces but leaves material on the sidewalls, as shown in Figure 4.47.
The original patterned layer is removed, leaving two spacers for each
line patterned in the first step. This technique doubles the pattern
density, and its primary application is to gate patterning at smaller
technology nodes. The self-aligned spacer technique avoids overlay-
induced linewidth errors, so FInFETs and tri-gate transistors that
require narrow gate lengths are ideal candidates for its application.*
Spacer formation, spacer pattern collapse, and etching results are
areas of concern with this technique.

Significant challenges in double patterning are linewidth
variability and the formation of defects due to overlay errors. Regular
patterns, such as those characteristic of memory cells, can easily be
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Hard mask 1 First resist coat

After first exposure

After first etch

Second resist coat

After second expo:

After second etch

Ficure 4.46 Double exposure-double etch DPL process: negative tone for
space features.

decomposed into two masks. However, the task is far more complex
for logic circuits, which do not exhibit regularity in distance and
orientation. Because straightforward two-color solutions cannot be
obtained for industrial logic designs, the only other option is to
modify the layout by increasing distances between patterns that are
colored differently. This leads to an increase in chip area, which adds
to the chip’s cost. Increased cost due to extra mask and process stages
is another obvious concern. As we have seen, process errors may be
found at each stage of the lithographic process. With the increased
number of stages necessitated by double patterning, the probability
of process errors increase and consequently yield is reduced. Another
area of concern is foundry throughput, since double exposure may
entail a reduction in the number of wafers fabricated per hour. Yet
despite all of these limitations, double patterning is viewed by many
as a “savior” technique for increasing achievable resolution (by
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First pattern deposition
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First pattern removal

First pattern removal etching
with spacer mask

Final pattern

A

Ficure 4.47 Self-aligned spacer DPL scheme: process flow.

reducing the minimum pitch constraint). Researchers are
experimenting with triple and quadruple patterning technique in
attempts to further push the boundaries of resolution.*

4.5.2 Inverse Lithography

Model-based OPC with SRAF insertion is today’s preferred resolution
enhancement technique for increasing printability and the pattern
fidelity of mask features. Because a 193-nm laser light source is still
being used for designs at the 32-nm technology node, newer
techniques that further improve the image transfer process have been
developed. Inverse lithography, as the name implies, seeks to obtain
the inverse of the required wafer image in order to reduce variation
between intent and imprint. This concept resembles the image
retrieval-and-reconstruction strategy of using the blurred image (seen
through the photographic sensor) to reconstruct the original
image. 3%

Unlike OPC, whose modification algorithm targets the mask
pattern, inverse lithography attempts to reconstruct the mask by
using information about the required image on wafer and process
information. Consider the following variables of the lithography
process: a, the mask pattern; &, the target pattern on wafer; f, the
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combined imaging and resist functions; and , the final wafer image.
In terms of the normal lithographic process, the final wafer image can
be described as follows:

w=f(a) (4.1)

Now, by ideal inverse lithography (see Figure 4.48 for the flowchart),
the required mask pattern can be written as the inverse of the target
pattern on the wafer:*

a'=f"(¢) (4.2)

Here o’ is the optimal pattern required on the mask to create & on the
wafer. Equation (4.2) does not, of course, accurately describe the real-
world scenario of a complex lithography process. Since the resist
dissolution process is nonlinear and since the resist contrast is high,
several different mask patterns could lead to the same image on the
wafer; in other words, there is no direct inverse of the function f. Also,
the relation & = f(a) does not actually hold in view of the rectangular
geometry required for mask manufacturing. So, in order to model the
inverse lithography technique more realistically, an iterative optim-
ization program has been devised that uses information on the
exposure system and other processing parameters.*

In Chapter 2 we learned that the key elements of the lithography
system are its exposure process and resist development. The exposure
process involves the transfer of the mask pattern onto the wafer
through an optical system. The image on the wafer causes resist
development based on the intensity of the image profile and the resist
contrast. If the mask function (in the spatial domain) is given by
M(x, y) and if the image transfer function is given by Tf(x, y), then the
aerial image Al(x, y) of the patterns on the mask is given as the square
of the magnitude of the convolution between M(x,y) and Tf(x, y):
Al(x,y)= | Tf*M(x,y) | . Light incident on the wafer causes photoresist

Calibration
data
Target Ideal inverse Mask
pattern model pattern

Ficure 4.48 Inverse lithography: technology flow.
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to react as a function of the light’s intensity. This process depends on
the dissolution threshold of the resist, so it can be assumed to a
sigmoid function sig(z)=1/{1+exp[-a(z—7)]} producing the final
resist image I(x,y). Now, if the target image is represented as I(x, y),
then the optimization function can be written as follows:**

I(x,y)= {1 + exp[—a(|Tf * M(x, y)|2 - 7)}}_1 (4.3)

The goal here is to minimize the error between the current image
on the wafer and the required image on the mask. The term 7 (eta)

Minimize 7= Z(I(X, y)- f(x, 3/))2
r (4.4)

h that  Mx 1) ©,1), for BIM
such et MY (10,1, forPsM

denotes the mean square error value. Because the required mask
function could be either binary or phase shifting, the corresponding
constraints are also listed. The practical way to solve such an inverse
problem incorporates an iterative perturbation algorithm that starts
with a suitable guess for the final image. For each perturbation of the
initial image, an aerial image will be calculated and compared to the
target pattern, and the differences will be noted. The overall goal of
this approach is to minimize the differences between the two aerial
images. Other optimization criteria can be added to this methodology
in order to form a global cost function that can be used in the iterative
process. A simplified flowchart of this procedure is shown in
Figure 4.49.* Process calibration data provides information on the

Calibration
data

!

Input mask | _/ Forward imaging + Output wafer|
Mi(x,y) process model pattern

Optimization

Target
pattern

Ficure 4.49 Practical optimization flow for solving the inverse lithography
problem.



Manufacturing-Aware Physical Design Closure

imaging system parameters, projection optics, and resist functions,
which aids in the creation of a good forward imaging model.

Anumber of different solutions for inverse lithography technology
(ILT) have been proposed in the literature. All these techniques
attempt to find the ideal required mask pattern based on the iterative
optimization method just described. One such technique pixilates the
mask into equal-sized regions that are well below the system’s
resolution limit. Each discrete pixel is randomly assigned a particular
phase to generate the required mask pattern**? (see Figure 4.50).%
Gradient-based efficiency has been incorporated into the random
pixel-flip technique to improve the solutions obtained.*® Genetic
algorithm and simulated annealing techniques have also been
suggested as possible solutions.*

Another class of techniques divides the layout into different
regions that have multiple transmission properties. A technique that
closely resembles OPC has also been suggested to solve the inverse
lithography problem.* Instead of running a script to perform pattern
segmentation, this new technique partitions the pattern into different
regions according to topography: pattern edge, pattern corner, or
pattern end; see Figure 4.51.# Iterative movement is directed within a

Ficure 4. 50 (a) Pixel
pattern using phases -1, O,
1 (i.e., opaque and two

out-of-phase unit
transmissions);
(b) calculated wafer contour.

]
(@) (b)

(a) (b)
Ficure 4. 51 (a) OPC segmentation and sampling; (b) ILT topography.
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particular portion of the image under certain constraints. Because the
mask pattern newly created by the image reconstruction technique
has been optimized to the target pattern, it offers an alternative to
model-based OPC. Another difference between this technique and
OPC is the existence of nonrectangular sections in the pattern, as
shown in Figure 4.52.* Such contours are reprocessed to create edges
at 90° and 45° angles.

The main drawback of ILT is that it induces minute feature
changes that complicate the mask-writing process.* As discussed
previously (see Sec. 4.3.1), increasing the number of “shots” renders
extensive model-based OPC a nightmare for mask manufacturing,
and likewise for masks obtained using inverse lithography. This is a
grave problem with pixelized masks. Recreating images with rounded
edges and corners on the mask exponentially increases the mask
manufacturing cost and time. One way to minimize this problem is to
modify the final ILT mask so that its elements include only horizontal,
vertical, and other rectilinear features (see Figure 4.52(d)). Inverse
lithography technology solutions are being implemented by design
houses as an addendum to OPC in order to reduce defects and
manufacturing costs and to increase lithographic control.

oPC
F 117
m =N =
(b)
| |
|
(@) ILT (s. (@) - Iél I?I
’\ —
90 \ m
MRCY L 4RY

(© (d)

Ficure 4. 52 OPC and ILT compared: (a) uncorrected mask tile consisting of
four semi-isolated vias; (b) mask corrected by conventional segmentation-based
OPC and rule-based SRAFs; (c) mask corrected by single iteration of ILT-based on
pixel inversion; (d) final simplified mask aligned with 45° and 90° line
segments.
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4.5.3 OtherAdvanced Techniques

Investigations have been performed on other techniques to optimize
existing lithography simulation setups in order to improve printability
while keeping mask costs low. One such example includes the use of
free form source shapes based on Source-Mask Optimization (SMO)
technique. Traditional well known illumination shapes include
conventional, annular, quasar and others as shown in Figure 4.22. It is
also known that any irregularity in source shape can lead to increase
CD variation. Researchers have been working on another new
technique called source mask optimization (SMO). Source shapes that
do not confine to traditional illumination shapes have been proposed
to improve lithographic printability. Advanced illumination systems
are used to create such free form shapes that are tied to a particular
process®. Researchers have shown that by optimizing the shape of
the illumination source based on the mask for a particular process
node, effective CD control is observed. Various advancements in
SMO are being displayed by lithographic system manufacturers and
CAD tool development companies alike. Detailed explanation in each
such technique is not within the scope of this book.

Summary

In this chapter we described the design rules manual and how it is
created. We then explored the topic of design rules check using rule-
based and model-based techniques. It was observed that restricted
design rules are typically checked with rule-based methods whereas
remaining optical printability issues are checked with model-based
methods. We discussed resolution enhancement techniques in detail
as well as the extent of their use in today’s designs. Design for
manufacturability has become a prevalent process in layout
generation, so several methodologies that employ DFM were also
discussed. Finally, we described dual-pattern lithography and
explained how it improves resolution. The general capabilities of
available DFM tools and their usage in current designs and
methodologies were also explored.
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5.1

CHAPTER 5

Metrology,
Manufacturing Defects,
and Defect Extraction

Introduction

Semiconductor manufacturing is a complex process that involves
concepts from various science and engineering disciplines. Since its
start during the late 1940s, semiconductor manufacturing has evolved
into an industry whose reach has spread into every facet of life today.
From space technology to handheld devices, the number of
applications that use semiconductor-based components is constantly
on the rise. Simply because the transistor shrinks in size every two
years, its processing power enables computing and signal processing
applications that were unrealizable previously. Semiconductor
manufacturing is the process of fabricating semiconductor-based
devices to be used in systems. It involves three basic stages:

1. Wafer production
2. Wafer processing, or the transfer of design to wafer

3. Wafer analysis, testing and packaging

Wafer production is the process of producing thin wafer slices in
the form of disks from large silicon ingots. With time, wafer size has
increased, mainly to increase the number of dies that are produced
from each wafer; a dieis a copy of the design on wafer. After processing,
a wafer may contain hundreds of dies. As the number of dies per
wafer goes up, the cost per die decreases. Wafer thickness has also
increased with time to improve mechanical handling. Standard wafer
diameter and the corresponding thicknesses are shown in Table 5.1.
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Diameter Thickness

150 mm 675 um

200 mm 725 um

300 mm 775 um

450 mm 925 pm (target)

TaBLe 5.1 Standard Wafer Thickness and Diameter

There are reasons to hold down wafer thickness: namely, material
cost and heat dissipation. Increased device density has led to problem
with thermal density, which is addressed by decreasing thermal
resistance. This is accomplished by reducing wafer thickness,which
also reduces material cost. However, the large thin wafers complicate
the wafer handling and alignment process, thereby increasing
susceptibility to manufacturing defects. The wafer thickness standard
shown in Table 5.1 results from a compromise between these
conflicting goals.

Semiconductor manufacturing involves a number of wafer
processing steps. The various steps in wafer processing (e.g.,
oxidation, lithography, and metal deposition) were described in
Chapter 2. After the wafer processing steps are completed, a wafer
sort test is used to screen bad dies. This procedure may also be used
as a feedback path for manufacturing process tuning. In the next step,
a wafer is cut into dies and the good dies are packaged. Depending
on the die size, thermal properties, and cost, there are several
packaging options available today, including plastic ball grid array
(PBGA) and ceramic ball grid array (CBGA). Packaging a die involves
connecting or bonding the die pads to external package pins. In
addition to hermetic and optical sealing, reducing thermal resistance
of the package to facilitate heat dissipation is an important packaging
concern. Today’s desktop microprocessors can dissipate as much as
100 watts of power. The package must be able to dissipate this heat
without raising the die temperature above acceptable levels, usually
below 100°C.

During the 1950s, semiconductor feature sizes were of the order
of millimeters. The requirement that manufacturing be clean and free
of suspended particles could be met without great difficulty.
Suspended particles and contaminants contribute to semiconductor
manufacturing defects. As designs started to use devices of smaller
size, cleanliness became an increasing concern to ensure high yields.
Today, with more than a billion transistors of sizes approaching
22 nm, clean rooms for manufacturing has become the highest priority.
Clean-room requirements scale with transistor and interconnect
dimensions (see Sec. 5.2 for some statistics related to clean-room
requirements).
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Defects in fabrication stages can be caused by handling, particles
and contaminants, equipment irregularities, improper chemical
reactions, and patterning issues. Defects caused by the patterning
process are classified as feature- or design-dependent defects, and the
rest are classified as process-induced defects. Suspended particles and
particulates from the chemical-mechanical polishing process are the
most common source of defects in semiconductor manufacturing.
Although contaminants do not necessarily cause errors in device
operation, the probability (for a given particle size) of device error
increases dramatically with device and interconnect feature size
scaling. Particulates that affect wafers during the fabrication process
could lead to opens and shorts, potentially causing design failure.
Voids and blobs in interconnects, vias, or gate structures cause defects.
Such particulate-induced defects may be intralayer or interlayer. In
interlayer defects, particulates may cause shorts between consecutive
layers or create voids in multiple layers.

The lithography process involves the steps of photoresist coat,
exposure, baking, and development. Each stage requires equipment
precision and hence proper control over process parameters. Defects
may be formed by an irregular resist coat, improper baking procedure,
mask and wafer misalignment, and/or irregular resist development.

The imaging system that controls the exposure process can cause
errors due to printability issues. Such issues may involve focus, dose,
lens aberration, resist thickness variation, flare, and other problems
related to the projection system. Printability errors are often rooted in
patterns on the mask. The etching stage may result in irregular
surfaces due to the properties of the etchant and the formation of
protective layer. Etching can also lead to necking and bulging of
patterns in certain regions in the design. Typical photoresist is an
inhomogeneous material. Etching such materials tends to produce
roughness along etch lines, or line edge roughness (LER). In
conjunction with other optical effects, too much LER may contribute
to defects. As the number of interconnect metal layers increases, so
does the number of lithography steps associated with interconnect
formation. Interconnect is deposited by a sputtering process for
aluminum or, for copper, by a combination of sputtering to deposit a
seed liner followed by an electroplating process. The process for
copper is inherently susceptible to opens because of voids that arise
during the sputtering of seed liner and the diffusion of copper through
oxide.

The manufacturing process calibration method is called metrology.
Metrology is defined as a battery of measurements of the die that are
taken in-situ, in-line, and off-line.! In-situ metrology is the
measurement and process control that is performed using sensors
placed inside the analysis chamber. In-line metrology is the same
performed inside a clean room, and off-line metrology is performed
outside the clean room. The failure analysis of defective parts forms a

159



160

Chapter Five

major component of off-line metrology, and the material
characterization used to fine-tune the process is often done off-line.
Metrology is crucial to the manufacturing process because it involves
periodic tool calibration based on data analysis. Accuracy, precision,
resolution, sensitivity, and stability of the measurements taken are of
utmost importance during metrology and calibration. Metrology of
every stage of the process can aid in better control. In this chapter we
examine various metrology techniques that are used today for process
control.

Metrology analyzes the overall process and measures process
parameters periodically. Another critical component of manufacturing
is analyzing the cause of defects in the wafer itself. Analyzing the
causes and manifestations of defects is known as failure analysis (FA).
Failure analysis chiefly targets device failures due to nonconformity
of the process with the required physical, chemical, and electrical
specifications. There are two types of such failures: functional and
parametric. Functional failures render the device unable to perform its
intended function. In contrast, parametric failures cause device para-
meters to vary beyond the designed specifications (e.g., an increase in
overall circuit timing), even though they continue to behave properly
under most conditions. The objective of FA is to discover the mode of
circuit operation (i.e., the circuit operating conditions) at the onset of
failure, the failure mechanism, and the root cause of the defect.
Process control and defect mitigation techniques undergo continuous
improvement as a result of failure analysis. The techniques used for
FA are discussed in Sec. 5.4.

Failure analysis helps to find the root cause of a failure. The root
cause analysis may also point to a mask defect or the need for layout
changes. Identifying this cause helps to improve the process as a
whole. The yield of a process depends on the control and conformance
of various process parameters and equipment to predefined
specifications. A change in any of these conditions can have a
significant effect on the process yield. Process yields, like process
failures, are categorized as being either functional or parametric. The
yield is typically measured as the ratio of good dies to all the dies
produced in a lot. Thus functional yield is the ratio of functional dies
to total dies produced; similarly, parametric yield is defined as the
proportion of all dies fabricated that are functional but whose
parameters may fall outside of specifications under some conditions.
Process yield is directly related to product cost and indicates the
effectiveness of the current manufacturing process control. A low
functional yield requires extensive failure analysis and changes to the
process steps, whereas a fall in parametric yield may not warrant
such a decision. Yield models are devised based on FA information to
predict the effectiveness of the design under high process variation
and, like FA techniques, vary with the type of defect that causes a
reduction in functional or parametric yield. Defect formation
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mechanisms are effectively used to model the yield of a design
accurately. Section 5.5 summarizes the literature on yield models
driven by particle defects as well as some recent work in the area of
patterning-induced yield models.

The aim of this chapter is to introduce the reader to material on
the importance of process control. This is accomplished through a
detailed review of defect formation theory, metrology, failure analysis,
and yield-modeling techniques.

Process-Induced Defects

In the above-wavelength or near-wavelength lithography processes
(cf. Figure 1.5), most defects in semiconductor manufacturing were
attributed to particulates or other contamination in clean-room
facilities. However, improved clean-room technology has led to a
decrease in the particulate-induced defect rate. Clean-room standards
improved dramatically with theadvent of high-volume semiconductor
manufacturing. As summarized in Table 5.2,* clean rooms are
classified based on the number of particles of a particular size present
within a square area. Today, large fabrication facilities producing
high-end chips maintain ISO 4 or higher standards to minimize
particle-induced defects and ensure high functional yield.

Given the close-to-vacuum environment for semiconductor
manufacturing, process defects today are predominantly caused by
equipment and the process itself. Because so many manufacturing
steps are now needed to fabricate wafers, there is a large number of
defect sources. Most of the processing steps, from wafer slicing to
final packaging, are controlled by computerized machinery, so it is
imperative to find which steps are increasing the overall defect rate.
The number of defects that a manufacturing step may contribute is a
function of the precision to which the required process is controlled

Maximum number of particles per cubic meter

Class | 201pm | 202pm 203pm 205pm | 21pm

ISO 1 10 2

ISO 2 100 24 10 4

ISO 3 1,000 237 102 35 8
ISO 4 10,000 2,370 1,020 352 83
ISO 5 100,000 23,700 10,200 3,520 832

ISO 6 1,000,000 | 237,000 102,000 35,200 8,320

TaBLe 5.2 Clean-Room Classification in Terms of International Organization
for Standardization (ISO) Categories
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and executed by automated equipment. It is well known that some
process steps cause more particulate defects than others. Chemical
vapor deposition, oxidation, and polishing are known to produce a
significant number of particulate defects due to the flaking and
scattering of large particles. This is where a number of iterative steps
among process control, metrology, and failure analysis is most
effective in ensuring process performance within specifications to
reduce the rate of defects induced by particulate contamination.

5.2.1 Classification of Error Sources

One aspect of failure analysis is that a lab may have several different
types of equipment for diagnosing different types of defects. For
example, an FA lab may have microprobing stations, laser cutters,
microsectioning equipment, a high-resolution x-ray system, an
automatic decapsulation system, a reactive ion etcher to strip layers, a
scanning electron microcope, light emission microscopes, and
spectrometers. Because of differences in cost, not all labs will have all
types of equipment; moreover, the expertise of lab personnel in using
such equipment may vary widely. As a result, theories concerning a
defect’s root cause may often be skewed by limitations in available
equipment and in the expertise of engineers. This means that
troubleshooting results may not accurately reflect the true cause or
rate of process defects. It is therefore extremely difficult to establish
the precise defect rate for each of the various steps in a manufacturing
process.

Another problem is that the debugging equipment itself may
operate outside specification, which makes establishing the true yield
a noisy learning process. Equipment errors typically depend on the
equipment’s design and date of manufacture. Control of the process is
greater for state-of-the-art equipment, whereas vintage equipment
producesaregularsupply of particledefects. Equipment manufacturers
always upgrade their systems to meet the requirements of current
wafer technology—for example, they constantly adapt to changes in
the supply chain, material characteristics, and process execution times
in addition to accommodating various other specifications that
inevitably change from one technology generation to the next.

Wafer mishandling by computerized handlers is a major source
of particle defects. Economic factors are driving both changes in
wafer thickness and increases in wafer size, so most wafer handling
is now performed by robotic arms. Because wafers are so thin, their
structure can be damaged even by a minute disturbance. In one study
itwas observed that undesirable dynamic vibrations caused structural
damage to the wafer during handling.! Wafers are stored on chamfered
slot rails during transfer. Excessive base excitation of equipment at
specific frequencies can cause wafers to vibrate and loose contact
with the rails. This loss of contact reduces wafer stability in further
processing.
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Errors that are induced by process parameters can be subdivided
into those caused by a material’s chemical state (i.e., solid, liquid, or
gaseous) and those caused by the process mechanisms employed during
individual stages of manufacturing. Silicon is the most widely used
material in the manufacture of semiconductor devices. Other well-
known semiconductors used in device manufacturing today include
germanium, indium phosphide, gallium arsenide, and indium
gallium arsenide. The different semiconductor types produce defects
at different rates. The two fabrication steps with the highest defect
rates are wafer cleaning and etching, which depend on the chemical
properties of etching and cleaning solutions. Wafer cleaning is
performed between several different steps of the wafer fabrication
process. Impurities associated with the liquids used to clean the wafer
can lead to particle defects on the wafer. Typical particulate levels for
the etching and photolithography processes are summarized in
Table 5.3.2 It can be seen that the aluminum etch process contributes
the highest number of impurities. In plasma-based anisotropic
etching, increased sharpness has been accompanied by a reduced
level of contaminants. However, plasma generates polymer by-
products that can lead to particulate defects. Oxide etch produces a
high number of defects due to the hydrophobic nature of oxide, which
creates an environment conducive to the settling of polymer by-
products.

Chemical properties of gases used in the process stages of
oxidation and of deposition of nitride and metal also play a key role
in determining the density of particulate defects. Chemical vapor
deposition is a well-known process that uses materials in gaseous

Stage Process Particles per 5 in?
Nitride etch 50 to 2000
Photo resist strip 10 to 1000
Presputter clean 50 to 3000

Etching HF oxide etch 25 to 3000
Oxide etch 100 to 2000
Poly etch 50 to 1000
Aluminum etch 100 to 3000
Resist spin 20 to 500

Photolithography Pattern exposure 5 to 2000
Pattern develop 10 to 200

TaBLe 5.3 Particle Counts for Etching and Photolithography Processes

(particles > 0.5 ym)
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Process Particles per 5 in?
LTO deposition 200 to 3000

Poly deposition 100 to 1500
Silicon nitride deposition 100 to 2000
PECVD 300 to 5000
Aluminum sputtering 20 to 1500

TaBLe 5.4 Particle Counts for Vapor Deposition Processes (particles > 0.5 um)

forms to be deposited on the wafer. This process occurs in a chamber
whose temperature and pressure are strictly controlled. Any variation
in the chemical properties of the gases or in the environment can lead
to the formation of improper chemical bonds at different surface
locations of the wafer, which can produce defects. Typical particulate
levels for different vapor deposition processes are summarized in
Table 5.4.3

5.2.2 Defect Interaction and Electrical Effects

Process-induced particulate defects usually lead to catastrophic failures
in integrated circuits (see Figure 5.1 for examples). A particle defect that
changes circuit behavior is said to have caused a fault. Defects that occur
in a die are harmless if they do not cause errors in circuit functionality.

Ficure 5.1 Catastrophic failures in ICs. (Courtesy of Intel Corp.)
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Thus a defect is the cause and a fault is the effect. Not every defect leads
to faulty behavior. As shown in Figure 5.2, circuit failures are caused by
a void or open defect on a line or by a bridging defect, which improperly
joins two separate lines. A bridging defect becomes a bridging fault
when the bridge resistance is low. At higher bridge resistance the defect
may not immediately cause a fault, but there remains a latent fault that
could manifest itself over time as the bridge resistance changes in
response to such reliability effects as electromigration. Similarly, a
resistive open defect causes a fault at high defect resistance. A defect
that causes faulty behavior leads to yield loss.

Particulate defects can be caused by physical or chemical factors.
For example, before the patterning process, a wafer is coated with
protective material in order to prevent lower layers from being
affected. The coating process may permanently lodge a particulate
defect, and the particle may be exposed if the protective coating is
removed (as during via formation). This may make the particle
electrically active. Similarly, unmasked regions of the wafer are set up
to be exposed to UV light and etched away. A defect can cause
masking of this region on the wafer; hence there is no exposure of this
region, leading to pattern irregularity. Pattern irregularity is an
indirect cause of the opens and shorts that can lead to a design’s
functional failure.

In addition to these physical impacts of defect formation, chemical
impacts can also change circuit operation substantially. For example,
oxide defects are a major source of circuit failures. An oxide layer is

Bridging
defect

Open defect

(b) (c)

Ficure 5.2 Defects that can cause circuit failure: (a) original layout; (b) layout
with open defect; (c) layout with bridging defect.
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used in nano-CMOS fabrication primarily as the transistor’s dielectric
material and is also used to separate metal layers. Defect formation
due to oxide’s chemical properties was discussed in the previous
section. Defects in transistor gate oxides create dielectric breakdown,
which may become evident over time, ultimately leading to device
malfunction. Oxide defects also increase the formation of interface
traps, which arise from crystal interactions initiated by high-energy
electron/hole pairs in the presence of a strong electric field. A defective
oxide layer will increase the number of interface traps formed. These
traps attach to one another, thereby establishing an unwanted
connection between the gate and the channel region and leading to
catastrophic failure of the device. Because the CVD process is applied
to the entire wafer, any contamination in the deposited substance can
also lead to device failures. Chapter 7 addresses long-term device
failures attributable to oxide defects.

Physical size of the defect matters when it causes a physical
damage to the wafer, whereas chemical properties of substances are
important for other types of defects such as contamination. Periodic
physical, mechanical, and chemical analyses of individual processes
and their environments are an integral part of process control.

