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Preface

The purpose of this book is to introduce readers to the world of 
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, 
who have published actively in the area of design for manufacturability. 
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, 
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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 
thro ugh 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 DFR 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-DFR 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

0017



This page intentionally left blank 

0018



Nanoscale 
CMOS VLSI 

Circuits
Design for Manufacturability

0019



This page intentionally left blank 

0020



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 within a short time. 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 
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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. It is 
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 μm 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,1 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 at increasing 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 
MOSFETS used in high-performance ICs. Although the wafer cost for 
SOI 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 SiO2 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.2,3 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.

STI STI
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NWell implant

SourceDrain Body
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Gate Leffective

Oxide tox

Oxide spacer

FIGURE 1.1 Partially depleted SOI 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 
MOSFET, 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.4,5 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.5 Tri-gate transistors 
were devised by Intel6 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 

Top gate

Bottom gate Channel region

DrainSource

FIGURE 1.2 A planar double gate.
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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.7,8

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.9 Examples include switches using catenanes10 or rotaxanes11 as 
well as DNA-strand-based devices.12 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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FIGURE 1.3 Structure of (a) FinFET and (b) Tri-gate.
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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.13 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.14,15 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.16 
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 (SiO2) 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, SiO2 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 tox and the 
dielectric constant εox of the material used as oxide:

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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ox ox
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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 Å, tunneling leakage through gate oxide 
becomes a serious problem (see Figure 1.4).17 Clearly, the tunneling 
current for SiO2 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 (ε = 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 SiO2 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 SiO2 dielectrics. Table 1.118 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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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 SiO2 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 μ = v/E where v is the velocity of charge carriers and 
E is the applied electric field. The strength of the drain current (ID) is 
proportional to the mobility (μn, μp) 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. 

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

Material Crystal structure
Stable on 
silicon?

SiO2 3.9 Amorphous Yes

Si3N4 7.8 Amorphous Yes

Y2O2 15 Cubic Yes

TiO2 80 Tetragonal No

HfO2 25 Monoclinic, tetragonal Yes

Ta2O5 26 Orthorhombic No

Al2O3 9 Amorphous Yes
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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 λ of the light source. The 
equation that describes this relation is known as Rayleigh’s equation 
and is given as follows:

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 (n) of the medium:

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 

1 NA
R k
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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

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 1.519 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 lithography20.

Another method for improving resolution is to reduce the k1 
factor, which depends on processing technology parameters. This 
factor can be written as
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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 k1 are the imaging system’s 
numerical aperture (NA), wavelength (λ), and half-pitch (R). As seen 
in Figure 1.6, the k1 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 k1 factor can be obtained from 
Eq. (1.5) as k1 = 0.25. The theoretical limit is calculated by assuming a 
value of 1 for the numerical aperture. In practice, however, attaining 
a k1 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. Another approach is to use light sources of smaller wavelengths. 
These two options are still being investigated, and neither has been 
shown to perform reliable image transfer.21

Double-pattern lithography has been seen as a viable technique 
to improve the k1 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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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 

FIGURE 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 n is the refractive index of the medium between the projection 
system and the wafer and θ 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 1.81 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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FIGURE 1.8 Future trends in techniques to improve numerical aperture.
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1.2 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. A broad 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 manu facturability 
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 

FIGURE 1.9 Immersion lithography technology.
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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, DFM 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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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 DFM 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, 22,23 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).23 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.
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FIGURE 1.10 Purpose of design for manufacturability (DFM) methodologies.
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1.2.2 Variabilities
Parametric variation has emerged as a major design concern. For 
correct-by-construction methodology, circuit models need to be 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.24–27 For example, with the advent of 90-
nm technology, negative bias temperature instability (NBTI) became 
a major reliability concern,28 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.29 Windows XP 
failure data compiled by Microsoft Research also points to increased 
occurrences of hardware failures.30 According to ITRS, these problems 
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FIGURE 1.11 The value and economics of design for manufacturability (DFM).
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are expected to worsen in future technologies,31 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 

TABLE 1.2 Variations in IC Manufacturing and Design: Sources and Impacts

Manufacturing 
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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 (VT) and delay. Because the VT 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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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 VT, as shown in 
Figure 1.13.32 Fluctuation in dopan density also induces such variation 
in VT. Figure 1.1433 illustrates three devices that have an equal number 
of dopant atoms in the channel but have different VT 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.
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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-
lved 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.

1.3 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, VT 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.30,31 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.

1.4 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 

0044



I n t r o d u c t i o n  25

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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