5.2.3 Modeling Particle Defects

Particle defects cause various changes in device operation, as
described previously. Modeling these defects is necessary in order to
improve process control and yield. The salient properties needed to
model defects effectively are: (1) defect size, (2) area or region of
defect, (3) defect density, and (4) chemical properties of the defect. Of
these four properties, defect size and density are the parameters most
widely used to model defects.

Quantitative defect models target higher process control, better
understanding of a defect’s impact on the circuit, and (most
importantly) an accurate estimate of process yield. Yield is the
primary metric for estimating the overall effectiveness of a
manufacturing process. Since yield is a function of the individual
process steps, it is important to improve each step by targeting its
defect mechanisms. Particle-based defects may cause catastrophic
failures. Yield calculation involves computing the functional yield of
the process based on particulate defect rate and size. Yield models are
classified by whether they address point particle defects or rather
gross defects. Point particle defects are caused by the physical,
mechanical, and/or chemical properties of the process. Gross defects
affect large areas and are caused by (among other factors)
misprocessing, improper mask alignment or usage, or gross handling
errors. Defects of this nature are not random, so they can be mitigated
with process maturity and effective control. In contrast, the modeling
of point particle defects is geared toward random defects, which are
not easily controlled by process tuning.
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5.2.3.1 Defining Critical Area and Probability of Failure

When estimating the effect of random particle defects on the yield of
a process, it is important to identify the layout locations most likely to
be affected by such particles. These areas of the layout are known as
critical areas. Thus, critical area is a measure of design sensitivity to
random particle defects of various sizes. The critical area A is defined
as the region over which the center of the particle must lie in order to
cause a catastrophic functional failure. Defects that fall in this region
lead to such functional failures as opens and shorts.

Figure 5.3(a) illustrates a critical area related to bridging defects. In
this figure we consider a defect of diameter d, greater than the
separation s between the lines. If the center of the defect is close to the
center of interline spacing, the result may be bridging; however, if its
center is far outside this spacing, then the defect might not cause a fault.

Short critical area Open critical area

wire 2

2z

| ‘ 1

’////////////J//////////////A

Defect S; Defect S, Defect O, Defect O,
Particle causing OK particle Particle causing OK particle
bridging open

(a) (b)
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Ficure 5.3 Critical areas of a layout: (a) short critical area; (b) open critical
area; (c) dependence of critical area on the defect radius R.
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As illustrated in Figure 5.3(a), S, causes a bridging defect because
its center falls close to the center of the space between lines, whereas
S, does not result in bridging because its center is away from the
center of the space. Critical area is defined as the region in which the
center of a circular defect of certain size must lie in order to produce
a fault. Referring to Figure 5.3(a), the hatched lines indicate the critical
area. The critical area for open faults may be defined analogously. In
this case, the defect’s center must be nearly along the center of the
line. Thus, as shown in Figure 5.3(b), O, causes an open defect because
it is centered near the line center, whereas the off-center O, does not
cause an open defect. The critical area is a function of the spacing s
between the lines, the width w of the metal line, and the defect
diameter d. The size of the critical area depends also on the defect
size; see Figure 5.3(c). As the figure shows, defects of size smaller
than the spacing s or the width w cannot result in yield loss.

The probability of failure (POF) is defined as the fraction of defects
that result in faults. The POF depends on defect type, defect size, and
circuit geometry. Given a defect of size d, the POF is related to the
area in which the center of the defect must lie for the failure to occur.
This area (shown by hatched lines in the figure) is the critical area
(CA) for open defects and for short or bridging defects. To define the
POF for a circular defect with diameter x, let 0(x) be the POF for a
defect of type i and diameter x, where 0, is the POF for type-i defects
of varying diameter. The POF 0, can be obtained by integrating the
product of 6(x) and the probability density of x between the maximum
(x,.,) and minimum (x__ ) defect diameter. Thus,

max)
o= " B (0dx (5.1)

The probability density f(x) is obtained empirically through
experiments and can be written as follows:?

u .
ifx, Sx<x,

fi0=1x" (5.2)
0 otherwise

(p-Dalgxh

min “*max

Values for p and x_, are also obtained empirically, whereas x__
depends on the resolution limit of the lithography system. Let A "(x)
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be the critical area for defects of type i and diameter x. Then A is the
average over all defect diameters x and is given by

am=| AT (o) f, () dx (5.3)

Xmin

Hence POF may be defined as the ratio of critical area to the total chip
area:

crit
Ai

S I (5.4)
Chip area

i

5.2.3.2 Critical Area Estimation
If defects are assumed to be circular, then a defect’s probability of
failure can be defined using the chip’s critical area. Critical area
analysis (CAA) involves computing the critical area (as defined
previously) on a chip for a defect of diameter x. This technique uses a
number of factors to predict the POF, including diameter of the defect,
width of the metal interconnect, amount of spacing, chip area, and
statistics on random process defects. The CAA method is the most
widely used technique for estimating design yield for random defects.
There are several approaches to performing CAA on a chip: (1)
geometry-based; (2) Monte Carlo; (3) grid-based; and (4) stochastic.

The geometry-based CAA techniques proposed in the literature use
shape expansion, shape overlap, and/or shape intersection techniques
to calculate the critical area of a region. For a defect of arbitrary size,
a region of length equal to the radius of the defect is drawn around
each conduction line as shown in Figure 5.4. The intersection of such
regions forms the bridging critical area between multiple conducting
lines in the design.

For the case illustrated in Figure 5.4, a circular defect was cons-
idered. Some shape expansion techniques don’t stop with circular

Ficure 5.4 Critical area estimation Critical area
based on computing a common
region by expanding the conducting
polygon by the length of the defect
radius.

Defect
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defects but expand to defects of arbitrary shapes. As shown in
Figure 5.5, these shapes are placed at each vertex of the layout pattern
and then connected by line segments that are tangential to each
feature. These connected segments form a region around each
polygon. The critical area associated with the defect shape can be
found as the intersection of such expanded regions of electrically
disconnected polygons. This intersecting region forms the bridging
defect critical area. For open defects, the same procedure is performed
but, instead of joining tangential line segments outside the polygon,
line segments within the polygon (and tangential to the defect) are
connected to form the critical area. The critical area for a range of
defect orientations and sizes can be estimated by scaling and rotating
the defect. This shape expansion technique can be used to perform
critical area analysis for a particular defect size at a time. A change in
defect size warrants a rerun of the critical area estimation procedure.

(a) Original polygon (b) Defect shape (c) Tangents to defect (d) Final polygon
added to vertices shapes drawn

Ficure 5.5 Shape expansion formulation for noncircular defects.

&

J

s Defect of size A

Defect of size B

Ficure 5.6 Monte Carlo-based critical area estimation using defects of various
sizes; markers indicate defects that cause faulty circuit behavior.
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In contrast, the Monte Carlo technique does not restrict itself to a
particular defect size. It generates random defect sizes based on the
defect distribution in order to estimate the overall chip critical area
(see Figure 5.6). The critical area of the chip for a defect of size x is
given by the geometric union of the critical area of all the wires in the
design:

™ A (x)d(x)dx (5.5)

Xmin

Aoarca (X) = _[

Here A, -, is the total chip critical area for all defect sizes, x___and

x_, are (respectively) the maximum and minimum defect sizes, and
d(x) is the defect size distribution function. If x; is the minimum
allowable spacing provided in the design rules manual, then a typical

defect distribution is given by

| =

> if0<x<x,
X
dlx)=4 " (5.6)
x_g ifx, <x<x,.
x

A large number of defects (of various radii) with distributions as
described by Eq. (5.6) are placed randomly over the layout. Each
defect is checked for a failure. The POF thus obtained can then be
used to estimate yield. This method is not accurate when applied to
small sample sizes. The geometry-based and Monte Carlo methods
are widely used because they estimate the critical area better. One
disadvantage of these techniques is the extent of required
computation time.

In the grid-based method of critical area estimation, layouts are
divided into grids of finite size; then the critical area is estimated
based on a defect’s grid occupancy, which varies systematically
with defect radius.* Although this technique is simple, smaller-size
grids tend to complicate the algorithm. Stochastic and other
approximate methods attempt to reduce the computation time of
CAA algorithms. To derive an approximate solution, defects are
assumed to be rectangular and simple formulas are defined to
represent short and open defects. Using these formulas together
with layout-specific parameters, it is possible to calculate, with
reasonable precision, the critical area for any defect dimension.
Stochastic methods combine the known layout parameters with the
size and density distribution of defects to derive the layout’s
sensitivity to open and short defects. The survival probability of
each feature is used to estimate the total layout sensitivity and hence
the yield.
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5.2.3.3 Particulate Yield Models

The earliest yield models for IC manufacturing were based on particle
defects, since yield was driven primarily by such defects.>"> Random
particle defects (aka “spot” defects) are those caused by process
discrepancies. The yield of a process is a function of the distribution
of spot defects on the wafer. Probabilistic yield models describe the
distribution of faults over the chip. If one assumes the defect rate to
be constant per unit area, then there is a relationship between the area
of a chip and its yield. Let X be the number of faults on a particular
chip and let A be the average number of faults on a chip; that is, 4 is
the expected value of X. The simplest yield model uses A and the
probability of k faults occurring in the chip to define the chip yield.
The probability that k faults will occur is given by the Poisson
distribution:

ek

Prob(X =k)= (5.7)

The average number of faults on a chip is a function of that chip’s
critical area A and defect density D. For a chip without any associated
redundancy, the yield is obtained by assuming it has zero defects. If
no defects are present in the chip (i.e., if k = 0), then the yield of the
chip is simply given as

Yapk=0)=¢" = *" (5:8)

Now suppose that the chip area is divided into n statistically
independent subareas, each with probability 4/n of having a fault.
Then a binomial distribution can be used to describe the probability
of k faults occuring, as follows:

n A k A n—k
PrOb(X:k):[kj[;j (1—;) (5.9)

As the subareas become very small and n approaches infinity, Eq. (5.9)

reduces to
AN AT e
Prob(X=k)=| |=|[1-2
SV (| (R0 S A

This result motivates the use of a Poisson model to estimate particulate
defect yield. The first chip yield model using complex Poisson
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distribution was given by Murphy.®® The yield is also a function of the
defect density, which may vary across regions of a chip:

Y- I e {(D)dD (5.11)

A model based on the Poisson distribution is too pessimistic in
predicting the yield, because defects typically are not distributed
randomly across a chip. Defects occur in clusters on the chip, and this
effect must be considered when estimating the yield. Let a be the
clustering parameter; then defect clustering can be modeled as a
gamma distribution:*1%1?

Ta+k) W)

Prob(X =k)= -
k'T(a) 1+ Ma)™

(5.12)

Hence the chip yield becomes a negative binomial distribution that
depends on defect density. The yield function is given as follows:

(1+ A*D j (5.13)
(04

Y,

chip ™

The defect clustering itself may be distributed unevenly throughout
the wafer, and this unequal clustering affects the yield model.>¢ When
this is factored, the preceding yield equation becomes

Y= H( (D*A), ] (5.14)

Newer spot defect models also consider defect size when
predicting a chip’s yield. The different types of random particle-based
yield models are summarized in Figure 5.7.* The first column
illustrates the distribution function used to model the probability of
failure. The second column gives the ratio of current yield to the yield
with mean defect density D, where o is defined as the standard
deviation of the distribution normalized with D . The third column
lists the number of defects in each case.

5.2.4 Layout Methods to Improve Critical Area

Techniques to mitigate the impact of particle defects on designs are
based on minimizing the critical area. Because the yield depends on
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Ficure 5.7 Random particle defect models.

metal widthand spacing, these are the two targeted design parameters.
Techniques to improve CA include increased spacing, wider lines,
and wire pushing or spreading. Increasing the space between lines is
a simple way to improve CA-based yield metric. An example
suggested in Chapter 4 for better phase assignment in standard cells
applies here as well. Poly lines placed at minimum spacing are moved
further apart to reduce the possibility of shorts. Similarly, the widening
of metal lines within standard cells improves yield, since the
probability of defects causing an open is reduced. These two methods
are incorporated into standard cell design.
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Routing algorithms that are CA-aware have also been suggested.
The allowed spacing technique scans the layout to compute spacing
allowances for all movable wires and then uses this as a measure when
routing is performed. The information on allowable spacing is used to
help routing algorithms implement wire widening and wire pushing
or spreading (see Figure 5.8), thereby reducing the critical area between
lines. During the routing process, wire pushing involves finding the
optimal route that reduces the overall critical area of the layout.”
Sensitivity estimation during routing also helps to reduce the critical
area. These techniques for wire spreading and estimating allowable
space are all derived from the so-called skyline algorithm.®

(a) Optimal route (b) Original wire

Ficure 5.8 (a) Wire pushing; (b) wire spreading.

As we have seen, the main methods in critical area improvement
are increasing wire width and wire spacing. Such increases tend to
increase the chip area. As the chip area increases, the average number
of defects that can affect a chip also increases. Thus, any gain from
reducing the critical area may be offset by an increasing number of
defects. Moreover, increasing the chip area reduces the number of
dies per wafer. This means that, even with a lower defect rate, the
effective die yield may not improve with increasing chip area. These
factors must be carefully weighed in any decision to implement CA-
based layout improvement techniques.

Pattern-Dependent Defects

Photolithography is the process of transferring patterns drawn on a
glass mask onto a silicon wafer. As a consequence of Moore’s law,
designs today are large and highly complex. They also have stringent
timing and power constraints. As technology scales to 32-nm devices,
the number of rules that control design layouts has increased
exponentially—in addition to the proliferation of burdensome design
rules and guidelines for effective printability. Pattern-dependent
defects are functions of the actual pattern being printed on the silicon.
These defects are distinct from particulate defects. Whereas particulate
defects tend to decline as the process matures, many pattern-
dependent defects cannot be cured by process tuning alone.
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5.3.1 Pattern-Dependent Defect Types

Patterning-related problems may occur in vias and interconnects as
well as in active devices. The problems related to vias are particularly
acute. Because of increased device and interconnect density, there
tends to be a large number of vias in today’s circuits.

A transistor is formed by patterning of the active area and gate
masks. The amount of diffusion under the gate determines the length
and width of the device. Rounding of diffusion areas due to proximity
effects has been observed experimentally (this effect was shown in
Figure 3.24). Diffusion rounding leads to reduction in device width
and irregularity of device gate length, both of which affect the amount
of current flowing through the channel and the overall circuit
performance.

In an IC layout, vias form the connection between wires in
successive metal layers. Via density increases with device and
interconnect densities. Mask alignment errors during via patterning
cause vias to fail either partially or completely. These failures depend
on the via’s location inside a block. Partial failure of a via increases its
contact resistance, and any change in via parameters affects the timing
of a circuit. Complete via failures lead to the formation of opens; of
course, this impairs the design’s functionality. Similarly, improper
contact printing due to insufficient active area to contact spacing has
been found to reduce yields in 45-nm technology. Improper contact
formation leads to resistive and in some cases catastrophic opens.
Partial vias may also contribute to long-term device reliability
problems.

Apart from the issues discussed so far, patterning problems are
also observed when interconnect lines are printed. Resolution
enhancement techniques such as OPC and PSM are used to mitigate
such printability issues. Even so, post-OPC layouts sometimes have
regions that do not produce the required wafer image. The reason is
that OPC algorithms cannot guarantee exact reproducibility of an
image and therefore result in suboptimal solutions. The algorithms
can generate suboptimal solutions also if the procedure is terminated
prematurely at certain locations of the layout. Such termination may
be caused by iteration constraints, small segment movement area,
and/or reduced segment stepping sizes. The maximum iteration
count to arrive at the minimum EPE error between modified mask
and required image for each simulation point is set as a global
constant. If a tool does not produce a suitable solution within this
time, the optimization at that point ends prematurely. The high
density of layout patterns implies that the allowable space between
two neighboring features is typically quite small. Hence, this spacing
constraint can prevent certain tools from attaining proper OPC
modifications. Mask economics limits the number of segment
steppings possible for OPC, which in turn limits the size of features
that can be added to quantized dimensions. All these factors
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compound the spacing constraint for OPC, leading to early
termination.

Some “solutions” can miss jogs or features to be added to the
mask polygon. Examples of some resultant defects are illustrated in
Figure5.9. Such mistakes in the OPC algorithm canlead to catastrophic
failure.

The Alternating PSM technique requires that the spacing between
two minimally spaced metal lines be assigned a different phase in
order to improve the depth of field and contrast of the main feature.
Therefore, the inability to assign unique phases to alternating regions
can lead to reduced DOF, causing opens and/or shorts. Some drawn
masks have regions that are not phase assignable (see Figure 5.10),
but tools are available for checking that all layout regions are phase
compliant. In response to this problem, a top priority of today’s layout
engineers has become the creation of phase-assignable layouts. A
“correct by approach” technique was suggested by Kahng' to
produce phase-compliant layouts. (Examples of the “correct by
construction” approach were shown in Figure 4.18(b).) Other RET-
based catastrophic faults include SRAF placement failure for 2-D

() (b) [—]

]tj =a

()

S

Ficure 5.9 Patterning defects: (a) necking of small hammerheads; (b) not
enough OPC at nonnominal process corners; (c) SRAF placement error.

Ficure 5.10 Layout phase assignment problem.
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masks. Improper SRAF placement can cause isolated patterns to be
printed off-shape, leading to catastrophic defects.

5.3.2 Pattern Density Problems

Chemical-mechanical polishing (CMP) is a technique used to
planarize wafers. The wafer is polished on a station using a polishing
pad and an abrasive fluid called slurry (see Figure 3.28 and
Figure 3.29). The effectiveness of the planarization obviously depends
on physical parameters of the polishing pad and chemical properties
of the slurry. Apart from these, it has been found experimentally that
the patterns on the wafer also have a role to play in determining the
planarity of the resulting wafer surface. The peaks and troughs on a
wafer’s surface depend on the pattern density of the underlying
layer(s). Variation in CMP for a particular layer can result in dishing
and erosion, as shown in Figure 3.30. Chemical-mechanical polishing
variation can also occur as a result of thickness variation in a multilayer
dielectric. In short, variation in pattern density can cause improper
planarization, leading to DOF issues. Defocus is responsible not only
for parametric defects (e.g., gate CD variation) but also for such
catastrophic defects as opens and shorts. Insufficient removal of metal
can cause shorts and erosion, whereas dishing leads to open defects.
Because the failures induced by CMP-related defects vary
systematically with the pattern density, the yield can be estimated
based on density correlations across the die. The density of patterns
also has an affect on the etching process. When minimum-sized
patterns are placed close to large patterns, the etchant solution does
not adjust to the spacing and ends up removing some portion of the
minimume-sized feature.

The CMP process is designed to maintain an upper and a lower
bound for copper and dielectric thickness levels in order to ensure
circuit operation and yield within specifications. Upper thickness
level (UTL) and lower thickness level (LTL) define the minimum and
maximum allowable thickness of material remaining on a wafer after
planarization. These thickness levels are determined based on focus
specifications. A technique described by Luo and colleagues™ seeks
to attain the CMP-based yield of a die by calculating the probability
that all post-CMP material thickness across the die lie within the LTL-
UTL range. Let n denote the number of locations at which the material
thickness is monitored in the yield prediction process, and let ®
denote the joint distribution of the thickness variation at n different
locations. Then the yield is given by

UTL o UTL UTL
Yowr :J. J. = ®(p)dp, dp,---dp, (5.15)

LTL LTL LTL
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For p, an n-dimensional probability density vector and |C,| the
determinant of the density covariance matrix,* the joint distribution
® is given as follows:

exp{~(p - 37 (p - )}

d(p) =
p \/(277')"|Cd| (5.16)

As explained in Sec. 3.5, the Preston equation is used to estimate the
thickness of a planarized layer. The thickness of underlying layers is
also considered when estimating the thickness of the current layer. In
order to obtain an accurate estimate of the yield, a large number of
locations must be tracked for thickness variation. Numerical
integration of thickness at a number of locations is performed using
Genz'’s algorithm.” The number of such locations is typically of the
order of 10°. Populating the correlation matrix for large dies is done
with the aid of manufacturing data based on density variation
readings from different test structures.?

5.3.3 Statistical Approach to Modeling Patterning Defects

Statistical variation in manufacturing parameters affects the
printability of layout patterns. For example, linewidths may vary
significantly with variations in focus or exposure dose. In extreme
cases, when linewidth or interline spacing goes to zero, a defect is
created. Such defects are related to general lithography parameters as
well as to particular layout patterns. Predicting yield based on
variations in such manufacturing parameters is a complex but
crucial task.

This section describes two methods for obtaining the lithographic
yield of a metal layer based on the mask’s critical dimension (CD).
The yield estimated with these methods is known as CD-limited or
linewidth-based yield.

5.3.3.1 CASE STUDY: Yield Modeling and Enhancement for Optical
Lithography

Charrier and Mack presented a yield model based on the CD dis-
tribution obtained under various combinations of input parameters.*
This prediction technique consists of a four-step process, as
summarized in Figure 5.11.%

First, the error distribution of each input variable is obtained. The
input variables used to characterize lithographic variations include
focus, exposure dose, and resist thickness as well as a parameter for
development. Next, using a lithographic simulator, a multivariable
process response space is generated in order to model CD under
input variations. In the third stage, a final CD distribution is generated
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by mapping the input parameter distributions on the process response
space. Finally, the output CD distribution is used to predict CD-
limited yield by using a CD acceptance criterion.

Critical dimension error as a total derivative of a number of
uncorrelated input errors Ap can be calculated as

ACD= 6aCD Ap, + 6aCD Ap, + 68(;D Ap, + - (5.17)

P1 > 3

where the partial derivatives represent the process response of CD to
the input variable p.. Equation (5.17) holds for small input error when
the parameters are not correlated. In the paper by Charrier and Mack,
variation in (one-dimensional) input parameter errors is assumed to
be Gaussian, as shown in Figure 5.12.%* This distribution for the

Analyze Generate
process for - PROLITH/2
errors Maximum response
data ranges
Error Process
distributions response space
User Create CD
input distribution
Analyze CD CD yield
distribution

Ficure 5.11 Methodology flow for estimating CD-limited yield based on
lithography variation.
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Ficure 5.12 Calculation of output error function (i.e., CD distribution).
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parameter variation is then convolved with the process response
space. The process response curve for the exposure dose case of
Figure 5.12 is simply the exposure latitude obtained through process
window analysis.

After obtaining the CD distribution for a multivariable error
distribution with a complete process response, the calculation of CD-
limited yield is fairly simple. Given a CD specification, the frequencies
of all CDs within this specification are added and normalized against
cumulative frequencies to predict the yield. For this model, Figure 5.13
plots yield against increasing feature size based on this model. The
CD-limited yield is observed to be increasing in feature width (and
spacing).

5.3.3.2 CASE STUDY: Linewidth-Based Yield When Considering
Lithographic Variations

The yield model just described considers manufacturing parameter
variations but does not consider actual layout patterns. Sreedhar and
Kundu presented a yield analysis method based on mask layout; see
Figure 5.14 for an overview of this technique.?

The proposed yield modeling methodology is based on
lithography simulation, which uses mask patterns to predict the
printed shape on silicon. This technique requires electromagnetic
field modeling for optical diffraction analysis, vector modeling of
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Ficure 5.13 Yield as a function of feature size for a 0.4-um i-line process with
dense lines and spaces.
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Ficure 5.14 Linewidth-based yield estimation methodology.

partial coherentimaging, polarized illuminations, Zernike aberrations,
Jones pupils, flare analysis, and numerical modeling of photoresist
development. The printed shapes are sensitive to many process
parameters,including focus, exposure, bake, photoresist development,
and etch rate.® A small change in any of these parameters—even
within the error range specified by the manufacturer—may distort
the printed shape, cause line opens and shorts, and reduce yield. It is
therefore possible, at least in principle, to predict yield based on
statistical lithography simulation. However, it is difficult to translate
this principle into practice. In the first place, there is no established
relationship between yield and the probability of a line shape. Second,
lithographic process simulation is capacity limited and consequently
better suited for a library cell than a design layout. Third, the process
is slow; and fourth, the interconnect layers cannot be simulated
independently. Despite these limitations, the main contributions of
this technique are modeling the connection between line shape and
yield and obtaining line shape probabilities from the statistical
simulation of lithography.

Yield from Line Shape ~ Consider the metal lines shown in Figure 5.15.%
Because of proximity effects, the postlitho linewidth (LW__. )
is either smaller or larger than the expected linewidth (LW, ). If



Metrology, Manufacturing Defects, and Defect Extraction

Ficure 5.15 Mask pattern
fault model: (a) worst-case
LWR; (b) line open; (c) line

short.
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LW__ eicn 80€S t0 Zero, the result is an open defect on the line. Similarly,
if the postetch interline spacing goes to zero then the result is a short
defect on the line.

An additional parameter related to line-edge roughness increases
the probability of opens and shorts. A narrow line of nominal width
greater than zero but less than two times the LER amplitude may
become open. Likewise, if the nominal postetch interline spacing
exceeds zero but is less than twice the LER amplitude, a short may
result. Let LWR denote the LER-adjusted, postetch, worst-case
linewidth for each defect case just described. Then the conditions for
defects may be written as follows:

LWpostetch - LV\/LWR <03 LWideaI
vajut 51,5 =0.5 (prostetch - LWideal) (518)
L‘Njuts1 + LVVjutSZ - LWLWR < spacing

Here LW,,_, is the ideal (expected) linewidth for the target lithography
process, otherwise known as mask CD, and LW___ . is the obtained
linewidth after the etch process with variations. The M,,., term is the
metal layer number, and LW, ., and LW, ., denote the protrusions on
either side of a metal line. Finally, “spacing” is the edge-to-edge

distance between two adjacent metal lines. In this case, “spacing”
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denotes the limit to which two adjacent lines can expand and not
bridge. The expressions displayed above can be used to obtain the
linewidth distribution from statistical mask simulation; this distri-
bution is then used to calculate the probabilities of a short or open for
a given segment. (For more details, see Sreedhar and Kundu.?)

Reducing Simulation Points The yield analysis technique just
described hinges on lithography simulation with statistical variation
of input parameters. Because linewidth is not a linear function of the
input variables and is pattern dependent, Monte Carlo simulation is
used. However, it is well known that aerial imaging simulation of
layout features is computationally intensive and extremely slow.*
To address this problem, the number of simulation points must be
reduced. A stratified sampling strategy samples the input parameter
space for focus and dose variation while keeping the number of
simulation points low. However, this leads to oversampling around
edges, so the results need to be weighted in order to compensate.
With stratified sampling, the data are split into smaller disjoint sets
upon which random sampling is performed. This technique has
found various applications in the domain of statistical analysis.*

5.3.4 Layout Methods That Mitigate Patterning Defects

Diffusion rounding errors can be mitigated by modifying the layout.
Typical candidates for diffusion rounding are edges that connect to
the power supply through the source side of the device. Restricted
design rules that establish a minimum spacing between such corners
from the gate region can help mitigate irregularity in gate width and
length. Problems in via patterning are solved by extending the metal
contact region surrounding a via to accommodate another via and
thereby increase metal-to-metal contact. This process known as double
via insertion, and it has been incorporated into most design tools.
Errors that remain uncorrected after OPC and PSM require manual
layout modifications.

Errors in CMP and in etchant-flow-induced overetches can be
mitigated by controlling global and local pattern densities,
respectively. Pattern density uniformity can be achieved by employing
regular layout structures. Layout regularity, in turn, can be enhanced
by the placement of unconnected, nonfunctional dummy features
between metal lines; these are called dummy fills. With fills, isolated
features resemble dense patterns for planarization, limiting thickness
variation. However, a problem with such fills is that they add
capacitance to existing signal lines. Hence capacitive cross talk
increases, which leads to reduced circuit performance. In order to
avoid performance penalties, filling techniques that are “chip timing
aware” aim to improve post-CMP material thickness while satisfying
timing constraints. Such techniques often assign dummy fills to
power lines by connecting them.
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Erosion in planarized layouts is caused by highly dense patterns
that are of minimum width and separated by a minimum spacing.
The neighborhood around isolated features are filled by dummy fills
to normalize global pattern density, which leads to uniform erosion
(see Figure 5.16). Dishing is most pronounced in patterns that are
large in width. This is typically seen in higher metal layers that feature
thick and wide metal lines. Dishing reduces thickness over the metal
line. Slotting is a technique used with wide features to minimize
dishing; it involves placing squared dielectric features within the
metal, as shown in Figure 5.17. Together, dummy features and slotting
mitigate defocus problems with designs, and they have been observed
to produce dramatic effects on dielectric and metal thickness.

Various algorithms for dummy feature placement have been
suggested in the literature.”®* Effective dummy feature placement
reduces thickness-dependent variations in focus. Simple, rule-based
dummy fill techniques aim to fill in dummy features between patterns
at all location of the die. Predefined dummy feature templates are
used to fill in regions for which spacing rules and capacitive coupling

Dummy features

Ficure 5.16 Placement of dummy features to increase pattern density and
thereby regularize erosion.

Ficure 5.17 Slotting in Slotting features
o I I E E

reduce dishing.
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constraints must be taken into account. There are two disadvantages
to using template-based dummy fills: (1) they are not entirely flexible
with respect to feature size and allowable spacing; and (2) dummy
feature placement occurs even for regions where pattern density is
already high. As a result, today it is more common for model-based
techniques of placing dummy features to be based on pattern density
estimates. Methods for measuring pattern density use a moving
window of fixed size over the chip to estimate density of overlapping
regions of the die; see Figure 5.18. Measured density values suggest
regions to be filled with dummies. For slotting, wide metal lines are
first chosen and then square oxide slots of fixed width and spacing
are created to minimize dishing. (See Kahng and Samadi*” for a more
detailed treatment of various density estimation and dummy fill
techniques.) Disadvantages of dummy fills and slots include (1) an
increase in the number of patterns in a mask, which leads to increased
mask cost; and (2) an increase in the complexity of the RC extraction
process, which leads to larger extracted circuits.

Ficure 5.18 Overlapping w w/r
moving window used for Y -
estimating pattern density.

windows |~
T~ tile

5.4 Metrology

Metrology is a part of semiconductor manufacturing that involves
data measurement within and outside of the clean room. Figure 5.19
summarizes the classification of metrology. Metrology within the
clean room can be categorized as being either in-line or in-situ. In-line
metrology involves data measurement on test structures that have
been fabricated on the wafer; it includes measurement requirements
for the process control of fabricating transistors and on-chip
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-SEM
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-Ellipsometry

Semiconductor
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In-line In-situ Off-line
metrology metrology metrology
-Transistor parameters -Wafer state sensors -Outside cleanroom
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-Interconnect variation thickness
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Ficure 5.19 Semiconductor metrology classification.

interconnect.? Typical in-line measurements are CD variation, overlay
error, material thickness, wafer resistivity, and etch control. These
measurements must be fed back to the designer for incorporation
into better circuit design solutions.

In-situ metrology refers to measurement and process control
performed using sensors in the test bed and process chamber. Typical
in-situ measurements are based on chip-level sensors for temperature
variability, power droop, and (most importantly) process state. Off-
line measurements are those that are performed outside the clean-
room facility.

5.4.1 Precision and Tolerance in Measurement

Measurement precision is a combined function of the measuring tool’s
short-term reliability and its long-term reproducibility. Process
tolerance refers to the variation in parameters and tool properties that
can be tolerated by the process. In general, precision can be estimated
by repeating measurements of a specific type on reference data for a
prolonged observation period. A measurement tool’s repeatability is
the extent to which the measurements it takes do not vary under
identical process conditions; a tool or measurement’s reproducibility is
the extent to which the measurements taken are time-invariant. The
ratio of measurement precision to process tolerance is a well-accepted
metric for evaluating the capacity of automated metrology
equipment to produce useful statistical data on process control.?®
Measurement accuracy or precision can be defined as the square root

of the sum of squares of repeatability and reproducibility:
2 2

. .. =[O + O . .
precision repeat — “reprod  Process tolerance is defined as the range of
variation allowed by the process: Tolerance  =lim  —lim
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where overbar and underbar indicate upper and lower limit
(respectively) of process tolerance. The precision-to-tolerance ratio is
then given by

P 60

_ Pprecision ( 51 9)

T limprocess —lim

—————process

A P/T value of 30 percent is typically allowed for a measurement
tool. However, owing to the increased variability across all
manufacturing steps, a P/T value of less than 10 percent is preferred.
High precision, lower tolerance, and high resolution form a good
measurement framework for reliable back-to-design feedback
schemes to help control process parameter variation.

5.4.2 CD Metrology

Critical dimension metrology involves the measurement of linewidth,
spaces, and via or contact holes patterned on the wafer. There are
three principal techniques for performing linewidth measurement:
(1) scanning electron microscopy (SEM); (2) electrical metrology; and
(3) scatterometry. Each technique is based on fundamentally different
concept of measurement. Scanning electron microscopy, as the name
implies, uses electron flow to take measurements; electrical techniques
use test structures; and scatterometry is an optical technique.

5.4.2.1 Scanning Electron Microscopy
The technique most commonly used today is SEM, which uses an
electron beam to scan a particular region of the wafer. A simple SEM

Electron gun

Lens |
Aperture
Scan generator
. I
Scan coils — [—
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— Lens Il display
| unit
Wafer | Amplifier
sample Detector

Ficure 5.20 Simplified schematic for scanning electron microscopy (SEM)
setup.
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Ficure 5.21 Electron signal corresponding to one edge feature as measured by
SEM; the signal’s attributes help pinpoint the edge’s location.

setup is shown in Figure 5.20. The voltage of electron beams used to
measure changes in the resist ranges between 300 and 1000 volts. The
incident beam is scattered and moves in directions that depend on
the wafer’s material composition and feature topography. This
scanning beam is collected and amplified to produce an image.
Topography induces variation in the intensity of the detected signal,
which is visible in the resulting image. Edges are located based on
analysis of the intensity profiles; see Figure 5.21. The change in
intensity is at a maximum on the edges and at a minimum on the flat
surfaces.

Various edge detection techniques—such as maximum slopes,
linear approximation, and inflection-point techniques—have been
proposed in the literature.?” A simple expression for measuring signal
threshold (one that is similar to that used for edge detection in aerial
imaging simulation) is:

Ith = (1 - P)ESmin + (P)Esmax (520)

where ES is the edge signal and the probability P takes a value
between 0 and 1. Apart from the incident beam, secondary and back-
scattered electrons also cause emission onto the wafer surface. All
emissions are proportional to the slope of the feature being scanned.®**!
Figure 5.22 shows that the number of electrons is proportional to
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Ficure 5.22 Secondary emissions depend on the slope of the resist profile.

1/(cos 0), where 0 is the sidewall angle of the profile being scanned.
Hence, the resist profile image can be created by measuring the
linewidth and height of the feature (from the incident beam) and the
sidewall angle (from the secondary emissions). Extreme care must be
taken when using SEM images to predict edge location and slope,
because the profile variation of such images is highly sensitive to
errors.

Wafer images created by SEM also have application to defect
identification and other device measurements. However, a major
problem with SEM imaging is charging of the sample being imaged.
Electrons from the incident beam induce charging of the substrate,
which can have a significant effect on the measurement. The extent of
charging depends on the voltage of the incident beam and on the
composition of the substrate material, so any change in either of these
factors can lead to measurement errors. At low voltage, energy beams
have high numbers of primary electrons and and low numbers of
secondary and back-scattered electrons. This balance changes at
higher voltages. The measurement is error-free only when the material
being imaged remains electrically neutral, yet the material being
exposed may accumulate a net charge.?>*® Negatively charged material
deflects electrons, which causes measurements to be narrower than
the actual linewidth (see Figure 5.23). The opposite happens when
the material is positively charged. Recent work has shown that error
magnitudes can be reduced by taking a 2-D Fourier transform of the
resulting image.**

5.4.2.2 Electrical CD Measurement

Linewidth can be measured electrically as a supplement to SEM
measurement. For a particular CD specification, SEM measures the
material surface for best focus, the exposure dose, and the wafer tilt.
However, it is not practically feasible to perform line edge
measurements for all lines on a wafer. Electrical measurements
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‘ ‘ ‘ ‘ ‘ Electron beam ‘ ‘

Original feature

Resulting image

(a) (b)

Ficure 5.23 Measurement error caused by behavior of scanning beam
electrons: (a) electrons are deflected by negatively charged material, so the
measured linewidth is narrower than actual; (b) electrons are absorbed by
positively charged material, so the measured linewidth is wider than actual.

complement SEM by reading CD values at different regions of the
wafer.

There are two ways to perform electrical CD measurement. One
technique for obtaining gate CD value is by calculating the
transconductance g of the transistor. This transconductance is
defined as the ratio of the derivative of current I, and the derivative
of the gate-to-source voltage V_ at a constant value of drain-to-source
voltage:

dl,

gm dV

gs

(5.21)

Vds

The transconductance changes as follows for different regions of
transistor operation:

- {,BVdls for V,, <V, (active region) (5.22)

BV, forV, 2V, (saturation region)

sat

where =L 'is used to estimate the effective gate delay and leakage
during frequency binning and reliability tests.

The second well-known procedure is to use test structures (like
the one depicted in Figure 5.24) to estimate printed CD for the mask
under preset imaging conditions.*** This method estimates W.,, the
electrical linewidth from the test structure, in terms of the sheet
resistance R and the bridge resistance R, both obtained from

potential values at the probe pads. That is,

R
Wi ==L (5.23)
b
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Ficure 5.24 Resist test structure for electrical CD measurement.

The sheet resistance is obtained as a function of voltages observed at
the probe pads of the test structure:

o Vasl# ol # Vel Ve

(5.24)
sh 8 Ish

Thus, R is obtained by first passing a current I, between pads 3 and
4 while measuring the voltage V, . between pads 2 and 5; the current
is then reversed to obtain V,,. The same procedure is adopted for
measuring the voltage between pads 4 and 5 (and vice versa) as a
current [, flows though pads 2 and 3. Likewise, the bridge resistance
R, is determined by passing a current I, through pads land 3 while
measuring the voltage change between pads 5 and 6. Thus,

g, =Vl Ve 625

21,

Line end effects are avoided by ensuring that the test structure
has length significantly greater than the width of an interconnect (i.e.,
W.s>> L.). Electrical linewidth measurement is also used to measure
contact and via dimensions.*” Let L __ and W__ denote (respectively)
the width and length of vias or contact holes in the test structure, and
let N be the number of these features. Then the effective diameter of
via-contact holes is given by
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_L ﬁ i_ﬁ —
RN = NH N i) 1} (5:26)

where W_, is the reference width of a similar test structure. Electrical
measurements can be used to verify stability of results from SEM
images.*

5.4.2.3 Scatterometry

Scatterometry is a method that complements the SEM technique. As
with SEM, this procedure requires a large enough area to deduce CD
and resist profile information. Scatterometry involves the use of a
beam of light that is incident on a grating printed on the wafer. The
reflectance of the light is measured as a function of the wavelength in
order to obtain a profile. A schematic of a scatterometry setup is
shown in Figure 5.25.

There are two types of scatterometry: one that changes the
wavelength to obtain the reflectance of images, and one that uses
varying incidence angles. When it’s the wavelength of the light that is
changed, the method is known as spectroscopic ellipsometry.* The plot

Laser

Detector

Scanner Q

~<— Scattered light
intensity

Grating

Ficure 5.25 Scatterometry setup.
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Ficure 5.26  Reflectance of SiO, on Si in water.

of reflectance versus wavelength (see Figure 5.26) is compared to a
precharacterized library for information on CD value, resist profile,
and thickness. When a good match for this comparison is obtained,
the profile is finalized. The method is known as angle-resolved
spectrometry if it’s the angle of the incident beam that is varied.*

The ellipsometer measures two parameters, referred to as “Del”
(A) and “Psi” (W), from which reflectance can be estimated.*! Del is
the phase difference @, - ¢, after reflection, and Psi is defined as
follows:

%’
-

tan = (5.27)

Note that the reflectance p can be described as the ratio of parameters
Rrand R*:

P

RS

p=—=tanyxe* (5.28)

Unlike SEM, scatterometry is capable of generating the complete
resist profile; hence it can be used more effectively than SEM to obtain
CD information regarding variation in dose and focus.*! Scatterometry
is best suited for one-dimensional measurement of the resist profile.
It cannot be used to measure post-OPC layout or contact and via
features because the analysis of two-dimensional wavelength is too
complex.
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5.4.3 Overlay Metrology

Overlay refers to the registration of a mask pattern with the patterned
structure of the underlying layer present on the wafer.* Most overlay
tools use simple optical measurements to automatically evaluate how
far the current feature’s center is from the center of the pattern on the
wafer. Overlay metrology is required for all features on the mask.
Control of gate CD variation is critical in integrated circuit
manufacturing, so overlay metrology for the smallest of features is
especially important. Figure 5.27 shows examples of overlay errors.
Overlay is measured at specific points on the wafer by using
special features (see Figure 5.28). Consider now the feature shown in
Figure 5.29; the measurements L, and L, along the X axis are used to
calculate the overlay for this particular wafer orientation as follows:

(AX), = @ (5.29)

Tool-induced misalignment can occur because layer 0 and layer 1
of the exposure step use different materials. This misalignment causes
asymmetric patterns on the wafer, as shown in the figure. Equipment
problems that can lead to asymmetric imprints include nonuniform
illumination, wafer tilt, lens aberrations, decentered lenses, and

X-overlay
error

[

Drain contact

Gate contact

I Y-overlay
error

Source contact

Ficure 5.27 Overlay errors.
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Ficure 5.28 Typical overlay patterns.

Ficure 5.29 Misaligned overlay: the inner box
is the underlying (substrate) pattern on wafer; Lxo > [~
the outer box is the second (polysilicon) pattern. ] Ly

nonuniform detector response.**#* A simple verification of wafer
overlay due to asymmetry can be performed by rotating the wafer by
180° and then recalculating the AX value:

(AX) XL — _ (AX)y (5.30)

180°

Ly,—L
2

The sum of AX at the two orientations must be zero in order for
the pattern imprint to be symmetrical. This method of wafer overlay
measurement was the first to suggest appropriate shifts in mask
position to improve patterning symmetry.* Improvements to this
technique have been used to identify overlay errors such as translation
errors, scaling, orthogonality and wafer rotation. Overlay errors can
also result if the reticle is not flat and square (see Figure 5.30). To
monitor wafer process errors that frequently occur with a particular
equipment setup, a check process consisting of a dry wafer run is
performed to keep track of within-die and die-to-die overlay errors.

As pattern density has increased with scaling, CMP causes
material thickness undulations. This leads to problems with
acquisition of alignment patterns and also creates overlay measure-
ment issues (see Figure 5.31). Overlay measurement structures that
compensate for material thickness variations have been suggested, as
shown in Figure 5.28. The box-and-frame structures shown are
typically less prone to CMP-induced measurement variation than are
the cross and box-in-box structures. Better overlay measurements
result when the features that help alignment are printed at linewidths
greater than the minimum feature width. When feature sizes shrink
to less than 45 nm, lens aberration and variations in line edge
roughness can induce linewidth changes that exceed 10 percent.
Feature placement errors for actual interconnect and gate patterns
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Ficure 5.30 Lithographic stepper diagrams illustrating the relationship
between reticle position and overlay errors.

Fieure 5.31 Distinguishing

overlay error from measurement

error is complicated by CMP- Top view
induced edge irregularity.

- ] [
Side view Oxide

Filled and
polished area

will differ from overlay errors. Hence, overlay patterns are printed at
minimum feature widths not only to improve alignment but also to
help with other measurements.

5.4.4 Other In-Line Measurements

In addition to measurements of CD and overlay, metrology is also
required for measurements of gate dielectric thickness and other
device parameters. Thus, metrology plays a vital role in establishing
the proper specification of device and oxide variations for the SPICE
modelingused incircuitsimulationby designengineers. Scatterometry
is used to measure gate dielectric thickness on both patterned and
unpatterned wafers. The dielectric thickness is estimated using the
optical parameters of the dielectric film structure, and the observed
measurement depends on the size of the area being analyzed.
Multiple-wavelength reflectance techniques similar to those of CD
metrology are used to measure the exact thickness of the dielectric on
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the wafer. The ellipsometer measurement is affected not only by the
process-dependent refractive index of the medium but also by the
interaction at the oxide-silicon boundary (interface layer). Since
the measurement is sensitive to both parameters, computationally
robust optical models for the substrate-oxide interface are required in
order to attain precise measurements.

An electrical technique for estimating effective dielectric thickness
uses capacitance-voltage (c-v) data obtained from test structures on
the wafer. The effective thickness refers to those regions in which the
material acts either as a dielectric in a capacitor or as a transistor
between two conducting surfaces. Thickness values measured
electrically can differ from those measured optically because doping
concentrations of polysilicon differ above and below the oxide. Given
the current levels of dopant fluctuations and dielectric thicknesses
approaching 2 nm, the thickness measurements used to estimate
threshold voltages of devices on the wafer must be extremely accurate.
Better process control will require the development of new methods
that minimize errors in translating between optical to electrical
information.

Because dopants control a transistor’s operation, accurate
measurement is crucial for an effective analysis of their implantation.
Ion implantation is the predominant method used in doping
semiconductors today. The types and concentration of implants vary
with the terminal of a device. Implant steps are classified into three
types: (1) high-energy dose for retrograde doping to form well
structures; (2) medium-energy dose to form source, drain, and drain
extension regions; and (3) low-energy dose for the threshold voltage
implant in the channel. These doping types have different tolerance
levels, so the metrology and its required precision varies. Well-known
techniques for dopant measurement include the four-point probe,
depth profiling with “secondary ion mass” spectrometry, and
optically modulated reflections. For more details on the concepts of
device dopant metrology, the reader is encouraged to consult the
work of Current, Larson, and Yarling.*

5.4.5 In-Situ Metrology

There are two major limitations of the statistical process control used
by manufacturing houses. First, only one or a few parameters are
considered to be varying; and second, all measurements are delayed
versions of the past state of the process or tool. In-situ metrology
incorporates sensors to make a wide range of measurements
throughout the manufacturing processes. In-situ metrology has three
principal aims: (1) find process anomalies by considering a wide
domain of parameters; (2) detect process variation within a short time
frame; and (3) decrease the variance of wafer state parameters, not
the number of checkpoints. Advanced process control is a reactive
engine that involves the use of in-situ sensors. The control system
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starts with processing information from sets of in-situ sensors and
other metrology tools to arrive at a performance metric for the tool.
When measurements indicate that some predefined specifications are
not being met, the process is terminated or model tuners are used to
reoptimize the tool settings so that performance returns to being
within specifications. Thus in-situ metrology is part of the feedback
process control engine.

In-situ sensors used during semiconductor manufacturing are
either wafer-state sensors or process-state sensors. The most critical
parameters concern the wafer state because they are directly tied to
effective monitoring and control of the manufacturing process. Wafer-
state sensors are used to assess film and resist thickness, uniformity of
thickness, and resist profile. The sensors use optical techniques (e.g.,
scatterometry, interferometry, and reflectometry) to measure the
required parameters. Optical models are then used to relate the phase
change of incident light or other electromagnetic beams to the process
parameter. However, certain process stages are not amenable to
wafer-state sensors—either because the appropriate sensor technology
does not exist or because sensors are poorly integrated with the
processing tools. In this case, process-state sensors are used to monitor
the manufacturing tool. In many cases these sensors are less expensive
and easier to control. The most important application of process-state
sensors is to determining the endpoint, which is accomplished by
continuous measurement of a particular signal during the processing
of the wafer. The primary function of these sensors is to identify when
parameter attributes change. Typical measurement applications
include temperature, gas phase composition, and plasma properties.
There are currently no rigorous models that relate process-state
measurements to actual wafer parameters, so these sensors are mainly
employed in fault detection. The use of process-state sensors for this
specific purpose has been found to increase process yield.?

Failure Analysis Techniques

Semiconductor failure analysis is the process of determining why and
how a particular device failed and how future occurrences can be
prevented. Device failure refers not only to catastrophic failures but also
to a device’s failure to conform with electrical, mechanical, chemical,
or visual specifications. Failures can be functional or parametric in
nature. A flowchart for semiconductor failure analysis is shown in
Figure 5.32. The first stage is failure verification, which confirms that a
failure has indeed occurred. This verification stage also characterizes
the failure mode of the system (i.e., the conditions of system failure). It
is critical to validate the reproducibility of failure and to characterize
the failure mode before engaging in further analysis.

Given the characterized system and information on its failure
modes, the next stage is failure analysis. Different FA techniques are
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Ficure 5.32 Flowchart for analyzing semiconductor failure.

used depending on failure mode characterization. Nondestructive FA
techniques are used before destructive ones. During each step of the
analysis, attributes of the device and its response to inputs is observed
periodically. Consistency among various FA techniques is important
for finding the correct failure mode and targeting the exact failure
location. If two FA techniques are used to analyze a particular failure,
then both must provide the same type of result (positive or negative)
regarding the failure. For example, two separate FA techniques cannot
report the presence and absence of a bridging defect at the same
location. In order to ensure accurate information on failure mode,
consistency checks are repeated by rerunning the failure verification
procedures. If consistency has been achieved, then the results of the
FA will point to the true failure site. Failure analysis is complete once
the location of the failure, mode of occurrence, and mechanism have
been identified (see Figure 5.32). That is, FA yields a report on the
following information.

1. Failure mode: describes how the device actually failed, by how
much it deviated from specifications, etc.

2. Failure mechanism: details the possible mechanism of failure
occurrence (e.g., radiation, corrosion, ESD, thermal stress).

3. Failure cause: lists the input events or conditions that triggered the
failure.

Failure analysis techniques are individual approaches to discovering
the cause, mechanism, and location of failures. Each FA technique
employs a unique procedure to analyze the device, thereby providing
specialized information on the failure.

Destructive testing is necessary for a large portion of the defects.
Of course, failure verification and nondestructive testing must be
performed before destructive testing, as the latter process results in
irreversible damage. If a component is already severely damanged,
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then electrical testing and verification may not be possible. Care must
be taken when removing electrical components so that secondary
damage is not introduced. In such cases, optical examination may be
the only suitable alternative.

5.5.1 Nondestructive Techniques

5.5.1.1 Failure Verification

Failure verification is essential for establishing the existence of a
failure and also for characterizing the suspect device. The first step is
to perform electrical testing using automatic test equipment (ATE).
The target device is tested under varying input conditions to detect
which patterns lead to failure. Results from ATE-based verification
are correlated with production standards, which enhances the validity
of the result. The FA process uses the report generated by ATE
equipment to facilitate finding the error site, failure mechanisms, and
input conditions.

Characterizing the failure more completely involves additional
testing of the component, which may include I-V (current-voltage)
analysis and simulation of the failure condition. Plotted I-V
characteristics reveal the behavior of various attributes of the device
under test. Selected nodes are connected using microprobes, after
which voltage is applied to the component. The resulting current
characteristic is measured and compared to an ideal model to identify
suspect failure modes during device operation. Another type of
testing is to excite the component and then measure its responses to a
given input. One drawback of this approach is that the testing circuit
setup changes when a new set of parameters are to be analyzed. To
overcome this limitation, device operation can be simulated while
attempting to replicate the failure. The simulation is set up to modify
various input parameters and characteristics of the device, observe
the response, and identify the failure.

5.5.1.2 Optical Microscopy

With optical microscopy, failures are located and analyzed by
inspecting the component with a high-power optical microscope. The
setup consists of the sample being placed perpendicular to the
direction of light. Light incident on the sample reflects off the surface
and back to the lens, thus providing an enhanced, magnified image.
The actual image captured by the microscope depends on the light
wavelength, the lens system, and the sample material. Three types of
illumination are used to detect varying types of device failure. Light-
field illumination consists of uniformly focused light over the sample
under test. The reflectance information from this illumination setup
detects topographical modulation of the sample surface, which can
be used to detect thickness variations in the component. Dark-field
illumination eliminates the central light cone and only allows light
through the periphery, forming a ring. This light impinges on the
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surface at an angle, which causes scattered light from rough edges
and other irregularities in the surface. Dark-field illumination is used
to detect surface scratches and other contamination. Interference
contrast illumination uses polarized light to displace light rays that
take different paths along the sample surface. The reflected waves
produce interference fringes in the image plane, which are used to
detect surface defects such as etch errors and cracks. This method is
especially effective for examining fractures, chemical damage, and
other small defects not visible under normal illumination.

5.5.1.3 X-Ray Radiography

X-ray radiography is a nondestructive method of analysis that is well
suited to detecting many types of interior package defects observed
in semiconductors. X-ray radiography is based on the phenomenon
that x-ray transmission through different materials varies syste-
matically with material density. Different regions of the package
transmit x rays with differing contrast levels, which can be imaged
onto a film. X-ray signals transmitted through the system are collected
by a detector and amplified to produce a good image. Low-density
regions of the package appear bright in the x-ray image. X-ray
radiography is commonly used to inspect cracks, wire bonding
problems, and voids in the die or package.

5.5.1.4 Hermeticity Testing

Hermeticity testing is often used to assess the integrity of device
encapsulation. This analysis is typically used to detect package seal
cracks, incomplete sealing, and wetting within the package. The
purpose of the encapsulation is to prevent gases or fluids from leaking
into the package. Moisture intrusion and gas attack on a device’s
internal surfaces will result in corrosion and failure. In semiconductor
devices, moisture attacks cause physical corrosion, electrical leakage,
and shorts. To analyze package integrity, two types of leak testing are
performed: the gross leak test and the fine leak test. The first step in
each test type involves a vacuum cycle to remove trapped gases and
moisture within the package. In the gross leak test, the package is
soaked in fluorocarbon liquid under pressure; this is followed by
visual inspection of the package for signs of bubble emission, which
would indicate leak failure. In the fine leak test, the package is soaked
in pressurized helium gas, which drives helium atoms into accessible
places in the package; then the leakage rate of helium atoms is
measured in a vacuum. Alternative techniques have been suggested
that use the same principle steps of vacuuming, immersion, and
inspection but with various other fluids and dyes. Hermeticity testing
is a nondestructive secondary FA technique that is commonly used to
aid in postulating the probable cause of failure.

5.5.1.5 Particle Impact Noise Detection
Particle impact noise detection (PIND) systems are employed to
detect loose particles within unfilled cavities present in the device.*®
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When applied to a device, noise signals can excite loose particles,
which are then detected by a transducer. This testing procedure is
performed in the presence of high leakage, intermittent behavior,
and/or shorts. Devices that fail PIND tests must be further analyzed
to find the nature of the particle under stress. The PIND test is also a
secondary nondestructive FA technique.

5.5.2 Destructive Techniques

5.5.2.1 Microthermography

Microthermography is a well-known semiconductor FA technique
used to locate areas on the die surface that exhibit high thermal
gradients (aka hotspots). Excessive heat indicates high current flow,
which could be caused by circuit abnormalities, high current density,
dielectric breakdowns, and open or short junctions. Hotspots are
detected by dropping a ball of liquid crystal onto the die surface while
maintaining the die in a biased (powered-up) state to create a
temperature gradient. Atlow temperatures, the liquid crystals remain
solid; but as the temperature rises, the crystal liquefies and so its
visual appearance on the die changes.

Liquid crystal can appear in one of two different phases. In the
isotropic phase, the liquefied crystal is highly homogenous; thus it
appears completely black under an optical microscope when polarized
light is shone upon the die. This phase is unsuitable for detecting
temperature gradients. In the nemetic phase, however, the light
reflected back passes through the analyzer to form a distinct, prismatic
pattern on the die. When a die is coated with nemetic films, hotspots
appear black under the microscope, and this is how they are
detected.

5.5.2.2 Decapsulation

Decapsulation is an FA technique used to reveal internal construction
and to uncover device failure. The plastic package is opened without
altering the failure mode. Decapsulation techniques can be either
mechanical or chemical. The mechanical decapsulation process involves
the application of opposing forces to the top and bottom of the
package in order to remove the seal glass or pry the lid of the ceramic
package. Chemical decapsulation techniques include chemical, jet, and
plasma etching that employ external etchant materials to perform
chemical decapsulation. Acid-based chemical etching involves the
use of fuming acids such as sulfuric and nitric acids. These acids do
not etch selectively but instead attack materials indiscriminately
while performing decapsulation.

5.5.2.3 Surface Analysis

Surface analysis using x-rays is a useful supplement to SEM metrology.
When a sample is bombarded with a high-energy beam of electrons,
the x rays emitted from the surface can be captured with a detector.
The penetration depth of the electron beam within the silicon is a
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function of the energy of the emitted x ray. X rays interact with silicon
atoms to generate electron-hole pairs, thereby generating currents.
These currents are sampled to find magnitudes that are correlated
with the x-ray peaks, signaling the presence of various elements in
the specimen. A specialized surface analysis known as auger electron
spectroscopy (AES) involves ion etching of the surface followed by
analysis of the resulting depth profile of the contamination. Other
techniques for surface analysis include secondary ion mass spectrometry
(SIMS), which is used to measure directly the dopant profiles in the
semiconductor, and energy spectroscopy chemical analysis (ESCA),
which utilizes information on the valence state of the material to
analyze material composition on the device surface.

Summary

This chapter began with a brief discussion of the semiconductor
manufacturing processes. We provided an overview of process-
induced defects, of their sources and electrical impact, and of defect
models. The various proposed particle defect models were explained,
along with their use in CA-based yield analysis. We discussed
patterning problems that can lead to pattern-dependent catastrophic
device failures due to errors in diffusion, vias, contacts, and
interconnect. Variations in thickness due to CMP can cause defocus
errors, contributing to defect formation. We described how pattern
density can be correlated to CMP-related thickness variations and
also to local etch problems. We then proceeded to examine various
layout engineering techniques to mitigate both particulate- and
pattern-induced errors. In addition, various metrology techniques
and their applications to semiconductor measurement for process
control were described. Finally, we introduced semiconductor failure
analysis by describing the various destructive and nondestructive
techniques in use today.
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CHAPTER 6

Defect Impact Modeling
and Yield Improvement
Techniques

Introduction

With increasing device density, manufacturing defects and large
process variations lead to higher rates of device failure. The previous
chapter dealt with two types of defects that occur in semiconductor
manufacturing: particle (process-induced) defects and lithography
(pattern-dependent) defects. With large process variations, circuits
suffer from parametric failures. Metrology and failure analysis
techniques aim to identify the root cause of a failure induced by a
defect, its failure modes, and its input conditions. A defect is said to
cause circuit irregularity only if it manifests itself as a fault. A fault
can cause either logic failure or parametric failure. Catastrophic
failures are usually tied to logic faults, whereas parametric variations
occur because of changes in some attributes of a device. For example,
a defective oxide layer can lead to threshold voltage variation, which
may manifest as a parametric fault.

A designer’s role is to hypothesize about such potential defects
and to generate test patterns that can effectively screen for defective
parts. In a designer’s world, fault models are pivots to generating test
patterns. Without effective test patterns, defective chips cannot be
screened at a manufacturing site. When a defective part ends up in a
board, the downstream cost of testing it and replacing the faulty chip
is typically far greater than the cost of a manufacturing test at the
factory. This explains the importance of fault models. Section 6.2
describes defect and fault models, whose purposes are to hypothesize
about a defect’s location and its behavior in faulty mode.

In contrast, the purpose of a yield model is to predict the number
of good chips produced per wafer or per lot; this prediction is based
on defect and fault distribution statistics. Yield may be classified as
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functional or parametric. Any chip that works correctly under some
voltage, frequency, and temperature conditions is included in func-
tional yield. Parametric yield is a proper subset of functional yield
that consists of chips that work under stipulated voltage, frequency,
and temperature conditions. Parametric yield may differ significantly
from functional yield if there are large parameter variations in a
design. In the previous chapter we saw how defect probability may
be translated into a probability of failure, which then translates into a
yield model. The process-induced yield model calculates the yield of
a design based on the statistical distribution of defect size and the
critical area of the layout.

Manufactured devices vary in performance, so optimizing
parametric yield is a design responsibility. Designers need tools to
predict parametric yield at design time. Yield predictions are based
on statistical timing analysis, which requires information about the
range of process variation. A process variation that is large creates a
design optimization problem as well as parametric yield problems.
Assuming the worst-case scenario may lead to unreasonable device
sizing during design optimization, increasing power dissipation and
creating design convergence problems. On the other hand, basing a
design only on “nominal” process variation may lead to parametric
yield loss. Thus, assumptions made during the design phase affect
the area, power characteristics, and parametric yield of a design.
These factors must be traded off carefully.

Failure analysis leads to better understanding of defect profiles.
For example, some defects may be related to specific layout structures
that can be avoided by excluding those structures. Many random
defects occur in clusters and can be isolated and replaced by spare
functions. It is thus possible to minimize defect formation with better
design and also to survive any defects that do arise with planned
redundancy. Fault avoidance refers to a collection of design practices
thatreduce the possibility of a defect. Fault tolerance employs hardware
design and software techniques that compel circuits to behave acc-
ording to specification even when a defect may be present. Designs
that incorporate fault avoidance and tolerance lead to better yield.

Many spot defects occur as clusters. This knowledge has been
exploited to improve the yield of several design structures at a low
overhead. Today’s SRAM and DRAM chips incorporate spare rows,
spare columns, or spare blocks to take advantage of defect clustering;
this implementation of low-overhead redundancies allows these
memories to survive defects. Such designs use fuse programming to
activate and deactivate spares. Redundancy-based, fault-tolerant
design techniques—together with the use of programmable fuses—
are discussed in Sec. 6.3. The properties of transistors and interconnect
wires also vary when defects are introduced by the patterning process.
New techniques have been devised that help harden the circuit
against such defects. A few of the techniques described here involve
widening of wires, transistor sizing, and gate biasing.
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6.2 Modeling the Impact of Defects on Circuit Behavior

Errors can occur during the circuit realization process and also during
the manufacturing process. Circuits are “realized” through successive
steps of refinement. Each step involves manipulating the circuit
representation, a process that is prone to errors. Such errors are
addressed by design verification at every step of the circuit
transformation process. Errors that occur during circuit realization
are typically referred to as presilicon errors. Such errors include:

1. Logic errors—improper functionality of the circuit

2. Timing errors—not meeting required performance goals (often due
to insufficient tolerance to process variations)

3. Physical design errors—resulting from DRC and/or DFM guidelines

not being met, inadequate OPC, etc.

These presilicon errors must be detected, analyzed, and corrected
before the product is sent to the foundry, where downstream repairs
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Gate level description
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Ficure 6.1 Error sources and analysis actions.
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are much more expensive. Figure 6.1 depicts the sources of manu-
facturing and circuit errors and the associated responses of analysis
and verification. A typical verification suite includes architectural
pattern simulation, formal verification, logical equivalency checks,
design rule checks, signal integrity analysis, printability verification,
electrical rules check, timing analysis, and reliability analysis.
Defects that occur during the manufacturing process are referred
to as postsilicon defects. These defects include random or spot defects as
well as systematic defects, which are usually lithography and/or
pattern dependent. The sources of such defects and their mechanisms
were detailed in Chapter 5. The first analysis action performed after
manufacturing is a wafer test that distinguishes good from bad dies.
Good dies then continue through the process, undergoing further tests
and quality assurance checks; defective dies may be targeted for
failure analysis or simply discarded. As explained in Sec. 5.5, failure
analysis is used to obtain detailed reports on the cause, failure mode,
and mechanism of various postsilicon defects. Once a failure mech-
anism’s origin is identified, steps may be taken during subsequent
design work to prevent such defects at the outset. These considerations
underscore the importance of modeling defect mechanisms.

6.2.1 Defect-Fault Relationship

A manufacturing defect becomes a fault when it manifests itself as an
observable design failure. Manufacturing defects such as spot defects
and systematic defects may result in functional and parametric design
failures. The relationship between manufacturing defects (aka
deformations) and integrated circuit failures is illustrated in
Figure 6.2. The lower part of the figure classifies defects by type and
extent; the upper part classifies circuits in terms of their operating
condition. A functional failure is attributed to structural fault, whereas
performance-related failures are attributed to parametric faults. Solid
lines indicate a direct relationship between defect and failure, while
the dashed lines indicate an indirect relationship’. This type of
representation for a classification of faults and error sources has been
derived from the defect-fault relationship described in Maly et.al.!
Each deformation may manifest as a number of different faults
whose underlying causes are defects arising from particulate- or
pattern-induced errors. Particle defects can be classified based on the
geometric and electrical effects. Pattern-dependent defects originate
from the etching process, diffraction during image transfer through
the projection system, or chemical-mechanical polishing. A particular
defect’s region of influence determines whether it is global or local.
Global defects lead to malfunction of multiple devices or interconnects
present in an integrated circuit, and they are relatively easy to detect.
Local defects affect a smaller region of the IC, so they are harder to
spot without targeted tests. Hard and soft performance failures are
classified as a function of defect-induced electrical effects, which
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Ficure 6.2 IC manufacturing process deformations and their relationship to IC
faults.

rarely affect the IC’s structural operation. Global defects are more
likely to cause soft performance failure, and they are typically cont-
rolled by effective process control and process maturity.

6.2.2 Role of Defect-Fault Models

There are three principal motivations for the modeling of defects and
faults: avoiding defects, estimating yield, and generating test patterns.
Defect avoidance requires understanding the nature of defects and
how they relate to circuit structures. Yield estimation requires
understanding the spatial distribution of defects in terms of their size
and frequency. Test patterns are usually generated based on fault
models in which defects are characterized by their impact on circuit
behavior rather than by their frequency, physical size, or extent of
clustering.

Although these three applications are quite different, the unifying
theme in modeling is to understand how defects relate to physical
structures, the scope of a defect’s influence, and the impact of defects
on circuit behavior. Fault modeling for the purpose of generating test
patterns can similarly be classified into three categories: (1) defect-
based fault models, which use defect location and size to estimate
impact on circuit behavior; (2) abstract fault models, which rely solely
on abstract models of failure; and (3) hybrid fault models, which are
rooted in defect structures but ultimately map to abstract fault
models.

Defect-based modeling is the most direct technique for modeling
faults. This method aims to model the exact behavior of the defect,
the failure mode, and the input/output behaviors. Defects are often
related to physical structures, in which case their likelihood and
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location can be predicted reasonably well. Such predictions are central
to defect-based fault models. A complex fault model may incorporate
the elements and classification structure illustrated in Figure 6.3.2

Fault models are used in automatic test pattern generation (ATPG)
to create test vectors or in pattern simulation to estimate coverage.
The patterns are then applied to the circuit in order to screen for
defects. The role of fault models is to provide a logical basis for test
pattern generation. If the derived test patterns are effective in
screening defects, then the underlying fault model is considered valid
regardless of its type.

6.2.2.1 Defect-Based Fault Models
Defect-based fault modeling (DBFM) relies on circuit structures to
predict where a defect might occur as well as its severity and modes
of failure. Fault models that are based on realistic defects are extremely
precise and hence provide effective fault coverage if used for pattern
generation. Yet even though DBFM is comprehensive in capturing
fault behavior, it is not ATPG-friendly. This is because ATPG
algorithms are effective only when dealing with a limited set of
constraints. Given the elaborate constraints and timing relations
between signals, ATPG often fails to provide a solution. These ATPG
problems deter more extensive use of DBFM. However, the simulations
run by defect-based fault models are usually not complex and often
provide useful diagnostic information. Examples of DBFM include
bridging faults, stuck-open faults, IDDQ faults, and analog faults.?
These models attempt to predict the behavior of a circuit under the
defect condition. It is tempting to continue improving the accuracy
with which fault models mimic defect behavior. But just as in other
areas of engineering, there is always a trade-off between accuracy
and computational efficiency.

Defect-based fault modeling is predominantly used to model
open or short lines and stuck-on or stuck-open transistors. Recall

Fault attributes

Cause Duration Value
Spec | External Permanent |  Transient Determinate Indeterminate
error errors
Component Intermittent
Implementation  defects
error Nature Extent
Hardware Software Local Global

Analog Digital

Ficure 6.3 Classification of fault (failure) attributes.
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that, when two or more lines are bridged as a result of particulate or
printability defects, a line short fault (aka bridging fault) is created; in
contrast, a line open fault is created by particulate- or lithographic
patterning-induced electrical discontinuity. Similarly, if defects in
linewidth, alignment, or doping induce “punch through” in a
transistor, the result is a stuck-on fault. A transistor that cannot be
turned on is manifesting a stuck-open fault. The fault models may
further be refined when resistances are considered. For example, a
transistor in the stuck-on state may behave like a resistor, and resistive
line opens and shorts may be described similarly. In CMOS circuits, a
fault that creates a floating condition may also induce memory effects.
Two or more consecutive test patterns may be required before such
faults are detected.

Consider the circuit sketched in Figure 6.4. It shows a CMOS
NAND gate with inputs A and B connected to pMOS transistors P1
and P2 and nMOS transistors N1 and N2. Let us assume that a CMOS
transistor may be idealized as switch that turns ON (switch closed)
and OFF (switch open) depending on its input. The stuck-open fault
in transistor P1 results in a condition where this transistor never
conducts. During the normal operation of the gate, if inputs AB=11
then the N1 and N2 switches are closed while the P1 and P2 switches
are open, thus connecting the output node OUT to ground (GND).
Under input condition AB=01, P1 should establish a path from
output to power supply (V). However, in a faulty circuit where P1
is stuck open, there is no conducting path to any of the power
terminals from the output node. Because there is no conducting path
to either V, or GND, the output node is in a floating state. In this
state, the voltage at the node OUT is determined by the stored charge
in the capacitor. If the inputs 01 were immediately preceded by the
inputs 11, then the capacitor would store a value of 0 even though the
fault-free output would be 1. This discrepancy leads to detection of
the fault. However, if the capacitance were charged to logic 1 prior to
the inputs AB=01, then the output logic value would remain at 1;
under this condition, the fault is not detected. Therefore, the detection

Ficure 6.4 Stuck-open fault
in a CMOS NAND gate.

ouT
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of such faults requires a two-pattern test. In this example, the fault
cannot be detected unless the capacitor is precharged to a value 0,
which is possible only if the inputs are 11. The faulty gate may be
embedded inside a larger circuit. In the circuit illustrated here, inputs
AB to the gate are determined by primary inputs of the circuit. As the
primary inputs switch, inputs AB to the gate may transition from 11
to X0 to 01; in this case, the intermediate value may destroy the
precharge condition and thus invalidate the test. A test that can
guarantee no such invalidation will occur is called a robust test. In
practice, robust tests are difficult to create. (For more on this subject,
see Jha and Kundu.?) Whenever an output node is not driven, it is in
a floating state whose value is denoted by Z.

Transistor stuck-on faults may be detected with a single test
pattern. The stuck-on transistor causes a short circuit between the
power rails (V,, and GND), which leads to an increased quiescent
current that can be detected by I, -based tests.® Faults of this type
are detected by comparing the quiescent current of a faulty and a
fault-free circuit. In large circuits, the quiescent current may itself be
several orders of magnitude larger than the faulty current caused by
a stuck-on transistor. For example, in 45-nm technology, I for a
pMOS transistor may be of the order of 300 nA per micron of transistor
width and the total quiescent current may be in the tens of amperes.
Hence, I,,,-based fault detection is usually impractical with large
circuits. Fortunately, two-pattern tests may work well in such cases. If
transistor P1 had been stuck ON in our example, we could have
applied the two-pattern transition test 0X—11. The first pattern
initializes the output node to a value 1, and the second pattern is
presumed to discharge the capacitor and thus take its output value
to 0. Yet the presence of a stuck-on fault will significantly delay the
discharge; hence, even if the final logic value settles at or near 0, it
will take much longer for the current to flow through P1. Consequently,
this fault may be detected as a delay fault.

Line open faults and bridge faults may be further classified as
resistive or nonresistive. Nonresistive line faults may be detected by
bridge tests and stuck-at tests, as described in Sec. 6.2.2.3. Resistive
line opens or shorts are typically detected as transition faults or small
delay faults. A two-pattern excitation may be required in order to test
for resistive opens and shorts. When the delay 6 introduced by such
a fault is small and quantifiable, the fault is classified as a small delay
fault. Low-voltage testing effectively increases the value of 6 in CMOS
circuits, which enhances fault detectability. A resistive defect that
causes infinite delay (i.e., 6 — ) is modeled as a transition fault and
tested using transition fault tests. Examples of transition faults include
slow-to-rise (STR) and slow-to-fall (STF) faults.

6.2.2.2 Defect-Based Bridging Fault Model
In order to find defect-based bridging faults, information on circuit
voltage, bridge resistance, transistor sizing, and transistor technology
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(e.g., TTL, CMOS, ECL) is used to simulate the circuit. The resultis an
approximated truth table that represents the boolean function
corresponding to the bridging fault. In a more comprehensive model,
the entire output cone (field) of a bridge may be simulated at circuit
level to determine the propagation of intermediate voltage values. As
noted previously, the engineering trade-off between accuracy and
computational efficiency has led to the development of a range of
solutions for modeling defect-based bridge faults. Some approaches
employ analog simulation for bridge sites only, whereas others
simulate the fault’s entire output cone. Still others perform analog
simulation at the cell level but then combine this with precomputed
information to model propagation of the intermediate signal value.

In CMOS, each node in a circuit represents a capacitive load that
is charged or discharged by the driver gate; the current supplied by
this gate is based on its input voltage trigger. The voltages on the
bridged nodes of a circuit are a function of the driver strengths, and
the voltage at each node is determined by the driver providing the
greatest current. The drive strength of a gate is a function of its size.
A popular defect-based bridging fault model known as the “voting”
model determines the logic value at the shorted node based on
relative strengths of its drivers. In this model, the gate providing the
largest drive current determines the logic state of the driven node. An
alternative model considers the intermediate voltage levels that arise
from such bridging faults. Under this approach, downstream logic
gates with varying input voltage thresholds may interpret the logic
state of the bridge node differently. This ambiguity is referred to as
the “Byzantine general’s problem.”®

A transistor can be represented as an equivalent resistance
between the source and the drain when the device is turned on. The
greatest drive current is provided by the path of least equivalent
resistance to either V or ground. The equivalent resistance can be
computed both statically (based on the type, size, and number of
transistors connected to the node) and dynamically (through
simulation). The resistance-based fault model and the so-called ladder
model use the equivalent resistance information to arrive at a suitable
logic value at the shorted node.

Another model assumes that the circuit’s fault-induced analog
behavior extends beyond the fault site and is interpreted differently
by gates fanning out from the shorted node. The EPROOFs simulator
implements this technique by performing SPICE-like analog
simulation at each shortened node to assign an exact value to the
node during logic simulation.” However, the computational comp-
lexity of this simulation, and hence the time required to perform it, is
high.

6.2.2.3 Abstract Fault Models
Abstract fault modeling (AbsFM) is an alternative to DBFM. The fault
model in this case offers a surrogate that represents defect behavior in
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the circuit. Typical faults that are modeled with AbsFM are stuck-at,
transition, and path delay faults. The ATPG process using AbsFM
tends to be much faster than a realistic defect model, and AbsFM is
typically a stripped-down version of the defect-based fault model.

Abstract fault modeling targets the fault attributes classified in
Figure 6.3. The most important attributes that must be considered
when modeling a defect are the technology (e.g., TTL, CMOS, ECL),
the defect source, its duration, and its value. We have discussed fault
sources previously. A fault’s duration is a measure of its effect on
circuit operation. Permanent faults are those that make the inter-
connect line hold the same state throughout the circuit lifetime.
Transition faults are activated when a line or a gate changes value—
for example, with a slow-to-rise (STR) transition fault the observed
(faulty) value is 0. Small delay faults are transition faults that occur
within a finite duration (delay) of 6. Intermittent faults are caused by
radiation-induced soft errors; these are modeled as transition faults
or as stuck-at faults that occur only at some clock cycles of operation.
Intermittent faults are not repeatable, and they occur randomly.
Although transient faults are repeatable, they may not occur during
each clock cycle. Errors of this type are typically caused by problems
related to signal integrity and may be modeled as constrained
transition faults. Path delay faults are activated when a specified
signal transition takes place along a specified path. Example includes
STR and STF output delays at the end of a path.

Stuck-at Fault Model The most commonly used fault model is the
stuck-at fault model. A stuck-at fault is a proxy for such design defects
as metallization shorts, oxide opens, missing features, and source-
drain shorts. Whereas defect-based faults may exhibit complex
errors in logic behavior, a stuck-at fault model simplifies matters by
associating a constant value at a line or a node. This makes the ATPG
process considerably simpler. Studies have shown that test pattern
sets generated by considering stuck-at faults are almost always able
to detect the defects described here.

In stuck-at fault models, the interconnect line can take only one of
two values and so test generation is computationally light. The single
stuck-at fault model is the simplest of them all (see Figure 6.5). This
model proceeds under the assumption that a circuit contains only one
fault at a time. Hence there are only 2 faults to be tested, where n is
the number of nodes. A more sophisticated version of the stuck-at
fault model is the multiple stuck-at (MSA) fault model. This model
assumes the existence of two (or more) faults at a time in the circuit,
so the number of potential faults increases to 3"—1. This model
improves the overall coverage of physical defects, but its major
drawback is the exponential fault count and the resulting huge
number of required tests. (In manufacturing, a test’s compactness is
important because larger test sets increase test time and product cost
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Ficure 6.5 Stuck-at fault in a simple circuit.

significantly.) Shorts in CMOS designs can also be modeled as
constrained stuck-at faults. The resulting logic value at the two
conducting regions bridged together by the defect is obtained by
assigning values at each node. Today’s ATPG tools can handle such
constrained abstract fault models with relative ease.

Bridging Fault Model ~Bridging fault models predict the behavior of
a circuit when two nodes of the circuit are shorted together. Abridging
fault, which is classified as a permanent fault, can occur within any
of the following contexts: within a logic element, such as source and
drain terminals of the transistor; between two logic nodes without any
feedback in the circuit; or between two logic nodes or circuit elements
with feedback. Various models have been proposed to model circuit
bridging defects.®™ Wired-OR and wired-AND are the simplest
bridging fault models. In the AND bridging case, if two nodes A and
B are bridged then the resulting behavior is AB for both nodes. Thus,
for A = 0 and B = 1 the resulting behavior is that both nodes have
value 0. In this case only, node B has a faulty value. The OR bridges
are defined similarly. One of the more interesting bridging fault
models is the dominant bridge model. Here, the value of A prevails
over the value of B in an “A dom B” bridge fault. So if B is 1 (resp. 0)
and A is O (resp. 1), then B gets a (faulty) value of O (resp. 1). However,
the “wired” logic does not accurately reflect the actual behavior of
bridging faults in static CMOS circuits.****? This divergence is caused
by the existence of intermediate values that do not clearly correspond
to 0 or 1 and thus may be interpreted differently under static versus
transition conditions. Wired-logic-based fault models may propagate
invalid logic states through the circuit. Figure 6.6 illustrates the
bridging fault between two logical nodes when a feedback path is
involved. The feedback loop can convert a combinational circuit into
an asynchronous sequential circuit.

Typically, abstract fault models are used to generate test patterns
during the circuit realization phase. These test patterns are typically
derived from models of stuck-at, transition, path delay, and bridge
faults. As mentioned before, defect-based fault models are usually
unsuitable for ATPG. However, the simulation of defect-based fault
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Ficure 6.6 Bridging fault with feedback.

models is relatively straightforward. For defect-based test coverage,
test patterns derived from abstract fault models may be simulated.
The relative success of AbsFM-derived test patterns in detecting
complex faults is due to the inherent controllability and observability
of such tests.

6.2.2.4 Hybrid Fault Models

We know that defect-based fault models are constructed using data
on actual defects, their probability of occurrence, and their effect’s
intensity. Amajor drawback of these models is the prohibitive expense
of using them to generate test patterns. Test pattern generation using
abstract models is simpler and less expensive but not as accurate or
comprehensive. Hybrid fault modeling (HybFM) aims to approach
the accuracy of defect-based fault models without sacrificing the ease
of test pattern generation based on abstract fault models.

A hybrid fault model uses a combination of abstract fault models
and constraint information from defect-based fault models. An
example that illustrates this effect is shown in Figure 6.7. Consider
the two nets A and B, which are joined by a resistive bridge. If a stuck-
at-0 fault is assigned to the point X in net B, then the abstract model
will have only one condition capable of exciting the stuck-at fault;
this is not sufficient for detecting the bridge fault. Yet if we add the
constraint that B be stuck at 1 subject to A held at 0, the condition for
detecting the bridge fault is described entirely at the logic level.
Additional logic constraints of this nature make it easy for ATPG to
produce a test pattern that can detect such bridging faults. Similarly,
for the slow-to-rise transition at B subject to constraint A=0, a
transition ATPG tool can use an abstract fault model to produce a test
pattern that will detect this resistive bridge fault.

In essence, ATPG relies on logic constraints rather than defect
information to arrive at a pattern. Its success is a function of the extent
to which reality is accurately portrayed by a simple fault model
employing only boolean (either-or) constraints and errors.

6.2.3 Test Flow

The manufacturing test flow comprises four basic steps designed to
facilitate and optimize the following procedures: defect screening,
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Ficure 6.7 Hybrid fault models: (a) example context; (b) elements.

performance binning, lifetime acceleration (to screen for aging
defects), product quality assurance, and failure analysis. The com-
ponents of a typical test flow are illustrated in Figure 6.8. The entire
test suite is usually not applied at every testing stage, which reduces
the cost of testing but does require that test scheduling involve minimal
overlap between stages. During the process of circuit realization, test
patterns are generated by designers using ATPG, fault simulation,
and manual pattern writing that are based on a set of fault models
appropriate for the particular design objectives and process
technology.

The wafer sort test (aka probe test) is the first step in the manu-
facturing test flow. The main goal here is to separate the good chips
from the bad ones in order to reduce downstream packaging costs.
The dies are then cut from the wafer, and the defect-free chips are
packaged. Representative samples from the defective bins are sent for
failure analysis. The main objective of wafer sort test is gross defect
coverage.

The next step is burn-in, which is performed on packaged dies.
Packaged dies are subject to high voltage and high temperature stress
to accelerate the aging process. High mechanical stress and strong
vibrations are used to test package rigidity. Test patterns are applied
during burn-in, but typically the response is not observed. This is
because the burn-in environment is usually outside of product
specifications and so the circuit may not operate correctly.
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Ficure 6.8 Typical test flow, with designer’s ATPG input and pattern
optimization objectives.

After burn-in, the next step in manufacturing test flow is class test.
This is the final defect screen, so extensive fault coverage is necessary.
Because frequency binning is performed in this step, at-speed tests
are applied here. The class test also includes parametric tests, which
include testing for quiescent current, input/output voltage level, and
slew rates. Built-in self-tests are frequently used at this stage in order
to reduce test application time or to avoid reliance on high-
performance testers.

Finally, system vendors perform a series of inspections to test
incoming chip quality. Such inspections are typically performed not
on every chip but rather on a statistically representative sample of
chips. These inspections are known as quality assurance checks. The
chip manufacturer may also perform quality assurance tests on a
sample of chips in order to ensure the quality of shipped product. In
each of the four steps just described, the set of patterns used is
consistent with the main objective for that particular step.

The scheduling of tests is based on the manufacturing process,
the parametric and measurement environment, and cost issues. For
example, suppose that a fault A can be detected by using either
functional or scan-based test patterns. (This fact may have been
discovered throughlogic fault simulation during the circuit realization
process.) Suppose further that, in the wafer sort test, scan-based test
patterns were applied and the chip passed this step. It would then be
preferable to apply a high-speed functional test during the class test.
Similarly, a type-X test may be used during the wafer sort whereas a
type-Y test is used during the class test. These choices simply reflect
the strengths and limitations of the particular tests. Choosing
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appropriate test patterns in each step to improve the effective fault
coverage is sometimes referred to as the test pattern scheduling and
optimization process.

In sum, fault models have two aims: (1) modeling defects at the
highest level of abstraction to facilitate fault simulation and test
pattern generation; and (2) classifying the large number of potential
individual defects into groups of defects that exhibit common failure
mechanisms and have similar effects on circuit behavior.

Yield Improvement

Every new manufacturing technology goes through a “maturing”
process: the chip yield may be low at first but it rises gradually with
time as the technology matures. However, an increasingly competitive
market dictates that the best profit opportunities occur early in the
product cycle and then decrease with time. This conflict has motivated
the search for design techniques that can produce higher yields with
a shorter maturity process.

The manufacturing failure rate for the current technology
generation ranges between 107 and 107" (i.e., one defective structure
or polygon per 10" structures).”® Given the increasingly complex
architectures that use nanometer devices to execute up to a billion
instructions per second, fault avoidance and tolerance techniques for
reliable information processing and storage must be able to operate
within a regime where some devices are unreliable.

Fault tolerance is the process of exploiting and managing
architectural and software resources to reduce the vulnerability to
failures. The core components of fault tolerance are redundancy and
reconfiguration.’* Reconfiguration is addressed in Sec. 6.3.1. Examples
of redundancies are multiple copies of devices, circuits, or even
architectural blocks that serve as spares. Error-correcting codes
(ECCs) are perhaps the best-known instance of information
redundancy. One example of time redundancy is the recomputation
and reevaluation employed by “Razor.”* Software redundancies
include redundant software threads, checkpointing, and rollback
recovery. (For a detailed treatment of this subject, see Koren and Mani
Krishna.") A brief overview of nonstructural redundancy techniques
is provided in Sec. 6.3.1.2.

We have previously discussed how manufacturing defects can be
either permanent (catastrophic) or transient (parametric). The aim of
redundancy-based techniques just described is to achieve fault
tolerance against specific defect types. Some techniques are more
efficient at reducing the probability of failure in the presence of
permanent errors (e.g., clustered spot defects); other techniques excel
at making the design resilient to transient errors (e.g., radiation from
radioactive contaminants or cosmic rays). Thus, optimal fault-tolerant
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design amounts to choosing the lowest-cost solution to guarding
against a specific defect type.

In Sec. 6.3.2 we shall examine layout techniques that avoid
potential faults by reducing printability errors. Similar protection
may also be obtained through transistor and interconnect sizing and
other circuit modifications. Defect avoidance techniques of this type
are achieved at the cost of suboptimal area, performance, and power
characteristics.

Fault-tolerant design techniques date back to the days of vacuum
tubes. In 1952, von Neumann proposed a multiplexing technique for
effecting redundancy in system architectures and components to
obtain higher reliability.” He proved that, by managing redundancies,
high reliability could be achieved from unreliable logic and storage
units. In his experiments, von Neumann mainly considered three
methods: voting scheme, standby scheme, and NAND multiplexing
scheme. He demonstrated that redundancy schemes can improve
system-level reliability.

6.3.1 FaultTolerance

As noted earlier, fault tolerance can be achieved through several
means. These include structural redundancy, nonstructural redun-
dancy (e.g., time, software, and information redundancy schemes),
multiplexing, and reconfiguration.

Before venturing into further discussion of fault tolerance
techniques, we define systems that are configured in series or in
parallel. Knowledge about system architecture is required because
the techniques used to achieve fault tolerance change with the
structure of the system. A model of a series system is shown in
Figure 6.9(a). This system consists of different blocks U,, U,,..., U,
that are connected in series. The system is operable (and has nonzero
yield) only if all its components function correctly. Complete
redundancy in such systems is achieved by providing replicas of each
component. A parallel system is illustrated in Figure 6.9(b). In this
system, the blocks U, U, ..., U are connected in parallel; therefore,
the system will be remain operable if at least one of the blocks is
functioning. Here the redundancy, that is characteristic of parallel
system may be provided for a particular set of frequently used blocks.
Clearly, a parallel system is less likely to fail that an otherwise comp-
arable serial system.

6.3.1.1 Traditional Structural Redundancy Techniques

Fault tolerance techniques based on structural redundancy have been
popular in memory arrays since the 1970s. Early in that decade,
semiconductor companies faced problems with low yield in DRAMs,
problems that stemmed from clustered manufacturing defects. One
early solution incorporated error-correcting codes, whereby addi-
tional parity bits were added to an information word. This technique
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Ficure 6.9 System configurations: (a) series; (b) parallel.

did not scale well beyond single or double errors, since the large
number of such parity bits required negated any benefit from scaling.
The solution that was eventually found required the invention of fuse
technology that allowed “substations” of rows, columns, and blocks.
In this scheme, a spare row, column, or block is added to the memory
array. Fuses can be burnt to swap in, say, a row that replaces the
defective one (seeSec.6.3.1.6). These techniques have been successfully
deployed in the semiconductor industry for many decades, improving
yields by a factor of 3.7 The spare elements are good examples of
structural redundancy.

Figure 6.10 illustrates structural redundancy for memory ICs.
Memory integrated circuits have cells arranged in rows and columns,
so redundancy here is achieved by adding more columns and rows
than are strictly necessary. During manufacturing test, if a set of
defective cells are identified then the corresponding defective row
and/or column can be disconnected by blowing a fusible link or
fuse.” The disconnected element is now replaced by a spare element
that uses a programmable decoder with fusible links that are burnt
during the same process. The success of spare rows and columns is
rooted in the clustering of defects. If defects occurred in random
locations, then so many spares would be needed that the probability
of defect would actually increase. Yet because defects are usually
clustered, a single row or column is often sufficient.

With transistor scaling, memory units became larger. Larger units
require more spare elements. Large memory units are divided up into
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Ficure 6.10 Spare rows and columns, a structural redundancy technique for
memory blocks.

smaller banks for ease of access and reduced access penalty. In this
case, each bank will have separate spare rows and columns so that
the overall defect tolerance remains under control. However, this
constraint means that some banks cannot get the required number of
spare rows or columns and hence will tend to have reduced yield
compared to those banks that can. The problem could be mitigated by
a more efficient method of allocating redundancy resources. One
solution is to share spares between banks; this way, a particular block
of memory does not become a bottleneck as long as there are unused
redundant blocks in other areas of the memory.

Triple Modular Redundancy The triple modular redundancy (TMR)
approach to defect tolerance uses three identical blocks to perform
the same operation. To ensure reliable operation and integrity of the
result, a voting mechanism is used to select the proper output. The
setup is illustrated schematically in Figure 6.11.

Triple modular redundancy is typically employed for improving
the tolerance to transient defects that occur in a device. A majority
vote is taken through the voting block; this ensures correct output if
one can safely assume that errors are confined to a single block. With
a voting mechanism in place, a failure in one of the blocks still ensures
a correct output. If an odd number of blocks is used, the voting results
will be unambiguous.

Ficure 6.11 Triple modular
redundancy (TMR) using a
reliable voting mechanism.
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The TMR technique has proved to be a effective defect-tolerance
mechanism that increases overall yield. However, TMR improves
reliability only when the reliability of the original block is greater
than 0.5.2 System reliability increases rapidly in response to higher
reliability of each element. In this configuration it is assumed that the
voting block is completely reliable.

The reliability of a TMR system is gated by the reliability of the
voting block. If the voting block is thought to be unreliable, then
voting block redundancy is required; this is illustrated in Figure 6.12.
The basic idea here is to use two or more voting blocks to overcome
the intrinsic unreliability of voting circuits.

In most practical scenarios, each constituent block has a different
level of reliability. In this case, the overall TMR reliability is gated by
the most unreliable unit. The implication is that maximizing TMR
reliability requires that a system be subdivided into nearly equal and
independent blocks.

N-Modular Redundancy The approach known as N-modular redun-
dancy is a generalized version of the TMR technique where, instead
of three blocks, there are now N blocks in parallel (see Figure 6.13).
An N-bit voting block is used to obtain the correct output. Each block

Ficure 6.12 Triple U
modular redundancy —> Y
using an unreliable voting

mechanism with INPUT

OUTPUT
redundant voters.

Ficure 6.13 N-modular
redundancy.
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OUTPUT
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Ficure 6.14 Cascaded triple modular redundancy: (a) simple TMR with simplex
voters; (b) complex TMR with redundant voters.

in the system may consist of N units. The reliability of each block
is assumed to be uncorrelated, which would preclude any common
mode failures from occuring in a very large-scale integrated (VLSI)
system.™

Cascaded Triple Modular Redundancy The TMR process can be
repeated by combining three of the TMR blocks with another
majority voter to form a second-order (and so on, up to an nth-order)
TMR block with even higher reliability. This is the cascaded triple
modular redundancy (CTMR) technique, depicted in Figure 6.14(a);
Figure 6.14(b) shows an extension with redundant voters. The
reliability improvement associated with CTMR is observed only
when the number of units within each block is high.

Standby Redundancy The standby redundancy technique consists
of an arrangement whereby several copies of each block are added
to a parallel system; see Figure 6.15 for a basic version. Unlike TMR,
a switch is used to choose a copy of the block when the original has
a defect. The copies of the block are called spare blocks, and they
can be either cold or hot spares. Cold spares are are powered off until
they are utilized, whereas hot spares are powered on and are ready
to be used at any time. Standby redundancy with hot spares strongly
resembles TMR.

Two versions of the basic standby technique that have been used
in designs are duplexing and pair and spare; see Figure 6.16 and
Figure 6.17, respectively. These two methods use comparators to
verify the original block’s performance and assign the correct switch.?
A hybrid technique that uses both standby-based block switching
and TMR-based voting mechanisms is illustrated in Figure 6.18.
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Ficure 6.17 Configuration for “pair and spare” version of standby redundancy.

6.3.1.2 Nonstructural Redundancy Techniques

Nonstructural redundancy encompasses information, time, and
software redundancies. For example, memory banks may be protected
by error-correction code, which is an example of information
redundancy. The ECC technique works extremely well for detecting
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Ficure 6.18 Configuration for hybrid redundancy scheme.

and correcting t-memory cell failures, where t is typically a small
number. Most of the commonly deployed memory coding techniques
are based on linear block codes. Hamming code is one example of
linear block code for correcting single errors. A Hamming code of

length n consists of #n— (logz n+ 1—| information bits. For example, a
Hamming code of length 12 consists of 12-log,13=8 information
bits. Stated differently, eight information bits require four redundant
or check bits for single error correction. Multibit errors may also be
corrected using ECC, but the number of check bits needed to protect
information bits grows rapidly with the number of faulty bits that are
correctable.

Time redundancy techniques include recomputation and
reevaluation. These techniques are used to detect transient errors
modeled by single-event upsets (SEUs) and single event transitions
(SETs). Single-event upsets can be caused by soft errors and other
transient errors. (Soft errors and their impacts on circuits are discussed
further in Chapter 7.) The idea here is to perform detection based on
the fact that transient errors occur only for a short duration. A circuit
may be reevaluated in separate clock cycles, or its output may be
double-sampled based on the relation between cycle time and
duration of the soft error. For example, if a transient error persists for
50 ps or less and if the clock period is much longer, then the output of
a combinational circuit may be double-sampled at intervals that
exceed 50 ps. However, if the cycle time is short then such evaluations
must be made during a separate cycle.**® The double-sampling
method, which was proposed by Nicolaidis, is illustrated in
Figure 6.19.2' (For a modified version of this approach known as
“Razor,” see Ernst et al.¢)
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Ficure 6.19 Time redundancy technique for detecting transient errors and
timing failures.

Time redundancy schemes have also been used at the resource
scheduling level. A microarchitectural modification suggested by Pan
et al? uses time-scheduled resource sharing to generate yield
improvements. This solution centers on exploiting natural redundancy
among multicore systems. In homogeneous chip multiprocessor
systems, faulty cores use the services of good cores to execute
instructions that the former can no longer execute correctly. This
procedure improves reliability and yield but with some loss of
performance. A special intercore queue or buffer is maintained
between the faulty and helper cores, as shown in Figure 6.20.2
Instructions that require the services of a faulty unit are automatically
transferred to a helper core.

Software redundancy schemes for fault tolerance include redundant
multithreading (RMT), checkpointing, and rollback or recovery
mechanisms. In multithreaded environments, defects can be detected
by running two copies of the same program as separate threads and

Inter-core queue

Core 1 Core 2

L1 cache L1 cache

Shared L2 cache

Ficure 6.20 Microarchitectural scheduling: resource sharing between cores
can improve reliability and yield.
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then comparing the outputs. A mismatch between the two threads is
flagged as an error, which initiates a recovery mechanism. This RMT
approach has been used in simultaneous multithreaded processors.?
Another software approach to improving fault tolerance is through
checkpointing. A checkpoint is a snapshot of the process state at a
given moment in time. The checkpoint represents all pertinent
information that would be required to restart the process from that
point. When an error is detected, checkpointed information is used to
return the program to a stable state. Each checkpoint may store a
large amount of information about the process state, so checkpointing
imposes a time overhead. If the number of checkpoints for a process
is large, then overhead due to checkpointing may be excessive. On
the other hand, if checkpoints are few and far between then a program
may be rolled further back, leading to an undesirably high execution
time. Therefore, the optimal number of checkpoints is a function of
checkpointing overhead and the intrinsic failure rate.

6.3.1.3 NAND Multiplexing

In the mid-1950s, the NAND-based multiplexing technique was
proposed by von Neumann to improve the reliability of design
modules in computing systems. This technique has received renewed
attention for its application to mitigating the effects of transient faults
and also (though to a lesser extent) spot defects in manufacturing.
Consider the NAND gate depicted in Figure 6.21, and replace each
input and the output of the NAND gate with N signal lines, as shown
in the figure. Also, duplicate the NAND gate N times. Let A and B be

Bundle
o O

| HO— =
U . Bundle
: H—

Bundle i

|

N inputs
each

Ficure 6.21 Redundancy based on NAND multiplexing.
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two bundles of input lines, and let OUT be the output bundle. The
rectangular region marked by the dashed lines performs random
permutation of the input signals to be provided to the N NAND gates.
The first input is selected from bundle A, is paired with any signal
from bundle B, and is then connected to a NAND gate. According to
von Neumann'’s theory, this NAND multiplexing scheme is effective
against single faults only when the number of lines in each bundle is
high. This fact renders the scheme relatively impracticable, so the
technique is not very popular. Figure 6.22 depicts a multistage version.
(See the original work of von Neumann, published in 1955, for
additional details on this method.)

6.3.1.4 Reconfiguration

A reconfigurable architecture is one that can be programmed after
fabrication to perform a given functionality. With this technique,
faulty components are detected during the testing phase and excluded
during reconfiguration. Reconfigurable architectures have been
explored as possible means of improving tolerance to manufacturing
defects. A good example of this technique is provided by the Teramac,**
which was created by HP labs as an efficient, defect-tolerant,
reconfigurable system. Programmable switches and redundant
interconnects form the Teramac’s backbone. It was observed that, in
the presence of large number of defects, the Teramac was able to
produce results a hundred times faster than conventional computing
engines.

The reconfigurable computing system for defect tolerance relies
on the same concept as field programmable gate arrays (FPGAs)."*®
The FPGAs contain a regular array of logic units, called configurable
logic blocks (CLBs) or look-up tables (LUTs). Each of these blocks can
take the form of any logic function with a given set of inputs and
outputs. Two CLBs capable of implementing different logic functions
with a given set of inputs and outputs are diagrammed in Figure 6.23.
Each CLB can communicate with any other CLB through a regular
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Ficure 6.22 Multistage NAND multiplexing.
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D

Ficure 6.23 Configurable logic blocks (CLBs), the basic element of
reconfiguration theory.

structure of interconnect wires and crossbar switches. Multiple CLBs
form blocks, which in turn form clusters. The logic and memory
mapping of each CLB is done in the field. The main advantage of
reconfiguration is the ability to detect manufacturing defects, locate
the CLBs that are faulty, and then work around them during
configuration. The Teramac performs all three steps by using self-
diagnostic software to create a database of defective CLBs before
configuring the CLBs for a given function. Thus, instead of relying on
defect-free circuits, the logic is implemented with available fault-free
CLBs—provided the mapping can be satisfied. During configuration,
an important part is played by the probability of finding x clusters
from the available N good clusters that can be used to map the
required logic and memory elements. This same approach is also
used for the reliability analysis of VLSI systems.

6.3.1.5 Comparison of Redundancy-Based Fault Tolerance Techniques
The efficiency of multiplexing, redundancy, and reconfiguration
schemes is plotted against intrinsic device failure rates in Figure 6.24.
The probability of failure of each device in a chip that has approx-
imately 10" devices should be smaller than 107°. At this failure rate,
reconfiguration schemes have much less overhead compared to the
N-modular and NAND multiplexing schemes. As the figure shows,
reconfiguration is appropriate for high defect rates, though at an
expense of large redundancy overhead. The N-modular technique
provides good coverage for chips with a large number (~10'%) of
devices for failure levels of 10~ or lower. The NAND multiplexing
scheme is appropriate for a design with 10'* devices when the device
failure probability is ~107%. Given the device failure rates characteristic
of today’s technologies, such large overheads are usually not
justifiable. In atomic-scale devices, however, such redundancies may
play a larger role in implementing designs with large number of
devices.
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Ficure 6.24 Failure rate versus level of reduncancy for three redundancy-
based fault tolerance techniques: N-modular redundancy, multiplexing, and
reconfiguration.

6.3.1.6 Fuses

Even when the memory layout is highly optimized, DRAM memories
are known to be susceptible to process defects. The redundancy
techniques described so far have been used extensively to protect
different parts of the memory units, including cells, sense amplifiers,
word line drivers, and decoders.? Detection of defects typically occurs
in a postfabrication environment and is followed by repair and
redundancy allotment. Detected faulty parts of the memory are
disabled from the actual working portion by burning laser-
programmable fuses. A laser source physically “blows” fuses placed
in different regions of the wafer, thereby disconnecting the defective
portions of the chip and replacing them with spare rows and/or
columns, drivers, and decoder circuitry. The laser fuses are made of
either polysilicon or metal, and they are built in such a way that just
a temporary exposure to a repair laser will blow the fuses accurately.
The fabrication of laser fuses must be precise in both location and
dimensions so that they can be effectively blown out and also make
the required connections/disconnections. Laser fuse patterning also
must obey design layout rules and, of course, satisfy the requirement
that the laser not cause defects in other functionally nondefective
regions surrounding the fuse. To help minimize defects during the
blowing of a laser fuse, the laser fuse heads are carefully placed end-
to-end at a constant spacing on the wafer. Minimizing the number of
fuse rows can also help improve the accuracy and consistency of such
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laser repair. Finally, special alignment markings (aka keys) for each
fuse row are used to align the laser repair machine head for each
exposure.

The exposure of a polysilicon link results in less debris than does
the exposure of a metal fuse. Moreover, the polysilicon link ensures a
reliable separation. A laser fuse array is illustrated in Figure 6.25(a).
Figure 6.25(b) shows the blown fuse creating a void (of diameter D)
that is roughly equal to twice the laser wavelength. The diameter D
places a limit on the minimum spacing (fuse pitch) between fuses, for
if fuses are placed within this pitch then adjacent fuses may be
inadvertently blown off. Although shorter wavelengths have better
precision, they increase the probability of damage to the underlying
substrate.” This may increase the total number of defects in the wafer.
For this application, lasers of shorter wavelengths are avoided.
Decreasing feature widths of fuses will require improvements in
focusing and alignment of laser. The main disadvantage of laser fuses
is the high capital cost of laser repair equipment. Because these tools
cannot be employed in any other process step, the cost of IC production
increases drastically with the use of laser fuses. Fuse devices are
typically used in CMOS chips for implementing redundancy; trimming
capacitors, resistors, and other analog components; and holding
permanent information such as chip-id, decryption keys, and the like.

The electrical fuse or eFuse is another type of programmable
memory unit. Unlike the laser fuse, the eFuse typically uses large
transistors that are blown to program the fuse. A cross section of this
transistor is shown in Figure 6.26." There is a layer of thin insulator
material (e.g., oxygen-nitrogen-oxygen® or amorphous silicon*)
between polysilicon and the metal. An opening is created in this layer
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Ficure 6.25 Bird’s-eye view (top) and cross-sectional view (bottom) of (a) laser
fuse array and (b) blown fuse array creating a void and possibly a substrate
defect.
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Ficure 6.26 Electrically programmable fuses (eFuses).

by applying high-joule heat (i.e., electromigration), thus forming a
conducting path between the two conductive layers. The eFuses
allow an engineer to program the devices after packaging the chip,
which is not possible with laser type fuses. The other main advantage
of an eFuse is that it can be reprogrammed by running high current in
the opposite direction to restore insulation between the connecting
layers. The drawback here is that large transistors consume a
significant amount of power, which can adversely affect the test
throughput. As a result, eFuses are typically used only with small
SRAM memories.

Another type of programmable fuse technology is the oxide
rupture fuse (aka antifuse). As in the eFuse setup, strong currents are
applied to the device, creating a programmed oxide state. Oxide-
based antifuses can be produced using standard CMOS process and
are small compared to the other two fuse technologies. This small size
makes antifuses applicable to larger memory ICs.

All fuse technologies depend on the resistance at the fuse location
to ensure reliable disconnection. There is an inherent reliability issue
with any fuse, because changes in resistance over time can lead to
costly in-field device failures.

6.3.2 Fault Avoidance

The extent of process-induced, lithography-induced, and design-
centric defects is on the rise owing to scaling of device and interconnect
feature sizes and shrinking of the process variability window. We
know that defects may cause catastrophic failures, such as opens and
shorts in interconnects and devices, as well as parametric failures that
affect performance, noise, and signal integrity. Several circuit and
layout techniques have been studied in the past two decades to
improve design tolerance to defects. A few of these techniques are
discussed in this section.

Spot defects due to process imperfections cause opens and short
in metal lines. In Sec. 5.2 we discussed the concept of critical area
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analysis for yield prediction. The most commonly used layout
technique for spot defects is critical area reduction. The CA for opens
depends on the width of the metal line, while the CA for shorts
depends on the spacing between two adjacent metal lines. Hence,
critical area for opens can be reduced by widening metal lines
wherever possible, although such metal widening must comply with
the design rules. Critical area for shorts is reduced by increasing the
metal-to-metal spacing. The projected yield improvement due to
layout modifications for critical area reduction is plotted in
Figure 6.27.7 The two CA-improvement techniques just described
can also be incorporated into existing OPC algorithms.

Linewidth variation due to pattern dependence was described in
Sec. 5.3.2. Such variations result from perturbations or errors in such
input parameters as focus, dose, and resist thickness. The main
technique for avoiding printability errors due to layout patterns is
based on OPC and multipatterning. Newer OPC approaches
incorporate statistical variations.

Techniques for improving the parametrics of circuits and layouts
play avital rolein the presilicon design optimization phase. Parametric
defects include modified threshold voltage V, change in circuit path
or gate delay, and other deviations from design parameters.
Subthreshold leakage constitutes a major portion of the current
flowing through a transistor in its OFF state. The amount of this
subthreshold leakage increases exponentially with decreases in V..
Transistor threshold voltage is adjusted through ion implantation,
whereby a discrete number of dopant atoms are introduced into the
transistor channel region in order to attain an appropriate threshold
voltage. For the current generation of technology, the required
number of such dopant atoms is of the order of 100. However, the
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Ficure 6.27 Effect of reduced critical area on yield improvement.
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difficulty of placing a precise count of dopant atoms uniformly over
the width of the device leads to random dopant fluctuation (RDF) in
the channel. This fluctuation leads to threshold voltage variation that
can change such circuit parameters as leakage and propagation delay.
Because circuit frequency is determined by the slowest logic path,
parametric yield is reduced by large variations in circuit paths.

Gate length biasing may be used to mitigate the effects of
performance loss. Gate length biasing involves modifying gate
lengths of a selected number of transistors in the design to improve
performance and to reduce the dissipation of power in the standby
state. This procedure decreases (resp. increases) the gate length of
transistors on critical (resp. noncritical) paths. Gate lengths are
typically adjusted by the placement of subresolution assist features
(SRAFs) to guide optical diffraction during the lithography process.

With transistor scaling, both supply voltage and node capacitances
decrease. The reduction in stored charge renders circuit nodes
vulnerable to errors due to external (e.g., radioactive or cosmic)
radiation. Such errors are known as soft errors. The soft error rate
(SER) in computing systems has been rising steadily.** Radiation
typically causes single-event upsets (SEU), whose propagation
induces faulty values to be “latched” (captured). An observable error
that is caused by an SEU is also classified as a soft error. Various
techniques to mitigate the effect of SEUs on memory cells, standard
cells, and latches have been proposed in the literature. We next look
into one such technique that uses adaptive body biasing and voltage
division to mitigate SEU impact on circuit operation.

Consider the inverter depicted in Figure 6.28.® The inverter
consists of a pMOS transistor and an nMOS transistor whose drains
are connected to form the output of the gate. The pMOS and nMOS
devices have their body terminals connected to V and GND rails,
respectively. When a logic-1 value is supplied to the inverter input,
the output value is a logic-0. A high electric field is generated at the
drain-body terminal of the pMOS transistor; this is indicated in the

Ficure 6.28 Simplified conventional inverter
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figure by the shaded circle labeled PHE. If a particle strikes near this
region then the electric field increases momentarily, causing an
increase not only in the drain voltage of the pMOS transistor but also
in the charge at the output terminal; this produces an 0-1-0 output
value. The effect is clearly illustrated by an attack of cosmic ray
particles on a chain of inverters; see Figure 6.29.28 The plots in panel
(b) show the desired output and the momentary signal glitch due to
the SEU. Mitigating this effect requires “hardening” the circuit against
such intermittent attacks, as we describe next.

A modified inverter circuit is shown in Figure 6.30.% This circuit
has input ports IN_P and IN_N that feed the same logic value into the
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Ficure 6.29 (a) Conventional inverter chain under attack from cosmic
radiation; (b) waveforms illustrating propagation of the resulting soft error.
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Ficure 6.30 Inverter circuit

hardened against radiation (top) IN P
and its symbolic representation - ®
(bottom).

IN_N

IN_P

IN_N

pMOS and nMOS transistors, respectively. Observe that nMOS N1 is
outside the isolated well whereas nMOS N2 is inside, so its body
terminal is tied to GND. Similarly, the pMOS device P2 is “body
biased” to VDD. When a logic value-1 is provided to the input of the
inverter, the region susceptible to SEU impact is the shaded circled
labeled PHE in the figure. When a particle strikes this modified
circuit, the glitch induced at the affected node will not alter circuit
operation because that node is connected to the pMOS of the
succeeding gate. The mitigation effect is evident in Figure 6.31,%
where the 0-1-0 glitch does not affect the operation of the inverter
chain; this is because the voltage division across the chain of pMOS
devices mitigates the intermittent signal change.”® Various other cells
have likewise been designed for such hardening against radiation,
since the technique described here can be applied also to standard
cells and dynamic circuits.

Summary

In this chapter we studied various techniques for yield improvement.
Yield is the proportion of good chips to all manufactured chips.
Defective chips are caused by mask alignment problems, variation in
manufacturing parameters, particulate defects related to chemical
processes, improper use of equipment, and handling errors. Two
important observations made in this chapter are that defect locations
are correlated with certain layout patterns and that many
manufacturing defects occur in clusters. Solutions to the yield
problem are based on fault avoidance, analysis of faulty behavior,
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Ficure 6.31 (a) Radiation-hardened inverter chain under particle attack; and
(b) wavesforms illustrating mitigation of the soft error propagation.

and fault tolerance. Faulty behavior analysis is based on fault models,
which attempt to capture the logical manifestation of a physical
defect. Fault avoidance techniques benefit from two salient defect
characteristics: defect locations can often be predicted with high
probability, and defects can be reduced or eliminated by layout
changes. Fault tolerance techniques involve architectural or software
modifications to circumvent faulty circuits. These techniques require
redundancies, which may be implemented in the form of time,
information, logic, or software. The cost of redundancy is related to
logic function and defect clustering: clustered defects are easier to
circumvent using logic or hardware solutions, whereas random
defectsaretypicallybetterhandled by usinginformationredundancies.
Also, software solutions are more suitable for dealing with inter-
mittent errors, whereas time or information redundancies are more
suitable for parametric defects.
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CHAPTER 7

Physical Design and
Reliability

Introduction

The long-term reliability of integrated circuits has become an
important concern as today’s devices approach the end of the CMOS
technology roadmap. Scaling of feature size coupled with variability
in manufacturing process has lead to increased reliability problems.
Semiconductor ICs in consumer and business sectors are typically
engineered to last for about ten years. In satellite and space systems,
or in mission-critical applications, product life expectations may be
much longer. In order to improve the reliability of semiconductor
products, the underlying failure mechanisms must be clearly
understood. Some reliability failures stem solely from manufacturing
problems. Physical corrosion due to leaks and moisture, electrical
leakage, package encapsulation problems, and/or loose bonding are
examples of manufacturing issues that degrade IC reliability. Other
reliability failures are rooted in design. High-current density, improper
input/output (IO) terminations, and poorly designed heat sinks are
examples of chip and package design issues that contribute to
reliability failures. Here we are primarily concerned with reliability
problems that are related to the design process, so we focus on
changes in design that can affect overall chip reliability.

In a typical design system, reliability guidelines are the principal
mechanism for guarding against reliability failures. These guidelines
are designed to provide enough margin to prevent reliability failures.
For example, interconnect electromigration failures are related to
current density, which in turn is a function of interconnect width. For
a given driver strength, a conductor should thus be sized to minimize
current density, thereby averting electromigration failures. Similar
guidelines guard against other failure mechanisms. In order to
formulate a comprehensive set of guidelines, failure analysis of test
chips and actual chips must be conducted so that the design attributes
that give rise to the failures are identified. Reliability guidelines are
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also a function of manufacturing process quality, which changes as
the process matures; also, the guidelines will vary from product to
product as a function of reliability expectations. Often there are
warning signs that reliability problems are imminent. In the case of
electromigration, for example, an interconnect may pass through a
phase of extremely high resistance before it becomes completely
open. Knowledge of such phenomena makes it possible to design an
early warning system.

A device is said to be reliable if it performs intended operations
under a given set of conditions over its scheduled lifetime. Yet
variation in manufacturing process parameters, when coupled with
designs that are not “margined” adequately, may lead to reliability
failures before the design’s expiration date. Each product from a
manufacturing line may fail at a different time. Thus, mean time to
failure (MTTF) is the reliability measure used to describe useful
product life. A related measure is shipped product quality level (SPQL),
which quantifies the number of bad chips per million at the beginning
of and at various points in a product’s life. Mortality rate is defined as
the ratio of the number of chips failing during a specified time interval
to the total number of chips. Whereas the MTTF indicates a product’s
expected lifetime, the mortality rate is a better indicator of the failure
pattern.

The reliability failures that occur during the lifetime of an IC can
be categorized into three phases: (1) early-lifetime failures (aka infant
mortality); (2) normal-lifetime random failures; and (3) end-of-
lifetime wear-out failures. When plotted on a graph of time versus
mortality, as in Figure 7.1, the IC lifetime phases form a “bathtub”
curve. Infant mortality occurs during the early stage of a product’s

End-of-lif¢ failure

— Increasing failure

Infapt-mortality,

— Decreasing failure

Mortality rate

Normal life

— Constant failure rate

Time

Ficure 7.1  “Bathtub” curve formed by plotted phases of device reliability.
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life. The most frequent causes of infant mortality are manufacturing
imperfections. A manufacturing stress test is applied to accelerate
infant mortality, so that products leaving the factory do not fail early
at the customer’s site. This stress test is also known as the burn-in test
or shake-and-bake test, terminologies that are associated with the stress
conditions applied. When ICs are subjected to vibrations with high
g-force, many of the mechanical failures are accelerated. This is the
“shake” part of the shake-and-bake test. The “bake” part consists of
applying high voltage and high temperature in a burn-in chamber to
accelerate electromigration and gate oxide short failures. The sharper
the curve at the infant mortality region, the better the manufacturing
stress test. Early failure rate decreases with maturity of the manu-
facturing process and also with early removal of weak wafers through
prudent screening.

A constant failure rate is seen during the IC’s normal-lifetime
operation. Failures that occur during this period are considered to be
random because they depend on external factors of stress and
performance overload. The constant failure rate in some cases can
extend well beyond the IC’s expected useful lifetime. The increasing
failure rate in the third and final phase is attributed to the circuit’s
wearing out, which leads to degradation of performance or complete
failure. This IC wear-out, also known simply as aging, results from
several failure mechanisms—such as electromigration, oxide break-
down, and negative bias temperature instability—that are discussed
in this chapter.

The long-term reliability of a product is defined as the time over
which the constant failure rate is maintained and before the wear-out
failure mechanisms begin to appear. Integrated circuits of high reli-
ability tend to have a longer than expected lifetimes and are resistant
to aging. Device aging mechanisms can be classified as catastrophic
mechanisms, gradual degradation mechanisms, and radiation-
induced mechanisms (soft errors discussed in Sec. 7.6). Catastrophic
mechanisms are the flagship of reliability problems because they
induce complete failure of the device. Abrupt and catastrophic
failures may be caused by electromigration, electrostatic discharge, or
oxide breakdown. These failures lead to irreparable catastrophic
defects such as metal or device opens and shorts. Electromigration
leads to breakage in a metal line due to excessive current flow in the
region. Under such high current density, the atoms of the metal line
are “blown away” by the constant flow of electrons. Thinner than
normal metal lines formed by improper patterning are generally
susceptible to electromigration failures, which are also seen in metal
contacts to the device and polysilicon gate regions.

Electrostatic discharge is the damage caused by a sudden discharge
of static electricity, through a gate terminal of the transistor, that may
permanently alter its control. This rapid electrostatic transfer usually
occurs in IO devices that come in contact with electrostatic charges.
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Gate oxide breakdown is the rupture of the oxide layer, which can
lead to reliability problems. An oxide layer (typically silicon dioxide)
serves as a dielectric material between the gate and the channel, for
shallow trench isolation, and as an interlayer dielectric between metal
lines. Oxide breakdowns occur when a high voltage applied across the
oxide causes a permanent conduction path through the oxide where
the current flows. With technology scaling, the thickness of gate
dielectric materials have been reduced to less than 20 A, which makes
the gate oxide layer more susceptible to reliability problems.

Reliability problems can also manifest as errors that cause gradual
degradation of the device. Such mechanisms require that the device
state be maintained for a prolonged period in order for the error to
manifest itself. Hot carrier effects and negative bias temperature
instability (NBTI) are examples of gradual reliability degradation
mechanisms. In the presence of a strong electric field, the electrons
and holes present in the semiconductor material tend to be accelerated.
These high-energy carriers may jump to the oxide region and form
pockets (aka interface traps) in the devices that store charge. Charge
traps in the oxide change the device’s threshold voltage and trans-
conductance, leading to performance-related failures. Channel traps
can be caused by substrate effects and secondary hot carrier effects,
and they also depend on the temperature of the device under
operation. Hot carrier effects have a greater impact on nMOS devices
than on other components.

Negative bias temperature instability affects pMOS devices.
When a pMOS transistor is negatively biased (i.e., negative gate-to-
source voltage) and under high temperature, its threshold voltage
increases; this increase affects transistor ON current and device
performance. Interface traps that manifest in surfaces of the device
lead to performance changes during circuit operation. Trapped
charges are contributing factors in both hot carrier injection and
NBTI. The physics of NBTI has been hypothesized by several
researchers,"” and NBTI effects (unlike those of hot carrier injection)
may be reversed under nonnegative bias conditions and lower
temperatures.

The reliability effects mentioned thus far include permanent
failures in circuit logic and timing that arise with aging. In contrast,
reliability effects that cause intermittent failures in circuit operation
are known as soft errors, which are usually not associated with aging.
Nonetheless, soft errors are interesting from the perspective of design
for manufacturability. For example, increased load capacitance
relative to driver strength can increase resilience to soft errors but
may also cause performance problems. In addition, large diffusion
areas may lead to more soft error-related issues. Thus, soft errors can
be addressed by attending to DFM considerations.

Modeling and simulation of reliability effects is key to improved
design for yield. With increasing device and interconnect variability,
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reliability problems become more pronounced. Reliability simulators
attempt to predict device lifetime as a function of design parameters.
Such analysis facilitates better design for reliability, which is the focus
of this chapter. We shall also discuss reliability test techniques.

Electromigration

Electromigration (EM) is the most widely known reliability failure
mechanism, and it has generated much research interest over the past
four decades. Electromigration failures are related to current density.
Thus, EM failures are more likely for thin power supply lines in a
chip, and they may occur in signal interconnects when a thin wire is
driven by a relatively large driver. Electromigration problems are also
related to properties of conductors—for example, EM problems for
aluminum interconnects are worse than for copper interconnects of
similar dimensions. Aluminum was the preferred metal for inter-
connects before the 250-nm technology node. This preference was
based primarily on its conductivity, cost, and manufacturability.
However, aluminum is highly susceptible to EM failures. The
introduction of copper interconnects was motivated both by higher
conductivity and reduced EM problems. Yet as feature widths scale
and the current density increases, EM for copper interconnects also
become a significant concern.

Electromigration is defined as the migration or displacement of
atoms due to the movement of electrons through a conducting
medium in the presence of an electric field.** The flow of current
through a conductor creates an equal “wind” of electrons in the
opposite direction, which causes the metallic (aluminum or copper)
atoms to be displaced toward the positive end. When atoms are
displaced, vacancies are created that move toward the negative end
of the conductor. These vacancies join to form voids, which reduce
the conductor’s cross section. Any reduction in conductor width will
increase current density, which leads to localized heating. Prolonged
localized heating in such regions of reduced width causes EM failures
such as full and resistive opens. The atoms that migrate to the positive
end may increase the cross section of the conductor by forming
hillocks, which lead to bridges between adjacent conductors.
Figure 7.2 shows the formation of opens and shorts due to EM
failures.

Electromigration failures can be observed in metal interconnects,
contacts, and gate polysilicon lines. Electromigration manifests itself
as either an open defect or an increase in line resistance. With
polysilicon lines, voids are caused by the dissipation of phosphorus
atoms. In the presence of high temperature and a steady flow of
current, the process of EM-induced conductor failure is accelerated.
All EM-induced failures are a function of mass transport, temperature
gradient, current density, metal dimension, and contact cross section.
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Ficure 7.2 Electromigration (EM) failure seen in interconnect metal lines.
(Courtesy of Intel.)

These parameters are used to project the mean time to failure of a
device as follows:"

MTTF = A]™" exp( kE;" J (7.1)
B

Here ] is the current density, A is a constant that depends on the
manufacturing technology, E is the activation energy of the conductor
material, k, is the Boltzman constant, and T is the conductor temp-
erature (in Kelvin). The value of T is a function of the reference temp-
erature T and the self-heating temperature T_,. Self-heating actually
forms only a small component of the conductor temperature, so T
almost always lies between 100 and 200°C. The value of n depends on
the cause of EM failure (e.g., temperature or structural deformity)
and also on the degree of coalescence of atoms (vacancies) due to
mass transport within the metal under the influence of electric field.
For copper metal wires, the value of n is set to 1.2.
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Current density ] is a function of conductor dimensions and wire
capacitance as well as of the supply voltage applied and its frequency
and switching probability:*

CxV

ocC .
I WxH

f- 5, (7.2)

Metal wires and vias of smaller width have higher current density
and thus greater susceptibility to EM failure, which leads to a lower
MTTF value. A typical scenario for an EM failure is a large gate
driving a steady current through a thin interconnect line.

Improper contact cross section leads to “current crowding” that
causes localized heating and temperature gradients. Another reli-
ability issue that has become a major concern is junction spiking. (See
Figure 7.3, which is derived from Sabnis."!) The contact material
(metal) punches through the semiconductor and forms spikes. This is
observed most often in contacts with low junction depth. Junction
spiking and the formation of voids due to silicon migration are the
chief EM failure modes in contacts and vias. The mean time to failure
for contact and vias is given by the following relation:"

MTTF o« X} [%j exp[ kEHTj (7.3)
B

Here X, is the junction depth of the contact, I is the current through
the contact or via, and W is the width of the region. Because the
junction formed is not homogeneous, the MTTF relation here uses
current instead of current density. According to the literature, the
value of n in equation (7.3) depends on the current passed through
the contacts. This value is high (n=6 to 8) for large currents and low
(n=1 to 3) for smaller currents that flow through the contact or via."*

Ficure 7.3 Junction spikes
due to EM failures in metal Contact metal
contacts (lateral view). (Al/Cu)

Junction spike Si substrate
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The predominant technique used to reduce electromigration
failures is increasing the width of the metal line and the contact or via
dimensions. Increasing the dimensions of the region reduces the
current density and hence the localized heating, thereby reducing EM
failures. Increasing via dimensions (even doubling them) incurs very
little overhead. However, the potential randomness of failure locations
requires that the width of the entire line or via should be increased,
which would entail considerable overhead. The increase in width of
interconnect lines means that designs must be larger to enable same
amount of routing. Increased die area leads to designs that do not
conform to performance requirements.

Hot Carrier Effects

Electrons and holes in the channel region gain kinetic energy in
presence of an electric field. When such carriers gain enough kinetic
energy to overcome the energy barrier between the oxide and the
channel region, it may jump into the gate oxide. Depending on the
energy level and the thickness of the oxide, such charges may be
trapped in the oxide; this changes the device threshold voltage and
hence the drive current.

The typical mechanism for hot carrier injection (HCI) involves the
presence of an electric field that induces carriers with high kinetic
energy (see Figure7.4). Hot carrier injection can be caused by scattering

Ficure 7.4 Hot carrier High electric
injection (HCI) field

mechanisms.
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(in the channel) or by impact ionization (avalanche at the drain). The
increased energy of the hot carriers exceeds the potential at the oxide-
channel boundary, allowing the carriers to tunnel through it. These
tunneling carriers form interface traps that, over time, increase in
number. Once a critical number of trap states is reached, the result
may be an electrical path through the oxide, leading to device
breakdown. There are multiple injection mechanisms, which are
described in what follows. Sections 7.3.1 to 7.3.4 provide a description
of hot carrier generation, trap generation, device degradation, and
mitigation strategies.

7.3.1 Hot Carrier Injection Mechanisms

Hot carriers are holes or electrons whose kinetic energy increases
under the influence of an electric field. High energy carriers tunnel
into semiconductor and oxide materials, forming interface traps. Hot
carriers can be injected in one of four injection methods: (1) drain,
(2) channel, (3) substrate, or (4) secondary.'>*

Drain injection occurs when the device is operating in the active
region where the drain voltage is greater than the gate voltage but
less than its saturation value. Under the presence of a high drain
voltage, channel carriers acquire kinetic energy and collide with
silicon crystal lattice at the drain depletion region, forming electron-
hole pairs. This occurs because the lateral electric field reaches its
maximum at the drain end of the channel. Under normal conditions,
the process is similar to impact ionization. But when these electron-
holes pairs gain enough energy and potential to tunnel through the
boundary between the channel and oxide gate, the result is trapped
charges or gate leakage current; see Figure 7.5. As more of these traps
are formed in the oxide region, a degradation of device operation is
observed. Hot carrier injection induced by drain voltage is the most
common type of HCI; it affects the V. and transconductance of the
device.

Ficure 7.5 Drain injection TVG
type of HCI. Vp
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A variant of hot carrier injection is channel injection, which is
illustrated in Figure 7.6. With this injection mechanism, it’s not an
avalanche of high-energy carriers but rather the scattering of electrons
in the channel that causes tunneling into the oxide. When the gate
voltage is equal to the drain voltage and the source voltage is at its
minimum value, current flows across the channel from the source to
the drain. The resulting electric field can induce enough energy in the
scattered channel carriers for some of them to penetrate the gate oxide
before reaching the drain.

Substrate back-biasing is typically employed to adjust the amount
of drain current flowing through a device. The back-bias voltage
applied to the substrate can be either positive or negative, depending
on whether the device is p-channel or n-channel. If the substrate bias
voltage is higher (on the negative or positive side) than the required
voltage, then part of the carriers in the substrate are pushed toward
the channel. These carriers acquire kinetic energy and tunnel into the
gate oxide, forming interface traps. The resulting substrate injection is
depicted in Figure 7.7.

Secondary injection happens in the same phase as drain-induced
carrier injection (i.e., when V> V). As mentioned previously, some
carriers with high kinetic energy do not penetrate the oxide and
instead move in the opposite direction, toward the substrate, causing

Ficure 7.6 Channel T V> Vin
injection type of HCI.
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bulk current drifts. When a bulk bias voltage is applied, some of these
secondary electron-hole pairs are reflected back toward the channel,
penetrating into the oxide.

7.3.2 Device Damage Characteristics

Hot carrier degradation affects n-channel and p-channel devices in
much the same way. The effect is somewhat less pronounced in
p-channel devices because the drain voltage required for hot carriers
togainkinetic energy is high compared to their n-channel counterparts.
Interface traps and trapped oxide induce two major changes in a
device. First, trapped charges in the oxide affect the surface potential,
which changes the device’s flat-band voltage. Any change in flat-
band voltage alters the threshold voltage of the device and hence
affects its performance. Second, interface traps that are present at the
Si-Si0, interface affect the mobility of majority carriers through the
channel. In turn, reduction in mobility affects the drain current and
device performance.

The I-V characteristics for a device before and after HCI stress are
plotted in Figure 7.8."* Observe that device degradation due to carrier
scattering is most pronounced in the linear region of transistor
operation, not in the saturation region. This is because, when the
device enters saturation, the drain current becomes independent of
the voltage at the drain. In this state, the chief cause of device
degradation is impact ionization in the channel.

The existence of interface traps does not immediately degrade the
device—unlike the case of electromigration. Instead, the device
degrades gradually as more traps are formed within the oxide and in
the channel-oxide barrier. The mean time to failure of a device subject
to hot carrier degradation depends on the device channel width and
operating conditions (i.e.,biasvoltages and temperature). Temperature
is a crucial parameter because it reduces detrapping within the oxide

Figure 7.8 Drain current 1.5 4 N-Channel V=5V
versus drain voltage for MOSEET G
devices before and after
HCI stress. post-stress
1.0
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o
0.5 Vg=3V
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region. The mean time to failure caused by HCI is modeled by the
following expression:

t=T m
MTTF = J. os [ L | g (7.4)
2 W-x

IDS

where MTTF is expressed in terms of the degradation age of the
device under stress. The resulting value depends on the channel
width W as well as the drain and substrate currents [ . and I_, . It can
be seen that degradation increases with the time T over which the
device is under stress.

7.3.3 Time-Dependent Dielectric Breakdown

Gate oxide failure is sometimes caused by a carrier injection mech-
anism known as time-dependent dielectric breakdown (TDDB),
which results in a multistage destruction of the gate oxide. The first
stage is formation of interface traps by hot carrier injection. These
interface traps overlap each other to form defect streaking, which in
turn leads to a path between the gate and the channel or substrate.
The injection stages result in the formation of a conduction path
between the gate and the source-drain region. The next stage creates
an environment that exacerbates this effect in the presence of heat,
thereby creating thermal damage. More traps will be generated under
such conditions, forming a positive feedback loop that leads to
dielectric breakdown. Thus, TDDB consists of a cycle of high-energy
carrier injection and trap generation that leads to oxide breakdown.

Thin dielectrics and dielectrics with process deformities can
hasten the formation of interface traps and reduce the time to
degradation. The presence of a potential difference between source
and drain also increases the generation of traps. Experiments have
shown that, for a transistor with 4-nm-thick gate dielectric in 45-nm
process technology, dielectric breakdown occurs in the presence of an
electric field of 5 MV /cm.*>% This high electric field is typically caused
by a voltage spike greater than the supply voltage V. Voltage spikes
are usually the result of inductance in power supply lines or other
signalintegrity issues. The TDDB of gate dielectric can be characterized
by using the MTTF as follows:

E
trops = A exp[— kTa + Boxvj (7.5)

ref

Here Aisaconstantbased on experimentation and process parameters,
V is the voltage applied at the gate terminal, and B_ is a voltage
acceleration constant that depends on oxide characteristics. It can be

seen that £ is a function of temperature.
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7.3.4 Mitigating HCI-Induced Degradation

Hot carrier degradation can be mitigated by using device and circuit
techniques. Device techniques employed today include using lightly
doped drain regions, creating an offset gate, and using buried p+
channels. As explained previously, the drain injection form of HCI
results from impact ionization at the drain end of the channel.
Therefore, drain regions near and beneath the channel are doped
more lightly than elsewhere so there will be fewer electron-hole pairs
that can tunnel into the oxide by gaining kinetic energy. The lightly
doped regions are illustrated in Figure 7.9."

Circuit techniques that have been incorporated into designs as
good practices are also effective at mitigating HCI. Because hot carrier
degradation predominantly affects nMOS devices, series connections
(such as those in NAND and other complex gates) will be subjected
to less degradation. The nMOS closest to the output in a stack is most
vulnerable to device degradation that will affect the output. A device
can be protected by using an additional MOSFET (in series) that
reduces the voltage at the drain of the affected nMOS; see
Figure 7.10.%
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Ficure 7.11 Scheduling of
input signals to mitigate HCI

effects.
[

Gate sizing and input signal scheduling are additional examples
of circuit design techniques to mitigate HCl-induced reliability
degradation. Gate sizing is a well-known technique foraccommodating
uncertainties in parameters. In general, increasing the size of a
transistor will reduce its susceptibility to HCI. Gate sizing changes the
input signal slope, which means the transistor leaves the linear region
sooner. This reduces the impact of HCI-induced reliability issues.
Gates in the preceding and fan-out stages must be properly sized to
ensure overall design reliability. The arrival of input signals can affect
the amount of stress and hot carrier resistance in transistors.” Hot
carrier injection effects are strongly suppressed when input to the
nMOS transistor nearest to the output arrives earlier; see Figure 7.11.

Negative Bias Temperature Instability

Negative bias temperature instability is a circuit aging mechanism
that affects pMOS devices. When a pMOS transistor is negatively
biased (negative gate-to-source voltage) and under high temperature,
the threshold voltage of the device increases, which affects the
transistor’s ON current and its performance. Concern about NBTI
has grown significantly for technologies below 65 nm. Threshold
voltage degradation due to NBTI is similar to hot carrier injection in
some cases. But unlike HCI, where degradation occurs primarily
during active switching of the transistor, NBTI occurs under static
stress conditions, when the device is not switching. In today’s low-
power designs, portions of the circuit are typically power gated to
conserve power; static stress under such standby conditions
contributes to degradation in those parts of the circuit.

NBTI degradation in pMOS transistors is caused by generation of
interface traps at the silicon-oxide barrier.! Crystal mismatches
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between silicon and the oxide results in many free silicon atoms near
the interface. The amount of free silicon can be suppressed by hydrogen
annealing, which bonds the silicon atoms with hydrogen atoms. Yet
with continued feature scaling and increased stress on the gate, these
Si-H bonds are susceptible to breakage. This breakage leads to
interface traps and to the generation of free silicon, causing changes
in the device’s threshold voltage and drive current.

7.4.1 Reaction-Diffusion Model

Interface trap generation and Si-H bond breakage is well explained
by the reaction-diffusion model.>¢?**' This model is divided into two
primary phases, the reaction dominated phase and the diffusion
dominated phase. Holes in the channel dislodge hydrogen atoms
from the Si-H bonds at the interface, creating traps (see Figure 7.12).
This process is described by the following expression:

SiH+h = Si" + H° (7.6)

where I denotes the holes in the channel region. This is the reaction
dominated phase of the NBTL In this phase, the number N, of interface
traps generated is modeled in terms of the rate of bond breaking, the
rate of trap generation, and the number of hydrogen atoms diffused
toward the gate. The rate of change in the number of interface traps is
a function of several factors:

dN o k, k,, N, N, N&, 7.7)
dt it

Here k, and k, are (respectively) the reaction rates for reverse reaction
(also known as the hydrogen annealing rate) and the rate at which the
hydrogen atoms separate from Si-H to form hydrogen molecules
(also known as bond-breaking rate), N°is the initial Si-H density, and

N, is the initial hydrogen density at the Si-SiO, interface.

Figure 7.12 Si-H bond SiTH H
breakage and interface trap ht~a Si+®
formation during the NBTI h+~a . o~
Sit® H

stress phase (see Sec. sidH
7.4.2). IT

h+~a SI"@ H/J

Substrate Gate oxide Polysilicon

@ Interface trap
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After certain period of stress, the N° den51ty saturates as the
device enters an equilibrium state; in this state, then, the formation of
interface traps is reduced. The process now moves into the diffusion
dominated state in which the hydrogen atoms present in the oxide
diffuse toward the gate terminal (see Figure 7.12). The change in
hydrogen density over time depends on the material diffusion rate,
which is given by

ANy, o ANy,

dt dx? 78)

The diffusion process also slows the formation of more interface
traps, because diffusion is much slower than reaction. Hence, in this
state the final N, rate is not dependent on dN,, in this state. The
reaction-diffusion model thus yields the followmg equation for total
interface trap formation due to NBTI stress:"

N (= X\[E, exp{E,. /&, } - %/t (7.9)

where X and ¢, are technology-dependent parameters, E_ is the oxide
electric field, and ¢ is the stress time. The generation of interface traps
changes the threshold voltage of the pMOS. This change in pMOS
threshold voltage is modeled as follows:"***

qAN; ()
C

ox

AV, (D) = (Mo +1) (7.10)

where g is the charge in the channel and C_ is the oxide capacitance.
The y_ , term is included because traps in the Si-SiO, interface also
change the mobility of the device.

7.4.2 Static and Dynamic NBTI

Threshold voltage variation due to NBTI-induced stress occurs in
response to trap generation in the Si-SiO, interface under negative
bias conditions. Unlike HCI-based degradation, however, NBTI is
reversible. That is, V. can recover under nonnegative bias and lower
temperature. Thus NBTI has two phases, the stress phase and the
recovery phase.®

During the stress phase (which is modeled by the reaction-diffusion
equations), the source-drain and substrate are at the same potential
and the gate is in negative bias. (i.e., Vc=-V). In this phase, interface
traps are formed that drive hydrogen atoms toward the gate.

During the recovery phase (V 4=0), no holes are present in the
channel to form interface traps. Some of the diffused hydrogen atoms
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do not have enough energy to move across to the gate region, and
these atoms return to the Si-SiO, interface where they rebond with
the dangling silicon atoms. In this phase, NBTI degradation is
reversed in that the device’s threshold voltage returns (partially) to
the normal condition. The two phases are illustrated in Figure 7.13.
Static NBTI stress is observed when a device is in the stress phase
throughout its lifetime. Devices that are turned off for a prolonged
period to minimize static power consumption are the most likely to
endure static NBTI stress. The threshold voltage of static-stressed
devices tends to change with time; as a result, when they need to be
turned back on, their V_ is different and so alters circuit timing. An
example of static stress in CMOS gates is illustrated in Figure 7.14(a),

Voo Vob
T J
Bl ~\ h+ o+
0 T~ h+ Vbp +
Tte he+
T I+_‘
Voo Voo
Phase I: Stress Phase II: Recovery

Ficure 7.13 Two phases of NBTI: stress and recovery.
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Ficure 7.14 NBTI stress types: (a) static; (b) dynamic.
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where it is evident that the pMOS transistor is under stress when its
input voltage is 0. In active circuits, the gate voltage changes between
0 and V during proper circuit operation. For a pMOS device, NBTI
degradation occurs when gate voltage V is 0; the recovery occurs
when V=V . This means that dynamic circuit operation alternates
between stress and recovery phases, as shown in Figure 7.15.6
Figure 7.14(b) illustrates the case of dynamic NBTI stress applied to a
transistor. The gate delay due to V. variation is found to be highest
when P1 switches after being under stress for a prolonged period.

7.4.3 Design Techniques

Design techniques for mitigating NBTI-induced degradation in thres-
hold voltage and drive current include gate sizing, duty-cycle tuning,
and V and V_ tuning. All these techniques are used in today’s
designs in order to mitigate process variations.

Duty cycle is defined as the percentage of time over which a
particular signal state is active or high. Dynamic NBTI alternates
between stress and recovery phases, and the duty cycle determines
how much time the device spends in each phase. Using device sizing
to properly tune the circuit’s duty cycle will mitigate changes in
threshold voltage. The longer the device stays in the recovery state,
the lower the value of AV___.

Variation in AV is highly dependent on V and V.. The plotted
curves in Figure 7.16* indicate that V| tuning is preferable in terms
of its effect on AV, and generic ease of control. The extent of tuning

30
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Ficure 7. 15 Variation in threshold voltage V. during stress and recovery
phases of NBTI.
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Ficure 7.16 Effect of = Vpp /
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required is based on the process, the type of stress being applied
(i.e., static or dynamic), and the range of AV, _ observed in the device.
For a given amount of time under stress, a bp Value can be tuned to
minimize AV, variation and performance degradation.

Electrostatic Discharge

Electrostatic discharge (ESD) is a well-known failure mechanism that
occurs when a component is subject to a sudden excessive discharge
of static electricity. Such discharges can damage semiconductor
components in many ways.>*%* A MOSFET device is prone to ESD
failures because of its high input impedance. Electrostatic discharge
failure canbeattributed to static electricity generated by the triboelectric
effect. In other words, when two objects come in contact, their surfaces
ionize and inject a charge greater than the work function of the
material. The excess charge removes the electrons from one material
and attaches them to the other, thereby forming oppositely charged
surfaces. When such charged surfaces come in contact with a MOSFET,
the ESD can cause gate dielectric breakdown. Since contemporary
MOSFETs feature oxides that are less than 40 A thick, the breakdown
voltage is correspondingly lower.

ESD-induced catastrophic failures occur at dielectrics, conductors,
and junctions. In gate dielectrics, a high gate voltage can break down
the gate oxide. At semiconductor junctions, a high source-drain
voltage may cause “punch through” and heating at the source-drain
junction, which can lead to silicide cracking and junction failures.
When metal conductors are heated by high current levels, the result
may be EM- and ESD-induced dielectric defects that cause
permanently high current.

261



262

Chapter Seven

As illustrated in Figure 7.17, ESD can cause metal interconnects to
heat up, melt, and form bridges or opens. These effects are due to
joule heating in the presence of a sudden spike in current across the
wire. In MOSFET devices, current flows through a narrow path or
filament. When the metal contacts heat up, they melt and fall into the
narrow currentpath, connecting sourceand drainregions permanently.
This phenomenon is known as electrothermomigration. A transfer of
mass in the presence of a weak electric field can also cause shorts
between MOSFET terminals; in fact, filaments from the polysilicon
gate can short all three terminals of the device (see Figure 7.18).
Junction breakdowns are characterized by p-n junction rupture due
to ESD events, which cause opens or shorts in the p-n junctions of a
bipolar device. Electrostatic discharge leads to joule heating, which
changes the characteristics of the underlying silicon—for example, its
resistivity is reduced, which further increases its susceptibility to
heating. The resulting vicious cycle leads to thermal runaway and
hence to complete failure of the device.

The failures that could result from electrostatic discharge are
prevented by designs that incorporate protection circuits for critical
MOSFETs.»% Examples include gated diodes as well as device
protection against punch-through.
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7.6 Soft Errors

In order to achieve high density and low power consumption,
operating voltages have been scaled for devices whose feature sizes
are smaller than 50 nm. However, reduced supply voltage also
reduces the noise margin and increases susceptibility to radiation
hazards. Soft errors are reliability failure mechanisms that are caused
by terrestrial or cosmic radiation. Unlike catastrophic failures and
reliability failures due to gradual degradation, soft errors are transient.
Soft errors are usually attributed to an error in data or in a circuit
signal and do not cause any physical damage to the device. Erroneous
bits of data, once detected, can be modified by rewriting. But if these
error bits are not detected within a specified time, they can lead to
reliability problems in many systems. Therefore, high-reliability
systems typically employ mechanisms for detecting and correcting
errors in order to avoid sudden system crashes. Memory components
are especially vulnerable to soft errors. Techniques for mitigating soft
errors include using error-correcting codes, upsizing capacitances,
providing spare circuitry, and software techniques such as RMT (see
Sec. 6.3.1.2).

7.6.1 Types of Soft Errors

A radiation-induced single event upset (SEU) may or may not affect
system operation. If a system is affected, a soft error is said to have
occurred. A soft error may propagate across multiple clock cycles
without affecting system output. Soft errors that do not propagate to
the output (are thus are not found by the user) are not considered to
be detectable. Detectable soft errors can be classified as either silent
data corruption (SDC) or a detected unrecoverable error (DUE). A
DUE will usually cause the system to crash, but SDC errors are also
of great concern to users.

The typical duration of an SEU is small (of the order of a few
picoseconds), so it may not even propagate to the output of a
combinational logic circuit to be detected as a fault. When an SEU
becomes latched (into a flip-flop or a latch), however, it may persist or
propagate through later cycles. For this reason, soft errors are mostly
observed in sequential and memory circuits. It is important to note
that, even if an SEU occurs in a circuit, there is only a small likelihood
of it causing a system error because logic, timing, and electrical masks
prevent its detection.®® Electrical masks prevent the erroneous value
from reaching a detectable logic level, and logic masks prevent faulty
values from propagating to the output. Finally, latching time windows
may prevent the faulty value from being recorded.

7.6.2 Soft Error Rate

The soft error rate (SER) is the rate at which the system encounters
soft errors.** The SER can be measured by failure in time (FIT) or by
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mean time to failure (MTTF). The FIT metric specifies the number of
soft errors encountered per billion hours of operation, whereas MTTF
reports the SER in terms of the number of years before an IC fails due
to soft error. As mentioned previously, SER is not strongly related to
aging but is a good measure of the reliability of a circuit. The soft
error rate is not related to chip yield, although it, too, can be addressed
through design considerations at the circuit or system level.

7.6.3 SER Mitigation and Correction for Reliability

The SER can be mitigated in circuits by radiation hardening, which
can be accomplished in many ways. One common method is to
increase the capacitance of circuit nodes.*** Another technique is to
fracture transistors into parallel “fingers.” Mitigation techniques affect
circuit power and timing, so the only nodes that are targeted are those
for which a high SER is probable.

Error-correcting codes are used to mitigate soft errors in memory
circuits.® In this method, extra bits are added to detect and correct
erroneous storage values. Soft errors can be detected and corrected
by using such familiar fault-tolerant techniques as triple modular
redundancy. With the TMR technique (explained more fully in
Sec. 6.3.1.1), three copies of the same unit are fed as input and a
majority voter is used to test for errors. Even if one unit has a soft
error, the two other units provide the correct result. Encoding output
values in memory circuits is also used to mitigate soft errors. However,
all of these fault-tolerant mechanisms have the drawback of increased
design area and/or reduced performance.

Reliability Screening and Testing

Reliability testing is the process of screening to find the “weak” chips
in a lot before they are shipped to a customer. The failure of these
weak chips leads to the initial high failure rates indicated by the
infant mortality portion of the curve plotted in Figure 7.1. Reliability
screening involves the use of acceleration mechanisms that trigger the
failure mode of vulnerable chips. Screening is important because it
increases the slope of that figure’s bathtub curve (the early-life
failures) and also helps tune the process. Temperature, voltage, and
mechanical stress are used to accelerate device failures. Mechanical
failures in ICs are accelerated when the circuits are subjected to
vibrations with high g-force. The IC centrifugal test also falls into this
category. Stress tests incorporating high voltage and high temperature
in a burn-in chamber are used to accelerate failures due to electro-
migration and gate oxide shorts. These tests screen chips with latent
defects and bonding problems.

Burn-in is the most popular reliability screening procedure, and it
uses a combination of temperature and voltage to accelerate failures.
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The IC chip is typically maintained at a higher than normal tem-
perature, and test patterns are applied using heat-resistant probes.
Burn-in tests differ from other manufacturing tests because patterns
are applied but the response is not observed. This is because the
components are not usually designed to function normally under
stress conditions. The accelerated failures induced by the burn-in test
target circuits with weak and thin oxide layers, thin metal lines,
improper contacts or vias, and contamination. Two types of burn-in
tests are used to detect different weaknesses in the IC: static tests,
which are used to cause junction breakdowns; and dynamic tests,
which are used to induce electromigration effects.

Apart from screening, reliability testing is another important aspect
of product characterization. Unlike reliability screening, reliability
testing stresses the targeted ICs until they fail. Accelerated reliability
testing of circuits is destructive, so only a selected sample of ICs from
each lot is chosen for testing to estimate the lifetime of shipped
products. The accelerated reliability testing performed today include
temperature, voltage, chemical, mechanical, radiation, and humidity
tests. The circuits must go through a battery of tests that incorporate
heat, high voltage (spikes), corrosive chemicals, shocks and vibrations,
and bombardment by alpha particles or neutrons. A comprehensive
failure analysis is performed for each stress mechanism to estimate
the level of activation energy and stress that the ICs can withstand in
the field.

Summary

In this chapter we reviewed reliability issues that affect contemporary
ICs. The objective was to review important reliability mechanisms
that lead to aging and permanent failure of devices. We examined
failure mechanisms that are parametric (such as HCI and NBTI),
recoverable (such as NBTI), and intermittent (such as soft errors).
Devicereliability is a product of design and manufacturing robustness.
Design for reliability (DFR) provides protection against reliability
failures when such failures can be modeled, which underscores the
importance of reliability modeling. In this chapter, we reviewed
various reliability models that are used to predict aging or to identify
circuit vulnerabilities. It was observed that, because DFR techniques
impose costs related to area, performance, and power, their use
should be targeted selectively.
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8.1

CHAPTER 8

Design for
Manufacturability: Tools
and Methodologies

Introduction

The previous chapters in this text have established that design for
manufacturability (DFM) is not just a back-end concern. Optical
proximity correction, double patterning, phase shift masking, and
other resolution enhancement techniques (RETs) for defect avoidance
cannot be decoupled from the physical design process, because some
designs cannot simply be “cleaned up” and therefore require redesign.
As designers are brought onboard into DFM iterations, design
productivity becomes a concern. This productivity must be seen from
two aspects: information and tools. The information package must
contain process parameter variations (i.e.,, printed shape rep-
resentations at various process corners) or the distribution of these
variations. Typically, not all this information can be deciphered by the
designer because it requires additional knowledge of the manu-
facturing process and parameters that relate to analysis. Electronic
design automation companies and in-house CAD tools seek to
provide a bridge between manufacturing specifications, process
variabilities, and corresponding design parameter variation by
encapsulating this knowledge in technology libraries. Computer-
aided design tools are an integral part of the semiconductor design
process. During each stage of design, CAD tools perform design
transformations guided by analysis and/or empirical and encap-
sulated knowledge geared to improving the design realization pro-
cess. Traditionally, designs were guided by the triad of area,
performance, and power metrics. However, because of functional
and parametric yield concerns as well as the complexity of DFM
compliance, the goals of manufacturability, variability, and reliability
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have become increasingly important in the move to smaller fabrication
geometries.

The design realization process consists of adhering to a set of
design principles to help improve design productivity, which is
defined by ease of the design process and the number of design
iterations required. The guidelines are a function of design targets,
technology, and capabilities of the tools used. The entire process is
commonly referred to as design methodology. Adhering to a set of
clocking rules, to rules for power supply distribution on chips, or to
the prescribed physical dimensions of library cells will simplify
partitioning of the design process; this allows the various partitions
to be designed concurrently and independently, which increases
designer productivity and reduces time to market. Similarly, library
cell planning and a set of physical design constraints often obviate
the need for multiple iterations to arrive at a DFM-compliant design.
These considerations underscore the importance of design discipline
to reduce the burden on tools in terms of required types and volume
of data. Conversely, suitably sophisticated and capable tools are
required because discipline alone cannot accomplish all design and
manufacturability goals. Thus, design methodology cannot be
addressed separately from the tools involved.

The design realization process involves a series of steps. These
steps did not originally include DFM, which was viewed as a one-
way, back-end process to improve manufacturability. With the advent
of new complexities associated with RET, lithographic variability,
and defect avoidance techniques, design methodologies have been
forced to accommodate not only DFM but also DFY (design for yield)
and DEFR (design for reliability). These three design concepts are often
lumped together, and referred to as “DFx,” because they are often
handled in the same manner: analysis, compliance checking, and
iteration to optimize the design. The drive to incorporate DFx
has increased the need to understand basic manufacturing
process, manufacturability models, and process variability. The
resulting expanded role for designers is geared to achieving a better
design that conforms with goals of power, performance, and
manufacturability.

In the future, two principal factors will drive the semiconductor
industry toward cost-effective manufacturing: (1) CAD tools and
methodologies aimed at enhancing manufacturability, yield, and
reliability; and (2) innovative manufacturing ideas that target specific
products.

DFxin IC Design Flow
CAD tools are a major component of DFM and DEFR strategy. A typical
design flow in semiconductor manufacturing involves the following
elements: device and process modeling, standard cell design, library
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characterization, design analysis, synthesis, placement and routing,
layout verification, and mask engineering. The balance of this section,
which briefly describes many of these elements, also illustrate how
DEM- and DFR-based methodologies have been applied to improve
design manufacturability. Semiconductor manufacturing steps incor-
porate CAD tools that perform analysis, modeling, design modi-
fication, or optimization. These CAD tools typically rely on models
and parameters. Models embody general principles, whereas
parameters are specific to a technology and so vary from generation to
generation. Decoupling parameters from models allows the use of
tools over multiple technology generations, thus providing a
semblance of repeatability. Parameters are often the most-overlooked
part of the design process. Uncalibrated parameters—together with
unrealistic assumptions about such environmental conditions as
voltage, temperature, and package parameters—lead to design
failures.

8.2.1 Standard Cell Design

DFx-compliant standard cell design is vital to improving the
manufacturing process and also to achieving a steeper yield curve.
For example, designing standard cells in the context of matching FO4
metrics does not, in itself, ensure a timing-compliant design, but it
does provide a basis for one. Similarly, addressing DFx issues at the
cell level is necessary to build robust designs. At this level,
manufacturability and reliability issues arise most frequently in poly-
gate masks. Therefore, DFM compliance checks and related mod-
ifications must be performed early and often during the design of
these cells. Layout issues can arise with respect to polysilicon gate
width and length over the diffusion region, minimum pitch spacing
between polysilicon lines, contact placement over active areas, within-
cell via placement, diffusion rounding, gate length and width biasing,
and stressed channel regions. These issues affect the performance
(and performance variability) of the standard cells. Reliability issues
involving negative bias temperature instability (NBTI), hot carrier
injection, and soft errors also require modifications to the standard
cell if early-life and intermittent failures are to be prevented. Thus,
CAD-based methodology for library cells must include early attention
paid to issues that traditionally dominate the back-end design
process.

Figure 8.1 reproduces some layout modifications, discussed
previously in the text, that are performed by DFx flows. Polysilicon
widths outside the diffusion region are increased, and polysilicon
lines are spaced to remove forbidden pitches. Dummy fills and
subresolution assist features (SRAFs) are employed to reduce the
impact of gate length variation in silicon. The edges of diffusion
regions are located far away from poly lines in order to preclude
variation in gate width and length due to diffusion rounding. Doping
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Dummy fill OPC

Original mask Final mask after
model-based OPC

Standard cell Dummy|

Ficure 8.1 Layout modifications performed by DFx flows.

with germanium or silicon germanium and using nitride liners both
serve to strain the channel; strained silicon increases carrier mobility,
which enhances the performance of standard cells. In transistors,
carrier mobility is also affected by contact distance to poly and by the
spacing between N-active and P-active regions. Layout rules have
been proposed to achieve higher carrier mobility without excessive
strain, which can lead to crystal dislocation.

Issues related to NBTI were discussed in Sec. 7.4. Negative bias
temperature instability places both static and dynamic stress on
pMOS transistors, leading to V. increases that cause gradual
degradation of the device. Radiation impact on devices in the
integrated circuit can lead to intermittent failures such as soft errors.
Such errors are related to diffusion area and to the ratio of channel
area to diffusion area. “Hardening” circuits to reduce the soft error
rate (see Sec. 6.5) may involve reducing the diffusion area as well as
sizing devices optimally to achieve a balance between susceptibility
and performance. Resolution enhancement techniques such as optical
proximity correction (OPC) and phase shift masking (PSM) are also
applied during the final stages of library creation to enhance
printability of the gate.

All these methods have become essential for design work under
the current state of process parameter variations. Each of the tools
involved in the DFx-compliant design process relies heavily on
information from the foundry to produce manufacturable designs
that meet area and performance targets.

8.2.2 Library Characterization

Library characterization methodology plays a crucial role in design
convergence. There are multiple perspectives associated with a given
cell; the most common of these are logic, schematic, timing, power,
and layout. In the previous subsection we discussed the importance
of the physical layout for DFM. The other perspectives also play a
role that is related to parametric yield. The standard cell library
consists of gates that are tuned for multiple V_ values, multiple drive
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strengths, and different process corners. However, variations induced
by the manufacturing process also have an impact on library cells.
Library characterization for timing and static power must therefore
take these variations into account.

A cell may be characterized in terms of its performance in slow,
nominal, and fast process corners. Pessimistic delay assumptions
(slow corners) during design optimization lead to oversizing of gates
and thus to increased power consumption. Conversely, optimistic
assumptions about cell performance (fast corners) lead to reduced
manufacturing yield. For this reason, CMOS circuits are usually sized
based on nominal process corners. If variations are large, then slow
and fast corners become important for design. For example, violations
in hold time or in minimum delay are often analyzed based on fast
process corners. If a cell’s performance is characterized as being very
fast, this may lead to “delay padding” and thus impede design
convergence on the target cycle time. Therefore, during cell library
characterization, the slow and fast process corners are typically
chosen to be +1.5 standard deviations (rather than +30) in order to
strike a working balance between design convergence, area, power,
and parametric yield. We remark that, even though most designers
take little notice of cell library characterization, the process has a large
impact on parametric yield.

Important process parameters are variation in gate length and
gate width, random dopant fluctuation (RDF), line edge roughness
(LER), gate length biasing, and channel strain. A number of DFM
methodologies seek to analyze process and lithographic parameter
variations, and their effect on device parameters, in addition to
proposing models that fit actual device behavior.'® Lithography-
induced across-chip linewidth variation cause changes in gate length
and width of the device. Variation in gate length on silicon results in
the formation of a nonrectangular gate. Because traditional SPICE
models assume that the gate is rectangular, large discrepancies can
arise between presilicon simulations of circuit timing or leakage and
the actual postsilicon parameters. For this reason, the SPICE models
used in DFM-aware methodologies accommodate nonrectangular
transistors, which are represented by rectangular transistors of
varying lengths and widths for each region of operation. Research
results indicate that this technique can be effected by matching the
drain current of the transistor during different regions of operation.>*”
Both RDF and LER can be mapped to variation in transistor threshold
voltage V.. Hence, SPICE modeling now accommodates drain current
variation due to RDF and LER.

Because post-OPC gate length biasing modifies noncritical gates
within the standard cell, library characterization in the presence of
such biasing must be incorporated when a design is being estimated
for timing and leakage. What-if analyses are the most popular app-
roach for such virtual models.* Process-aware library characterization
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also enables designers to perform effective logic simulation for the
analysis and testing of signal integrity.

8.2.3 Placement, Routing, and Dummy Fills

DFM-aware CAD methodologies have been incorporated into
physical design tools for placement and routing. The main purpose of
these methods is to produce RET-compliant placement and routing.
There are guidelines regarding the placement of standard cells that
take into account the presence or absence of particular neighboring
cells and their orientation. In addition, a new placement approach
that incorporates variation in circuit timing based on process
parameters has been proposed by Kahng and colleagues.”® The aim is
to model timing variation due to lens aberration and then take this
information into account during cell placement. (See Sec. 4.4.5 for
more details on this work.)

RET-compliant routing algorithms incorporate knowledge of
lithography-related issues to stipulate the routing of wires that
connect various design blocks. One such approach is to perform
initial routing followed by a fast lithography simulation to estimate
the edge placement error (EPE) of each metal line in the mask.
Hotspots are then marked based on the estimated EPE, after which a
series of wire spreading and wire sizing steps are taken. If the hotspots
still remain after these steps, the detailed route is ripped and rerouted.
This process is repeated until a hotspot-free layout is obtained. Wire
spreading is possible only in regions that have sufficient extra space
available. Wire spreading, as shown in Figure 8.2(a), reduces critical
area and improves printability. Wire widening, as shown in
Figure 8.2(b), reduces the critical area for open defects; it also reduces
the probability of linewidth reduction due to proximity effects.

Dummy fills are postlayout routing techniques whose purpose is
to improve the planarity of oxides and other materials after chemical-
mechanical polishing (CMP), whose effects depend on the pattern
density of the mask. Dummy fills are added between mask features
to minimize postlithography variation in metal and interlayer
dielectric thickness. The CMP-induced dishing (erosion) of wide

Original wire

|

(a) (b)

Ficure 8.2 Lithography-informed routing: (a) wire spreading; (b) wire widening.
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metal lines is reduced by slotting. This procedure removes certain
regions (e.g., power rails and fill oxide) of a metal line to improve
planarity (see Figure 5.17).

8.2.4 Verification, Mask Synthesis, and Inspection

Physical verification has become increasingly complex because of the
increased pattern density in today’s masks. Verification is the process
of checking the layout for compliance with generic design rules check
(DRCQ), restricted DRC, and lithography rules. For decades, DRC has
constituted the final stage before design handoff. However, with
increases in layout pattern density, field interactions extend beyond
the adjacent polygon. The immense number of interactions that must
now be considered has increased the DRC rule count exponentially.
Lithography rules check (LRC) is a model-based approach that aims
to resolve printability issues in the layout. In particular, LRC makes
changes in the design layout so that OPC algorithms can arrive at a
suitable solution for hotspots. The LRC algorithms are based on
pattern matching of polygons present in the layout to a precompiled,
lithography-simulated library of shapes. A library of patterns is cre-
ated, and lithography simulation is performed to analyze their
printability. Pattern matching techniques are used for identifying and
fixing hotspots in order to maximize the effectiveness of the
final OPC.

Mask synthesis and inspection steps are performed in the design
house before mask manufacturing. Effective mask synthesis techniques
involve DFM strategies that seek to produce an RET-compliant mask.
Both OPC and PSM are performed on the final mask to enhance
pattern printability. The LRC relies on layout verification to generate
a layout that is amenable to optical proximity correction and phase
shift masking. Unless a layout is hotspot-free and can be assigned
phases, it is ripped and rerouted. (Refer to Sec. 4.3 for more details on
PSM and OPC.) Mask inspection is performed to analyze the number
of shots required for a given layout, where the “shot count” is the
number of fractured polygons in the layout. The cost of mask writing
is a direct function of the shot count. The inspection step also includes
critical area analysis in order to predict the yield of the mask based on
a particular defect size. Process yield can be improved by making
repairs, but catastrophic faults can only be removed through re-spin.

8.2.5 Process and Device Simulation

The interaction of process and device simulation tools with DFx flows
is critical for improving the overall manufacturing process. Device
and process simulation tools are categorized as “technology CAD”
(TCAD) tools. The purpose of TCAD tools is to produce DFx models
that in turn will be incorporated into design tools for both the front-
end and back-end design stages.
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Technology CAD tools perform process and device simulation in
order to assess the impact of process variation on design parameters.
Process simulations mimic actual process scenarios to model the
stages of oxidation, diffusion, and etching as well as other material
deposition stages. The effect of varying process parameters on the
final device or interconnect is modeled to facilitate a transistor-level
analysis that can improve the overall design. Device simulation
characterizes the behavior of a device during different modes of
operation. Newer devices, such as FInFETs and tri-gates, are being
modeled as effective replacements for the traditional MOSFET in
technology nodes below 45 nm. These latest devices require a three-
dimensional TCAD formulation incorporating both process and
device information in order to analyze all possible variants of the
device effectively.

Electrical DFM

Most of the DFEM techniques described in the previous chapters
provide strategies for mitigating catastrophic yield. These DFM
techniques help improve functional yield but often ignore parametric
yield considerations. Parametric yield has been left out of the des-
igner’s hand because there are no tools for relating process parameters
to their design counterparts. The yield limiters in today’s designs are
parametric failures: design parameters that vary beyond the
prescribed specifications. Electrical-DFM (E-DFM) techniques have
been proposed to target such failures and improve design parametric
yield. Electrical DFM has become an important part of DFM strategy
within design and manufacturing companies. Much as global DFM
methodologies, which have infiltrated various steps of the design
process, E-DFM may find its way to improving electrical characteristics
of the design.

The goal of E-DFM is to improve the parametric yield by fostering
communication between manufacturing and design. Electrical DFM
analysis techniques addresses the full spectrum of manufacturing
stages to obtain comprehensive information about process variability
that may be used in electrical optimization. The variations are
incorporated into the design tools used to asses overall impact on
circuit performance and power. The E-DFM approach improves a
design’s parametric yield by focusing on leakage power, dynamic
power consumption, design timing, electrical variability, and so forth.
Examples of E-DFM techniques include leakage-aware standard cell
library design in the presence of stress, timing-aware placement to
accommodate lithographic variation, electrical-OPC for polysilicon
masks, and gate length biasing.”*>"” Inserting fill and adjusting vias to
reduce parametric variation induced by resist opens are also part of
the E-DFM framework. However, dummy fills can induce variation
in coupling capacitance between metal lines. Hence, fill insertion
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techniques have been proposed that optimize both timing and post-
CMP material planarity.’

Statistical Design and Return on Investment

There has always been a fuzzy line that separates design for
manufacturability and statistical design. The DFM techniques, which
usually target catastrophic or parametric yield, follow a series of steps
to predict, model, analyze, and compensate for variations. The target
of DFM methods are variations that exhibit predictable behavior (or
that can be simply generalized as systematic variation). A variation is
predictable if it can be modeled by a mathematical function. A simple
example is how variation in mask feature linewidth on wafer depends
on—that is, varies as a function of—the spacing between adjacent
metal lines. Another example is the dependence of variation in
transistor gate length on standard cell orientation. These relations are
predictable and are effectively modeled as simple functions. With
some variations, however, quantification is difficult or the affecting
parameters cannot be verified or the occurrence is simply random.
No single mathematical function can be used to model such behavior,
because neither the constituent parameters nor their variations is
known. This is where statistical design comes into the picture: it
describes phenomena in terms of probability distributions and other
statistical attributes.

The objective of statistical design is to address the problem of
random parameter variation by assigning a distribution model that
can be used to predict the behavior of the device or interconnect. One
example of statistical design is the modeling of random dopant
fluctuation and its impact on device threshold voltage. The curves
plotted in Figure 8.3 reveal the difference in design timing when
deterministic versus statistical characterizations are employed.
Statistical timing approaches estimate a maximum delay that is less
than the worst-case delay (+30) predicted by the deterministic
approach. Similarly, Figure 8.4 shows that a design’s mean leakage
power is predicted to be lower when statistical rather than deter-
ministic estimation approaches are employed. This means that
circuits can be designed less conservatively for high-performance
applications.

Statistical design approaches come with certain caveats. If the
statistical design is based on parameter distributions characteristic of
the process’s early life, then the results may not be optimal. This is
because the variance of process parameters changes as the manu-
facturing process matures. The implication is that models and CAD
tools must be updated on a continuous basis, which is clearly not
feasible. Therefore, statistical-based design approaches rely on perfor-
mance guard bands to meet final product specification. Yet given the
increasing number of variabilities, even guard banding may prove
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too costly in terms of power. What's needed is analysis of the proper
trade-off between defect prevention and parametric yield."

Variation in general can be classified based on different attributes.
The distinction between random and systematic variation is well
known. Variation can also be classified in terms of location and area
of influence as lot-to-lot, wafer-to-wafer, die-to-die, or within-die
variation. Each of these types of variations has random and systematic
components. The traditional approach is to assume the worst-case
variability of a parameter when it cannot be effectively quantified
and modeled. However, with the increasing number of possible
causes for such random variations and with a broadened scope of
parameter interaction, this method is too pessimistic. Statistical
distributions provide a region of probable parameter variation that
can be used to analyze the effects on design timing and power. A
well-known approach that uses statistical design is the simultaneous
optimization of timing and leakage power. The recursive approach of
optimizing circuit delay and leakage with the aid of threshold voltage
distribution is highly effective.*®* This method has proven to be
reliable and is also being used in circuit synthesis and technology
mapping.

The discussion so far has concerned models and analyses. Before
venturing into statistical design, a key question must be asked about
the value of this approach. In particular, the designer must be aware
of the return on investment (ROI) when statistical modeling of specific
parameters is performed. It has been demonstrated that the ROI is
positive for only a limited number of parameter variations (e.g.,
temperature, threshold voltage, effective gate length) and their effect
on leakage and timing. In contrast, the economic return from the
statistical modeling of peak power optimization is quite limited.*
Therefore, it is important to investigate the ROI before using statistical
models, which are both computationally intensive and time-
consuming, to derive results comparable to those obtained using
straightforward mathematical functions.

Today, there is no settled answer to the ROI question. In general,
though, selecting the appropriate modeling approach depends vitally
on the application as well as parameter variability and its magnitude
and area of influence. The best advice is to keep an open mind to any
type of modeling variations that may arise in future technology
generations and device structures.

DFM for Optimization Tools

Since the dawn of deep submicron technology, optimizing power and
performance has been the most important goal of IC design. The
generation of nano-CMOS VLSI design adds more options to the
existing optimization space by manipulating factors related to strain,
gate biasing (using SRAFs) and dummy filling. The latter items are
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mostly associated with DFM, but they may also be used as design
parameters when optimizing for power, leakage, and performance.

Circuit designers have a number of choices for optimizing a
circuit. Selecting threshhold voltage, transistor sizing, gate biasing,
and strain have already been mentioned as factors that affect device
optimization. Similarly, layout optimization relies on interconnect
modifications, buffer insertion, and logic changes such as negate-
invert. Final design yield and performance is a function of all these
choices. Figure 8.5 portrays a grand vision of optimization flow. It
includes a circuit netlist and/or the design layout as input to the
engine, which incorporates information on circuit parameter vari-
ability and the required parameter and yield goals. The optimization
engine modifies various attributes of the design to generate a final
optimized design that satisfies the required goals. There are many
engines that addresses some aspect of optimization, and they are still
evolving.

Optimization engines have been in existence for the past decade
or so. The DFM technique takes V, variation and the strain factor into
account when optimizing timing and leaking power. In contrast,
optimizing yield based on layout critical areas has evolved into more
lithography-aware techniques for subwavelength patterning. All
optimization techniques aim to minimize or maximize a particular
function whose limits are defined by the constituent parameter
specification. This function is typically referred to as the tool’s cost
function. After each iteration, a new cost is calculated and compared
to the existing cost; further iteration is typically not allowed if the
change in cost does not support the final goal. Optimization is
complete when the final cost has been minimized and all the target
parameters are within specifications.

Parameter &

| vield goals

Optimization
engine

Input
design
database

Functions

e Yield metric

Design constraints,
e Cost function \

parameter
variability, DRC

Optimized

design

Ficure 8.5 Idealized setup for optimization engine.
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Standard cell layouts with no change in dimensions now have
additional control parameters that can produce higher performance,
so there are more varieties of standard library cells available for the
designer to use. A leakage and timing optimization flow based on
strain and threshold voltage has been proposed by Joshi and
colleagues.’ This design flow uses a combination of stressed and
modified V -based gates to achieve overall optimization for leakage
and performance. The flow is similar to the “dual” V -based
optimization flow suggested previously by Sirichotiyakul and
colleagues.” In this dual approach, high and low variants of the
parameters are augmented by additional combinations: high and low
V. combined with high and low stress. The benefit of these additional
options on leakage (I,;) and timing (propagation delay) is shown in
Figure 8.6.16

Yield estimation based on critical area (CA) has also been used in
layout optimization. With the advent of DFM, a new kind of yield
optimization is required—one that involves lithography simulation.
Yield optimization based solely on CA analysis is inadequate because
interactions between the drawn lines extend beyond their nearest
neighbors. The effect of lithographic parameter variation on linewidth,
which is useful in predicting yield, was described in Sec. 3.2. If a line
is in danger of disappearing (open) or of shorting with a neighbor
under a possible combination of input conditions (e.g., focus,
exposure, resist thickness), then that probability counts against the
yield. In this case, the layout optimization goal for each mask layer is
a lithographic yield metric.
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Ficure 8.6 Leakage and switching delays for various combinations of V.- and
stress-based optimization for a three-input NOR gate.
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The overall methodology consists of lithography simulation
under multiple process corners to compute the probability of a line
being open or short. If this probability is above a certain threshold,
the resulting potential hotspots are marked. These hotspots are
ranked in terms of severity, and candidates for adjustment are chosen
one at a time. The selected candidate may or may not be modified, a
decision that is based on its neighborhood. Unlike conventional
hotspot-based layout optimization techniques, some lines may be
permitted to stay with this methodology. The procedure is akin to the
“waiver” process that sometimes accompanies rule-based DRC, in
which a few exceptions are sometimes tolerated. This enables a more
comprehensive of the overall design objective, namely, meeting area,
performance, power, and manufacturability targets.

In sum, DFM-based optimizations have gone well beyond their
original intent of improving manufacturability. This is because the
same set of manipulations are useful in improving parametric yield
and other design metrics, such as performance and leakage power.

DFM-Aware Reliability Analysis

Computer-aided design methodologies based on design for reliability
target electromigration (EM) to extract design geometries and perform
drive current analysis; the current density information so obtained is
used to estimate a devices’s mean time to failure (MTTF) due to EM.
For this analysis, drawn layouts are typically used before any OPC is
performed. The assumption is that OPC will help preserve the shape
in manufactured silicon.

Typical modifications that improve MTTF include changing the
interconnect width and reducing the driver size to satisfy current
density requirements. As interconnect densities increase with each
technology generation, the lithographic processes required to print
all features with an acceptable number of irregularities have become
highly complex. Resolution enhancement techniques such as OPC
and PSM implement changes to the drawn layout. Post-OPC layouts
contain modifications to the drawn mask with extra features such as
SRAFs, jogs, hammerheads, and serifs that change parameter values
for resistance, capacitance, and current density. Other changes to the
design include dummy fills for lower metal layers and slotting for
higher metal layers such as power rails. This means that reliability
verification checks based on drawn layouts are of limited value. More
accurate are DFM-aware reliability techniques that perform analysis
on predicted linewidth and via width. This is an emerging area of
research. Various other reliability tools that operate on drawn
geometries must likewise adapt by considering postlithography
changes to the device and interconnects. Given the increasing
variability across all stages of the manufacturing process, DFM-aware
reliability techniques are needed for early identification of probable
failure sites.
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8.7 DFx for Future Technology Nodes

Scaling of planar bulk CMOS has become increasingly difficult. Apart
from the traditional problems of short channel effects (e.g., band-to-
band-tunneling) and leakage (oxide and gate-induced drain leakage),
manufacturability problems with ultrahigh retrograde channel
doping and V. control are expected to be significant. The need to
manage parasitics—such as series source-drain resistance and
fringing capacitance—may drive manufacturing toward ultrathin-
body, fully depleted, silicon-on-insulator, and/or multiple-gate
MOSFET structures.”® The most challenging issues, in addition to
managing the parasitics, are controlling the thickness and variability
of ultrathin MOSFETs. Primary design concerns will be control of
variability and leakage for better power and performance.

Parameter variation and power issues become paramount in the
context of an increased number of devices, higher-density layout
patterns, and reduced supply voltage. Any reduction in supply voltage
will necessitate reduced threshold voltage in order to maintain the
required noise margin for transistors. In turn, reduced threshold
voltage leads to increased standby current and/or high leakage power
consumption. Variability in temperature and supply voltage also affects
leakage, and with the rise in dynamic power management techniques,
variations will extend beyond manufacturing parameters to conditions
related to workload and environment. The vicious cycle of parameter
variation and leakage must be controlled through advanced
optimization flows and feedback mechanisms. Consequently, new
methods are required that can provide a quick turnaround in variation
analysis, modeling, and design modification. Within this requirement
lies the need for better SPICE models, whose effectiveness largely
determines a design’s parametric yield. Frequent updates—based on
correlations between models and postsilicon parameter variations—
must be incorporated into models for effective control of variability. An
OPC-based algorithm for predicting such postlithographic correlation
has recently been proposed by Cho and colleagues.?

The stress induced by strained silicon (SiGe and nitride liners)
and shallow trench isolation (STI) improves transistor mobility by
more than 30 percent in today’s designs, with minimal impact on
leakage. Thus, transistor and field oxide stress factors will play an
important role as the size of the standard cell shrinks. Strain due to
process-induced factors decreases with scaling, yet strain is critical
for maintaining and improving carrier mobility. Hence a detailed
understanding is needed of how strain may be induced through
physical layout. Placement of STI oxides may then enter the picture,
since currently allowed rule-based layout changes to standard cells to
control leakage and induce mobility through strained silicon will not
be sufficient. CAD tools that can model movement of stress across
different standard cell boundaries will be instrumental in revising
placement techniques that are driven by timing considerations. In the
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face of increasing variability in device features and environmental
factors, reliability-aware CAD tools must be updated in order to
extend the useful lifetime of manufactured products.

At the sub-22-nm technology node, traditional MOSFETs will
most likely be replaced by new device structures. These new structures
will bring new set of design and manufacturability issues. For
example, FInFETs have quantized gate sizing because the gate length
depends on the height of the fin. Hence synthesis techniques must be
modified to derive a better gate-level description from the register
transfer language. Standard cell designs need to incorporate changes
based on printability, area, and intracell routing issues. Line edge
roughness will remain a problem in the manufacture of FinFETs, and
the V. variation so induced may also have systematic components
that depend on the layout. The library characterization of planar
double gates, FinFETs, and tri-gates may involve more than parameter
changes to the model: they may require different device models to
model variations in different ranges. Because these new gate shapes
are completely different, strategies for contact placement and metal
interconnect routing may need to be adjusted so that performance
remains within given constraints. An overall methodology—
incorporating CAD tools, DFM, and industry-proven frameworks—
must be devised for the devices of future technology generations.

Many of the DFM methodologies have not yet been shown to be
effective for large-scale designs, and their applicability to future
technology generations is far from assured. Statistical design has
been touted as a successor to systematic DFM-based techniques.
However, since process parameters (and their standard deviation)
changes as the manufacturing process matures, the analysis and
optimization solutions thatarebased oninitial parameter distributions
may not result in ideal design solutions. Statistical design techniques
must be carefully analyzed for their value, in terms of return on
investment, before being implemented in the design cycle. In fact, a
designer should approach every design methodology with an eye on
its ROI value. Design for value is the overarching issue of concern
with DEM, DFR, and statistical design methods.

Concluding Remarks

We hope that this book has provided the reader with valuable insights
into the driving forces in nano-CMOS VLSI design—in particular,
subwavelength lithography and design for manufacturability. The
subject of this text has been the current state of DFM and DFR as
understood by academia and practiced by industry. We trust that the
comprehensive overview of DFx techniques and issues provided here
will motivate readers to explore these topics in more depth. A clear
understanding of design for manufacturability and reliability, in the
context of semiconductor design and manufacturing, provides an
excellent start to a successful career in nano-CMOS VLSI design.
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litho-friendly routing, 139

lithography compliance checker
(LCO), 129, 130, 132

logic synthesis, 1, 2

longitudinal aberration (see
Aberrations)

longitudinal stress, 96-98

look-up tables (LUTs), 231

low-K interlayer dielectric, 2, 7

lumped parameter model, 57

manufacturing failure
analysis, 127
mask-layout uniformity, 91
mask error enhancement factor
(MEEF), 50, 83
mask feature attributes, 124
mask pattern geometries, 31
mask RET, 113
mask-writing stage, 117. 118
material-removal rate, 33
mean time to failure (MTTF), 24,
244,248,249, 253, 254,
264, 282
mercury arc lamps, 38
metal-deposition, 65, 158
metrology, 15, 71, 103, 113,
157, 161, 162, 186-99, 203,
204, 207
in-line, 159, 186. 187, 197
in-situ, 159, 186, 198
off-line, 159, 160
microthermography, 203
mission-critical applications, 243
mobility, 1, 3, 9, 10, 16, 65, 90,
96-99, 253, 258, 272, 283
molecular dispersion, 83
Monte Carlo-based, 169, 170,
184,278
Moore’s law, 1, 5, 175
Mortality rate, 244,
multibit errors, 228
multigate devices, 3, 5, 6,
multipatterning, 236
multiple stuck-at (MSA) fault
model (see fault model)

multiple-wavelength reflectance
techniques, 197

multisampling latches, 24

multithreshold CMOS
(MTCMOS), 2

multiwindow, 96

N
n-channel MOSFET (nMOS), 9,
18, 64, 65, 67,96-98, 213, 237,
239, 246, 252, 253, 255, 256
N-modular redundancy, 225,
232,233,
NAND multiplexing, 222,
230-32
nanodevices, 6
nanotubes, nanowires, 3, 6
near-wavelength lithography
processes, 11, 161
negative bias temperature
instability (NBTI), 18, 19, 22,
246, 256-65, 271, 272
static NBTI, 259,
dynamic NBTI, 260
non-destructive failure
analysis, 201
nonplanarity, 67
nonrectangular gates (NRGs), 80
normal-lifetime random failures,
244,245
numerical aperture (NA), 10, 11,
12, 14, 4547, 49, 121,

0

off-axis illumination (OAI), 13,
113, 124-126, 133

OFF current, ON current, 3, 4,
80, 246, 256

off-line (metrology), 159,
160, 187,

optical diameter (OD), 16,
23,115,

optical microscopy, 8, 201

optical path difference (OPD),
78,122

optical proximity correction
(OPO), 13, 105, 106 ,113-16,



118, 120, 124, 128-35, 141, 148,
151,152,176, 177, 184, 194,
209, 236, 272, 273, 275, 276,
282,283

overlay (errors), 20, 31, 67, 68,
103, 104, 127, 130, 14244, 146,
187, 196, 197

overlay metrology, 195

overlay patterns, 196

oxidation, 27, 63, 88, 91, 96, 158,
162,163, 276,

oxide-hydrophobic chemistry,
163

P
p+ channels, 255, 262,
p-n junction, 262
parameter-centric models, 55
parameter variability ranges, 17
partial coherence, 53, 55, 56,
partial coherence factor, 55
partially coherent imaging, 53,
54, 56, 58, 59
particle impact noise detection
(PIND) systems, 202
particulate-induced defects, 159,
161-65, 175, 204
particulate yield model, 172
path delay faults, 20, 216, 217
pattern density, 22, 68, 88, 93-96,
107,122,124, 144, 146, 178,
184-86, 196, 204, 274, 275
pattern fidelity issues, 21, 23
pattern matching, 129, 275
performance guard bands, 277
phase assignable mask, 122,
124,177
phase assignment conflict, 134
phase shift masking (PSM), 13,
113,121, 131, 133, 134, 143,
150, 176, 184, 272, 275, 282,
alternating (AlItPSM), 121,
122,177
attenuating (AttPSM),
121-24
phenomenological models. 55.
56. 60
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photoacid generators (PAGs), 32,
60, 84

photo resist strip, 29, 145, 163

physics-based models, 55, 60

pitch, 72-75, 98, 103, 109, 116,
118, 119, 121, 125, 127, 128,
133,134, 138, 142, 143, 144,
148, 234, 271

pitch-dependent linewidth
variation, 116

planar gate, 5

planarization length, 93, 94

plastic ball grid array (PBGA),
158

polishing pad speed, 93,

poly line end contacts, 134

polysilicon, 5, 28, 35, 64, 70, 87,
132,196, 198, 233, 234, 235,
245,247, 257,262,271, 276

positive bias temperature
instability (PBTI), 18, 19

positive tone process, 143

postexposure bake (PEB), 29,
32,52,56,57,59, 60, 84,
107, 109

power supply lines, 247, 254

precision-to-tolerance ratio, 188

predistortion, 114

preexposure (soft) bake, 30

pre-PEB latent image, 51, 57

probability of failure (POF),
168,171

process response space, 179,
180, 181

process-state sensors, 187, 199

process window, 103,107-09,
111-13, 118, 119, 130,
138, 181

projection printing, 40,
47-51,78

propagation delay, 1, 85,
237,281

proximity effect, 68, 71-73, 87,
114-16, 176, 182, 274,

proximity printing, 47, 48

pullback, 73, 87, 88

punch-through, 213, 261, 262
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Q

quadrupole, 39, 40, 125, 126
quality assurance test, 220
quantum dots, 6, 7

quasar, 39, 125, 126

radiation-hardening, 264

random dopant fluctuation
(RDF), 21, 67, 237, 273,

random pixel-flip technique, 151

Rayleigh criterion, 10, 46 47,
120, 142,

Razor technique, 221, 228

RC extraction process, 2, 19,
22,186,

reaction-diffusion model, 60,
257,

reaction dominated phase, 257

reactive ion etching (RIE), 35, 36,
136, 162,

reconfiguration, 221, 222, 231-33

recovery phase (NBTI), 258, 260

reduction imaging, 48, 49, 50,
51, 83

redundancy, 24, 172, 208, 221,
222.225,232-34, 240, 264,

redundant multithreads (RMT),
24,229,230, 263,

register transfer language (RTL),
98, 209

reliability failure
mechanisms, 263

resist-developer interaction, 32

resist pattern formation, 51

resist profile behavior, 109

resist solubility, 60

resist-wafer interface, 51, 52

resonant tunneling diodes, 6, 7

resolution, 10-15, 28, 30, 32,
37,38,46-48,52,55,59,
63, 68, 82,84, 85,113, 121,
122,124,134, 142, 144, 145,
147,148, 151, 153, 160, 162,
168, 188

resolution enhancement
techniques (RETs), 12, 13, 16,

17,108, 113, 129, 131, 133, 141,
148, 153, 176, 269, 272, 282

re-spin costs, 17, 18, 275

restricted design rules (RDRs),
103, 104, 128, 129

RET-aware detailed routing
(RADAR), 140, 141

Reticle, 36, 39, 49, 50, 67, 125,
196, 197

return on investment (ROI), 17,
277,279,284

reverse etch back (REB), 91,

robust test, 214

rollback recovery, 221

roll-off (V) (see threshold
voltage roll-off)

S

scanning electron microscopy
(SEM), 85, 120, 187-91, 193,
194, 203

scatterometry, 188, 193, 194,
197, 199,

secondary ion mass
spectrometry (SIMS), 198, 204

self aligned spacer, 146, 148

self-heating, 248

serifs, 116, 117

shake-and-bake test, 245

shallow trench isolation (STI),
65, 87, 88,96, 97, 283

shape expansion technique, 170

shipped product quality level
(SPQL), 244

shot noise, 83, 84

sidewall angle, 51, 70, 71, 109,
111, 190,

silent date corruption (SDC)
errors, 263

silicon-on-insulator (SOI)
devices, 3-7, 25, 90, 105

silicon dioxide (SiO,), 4, 7-9, 27,
28, 30, 34, 35, 88, 96, 194, 246,
253-58

silicon oxynitride (SiON), 7

single-electron transistors, 6, 7

single-event upsets (SEUs), 263



single-error-correction, 228

single-mode lasers, 38

single-slit experiment, 4244

sliding-window approaches, 96

slow-to-rise (5TR) fault, 214, 216

slurry, 92, 93, 178,

small delay fault, 214, 216

Snell’s law, 76, 77

Soft bake (see pre-exposure bake)

soft error rate (SER), 237,
263, 264,

soft RET, 113,

software redundancy, 24

spacing, 12, 14,72,73, 98,122,
127,128,129, 139, 140, 142,
167,168,169, 171, 174-79,
181, 183-86, 233, 234, 236,
271,272,277

spatial coherence, 53

spin-on-glass (SOG), 91

standing waves, 32, 51, 52

static power, 2, 259, 273

static-stress, 256, 259

statistical design, 277, 279, 284

statistical timing analysis, 208

step-and-scan approach, 78, 138

Stratified sampling, 184

stress memorization
techniques, 96

stress phase (NBTI), 257-59

stuck-at, 214, 216-19

stuck-on, 212-14

stuck-open, 212, 213

sub-resolution assist features
(SRAFs), 113, 118, 237, 271

substrate, 4, 8,9, 10, 13, 27, 28,
33, 36,48,52,71,76,190, 196,
198, 234, 235, 246, 249, 251,
254,258, 262

sum-of-coherent-systems
(SOCS) approach, 58

surface analysis, 203

T
technology CAD (TCAD), 16,
275,276
temporal coherence, 53
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tensile nitride liner (TNL), 97, 98

tensile stress9, 10, 96, 97, 98

test pattern optimization, 220

test scheduling, 219

threshold voltage roll-off, 64

through-pitch variation, 75, 116

time-dependent dielectric
breakdown (TDDB), 254

time redundancy, 24, 221,
228,229,

time to market (TTM), 105, 170

time to tape out (TTTO), 16

transition fault test, 214

transmission cross coefficient
(TCC), 56-59

transmittance, 36, 45, 120,
122,123

trapped charges, 246, 251, 253

tri-gate, 3, 5, 6, 146, 276, 284

triple modular redundancy
(TMR) approach, 224, 264

U

undercutting, 34

vV

variations
temporal, 67
spatial, 67
lot-to-lot, 67, 107, 279
wafer-to-wafer, 67, 107, 279
intra die, 67, 68, 107,
196, 279
die-to-die, 67, 196, 279
random, 21, 67, 68, 75, 88,
90, 94,107, 111, 166, 216,
277,279
systematic, 64, 67, 68, 74,
75,98,107,111, 171, 178,
202,277,279, 284
via-contact holes, 192
voting block redundancy, 225

W
wafer handling errors, 20, 69,
107, 158, 162
walfer sort test, 158, 209, 219, 220,
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wavefront, 40, 53, 78,

wavelength, 10-12, 16, 38,
40,41, 43,44,47,49, 50, 59,
63, 68,113,114, 120, 121,
142,193

wear-out failures, 244

wet etching, 33, 35, 88,

wired-AND, wired-OR
models, 217

wire pushing, wire sizing, wire
spreading, 141, 175, 274

within-die variati
(see variation)

X
x-ray radiography, 202

Y
yield-loss, 15, 23, 165, 168, 208
yield-loss mechanism, 133,
yield-modeling techniques, 161,
179, 181

y4
Zener diode, 105,
Zernike coefficients, 78, 79,
138,182
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