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Standard cells are fundamental circuit building blocks designed at very
early design stages. Nanometer standard cells are prone to lithography proximity and process variations. How to design robust cells under variations plays a
crucial role in the overall circuit performance and yield. This dissertation studies ﬁve related research topics in design and manufacturing co-optimization in
nanometer standard cells. First, a comprehensive sensitivity metric, which
seamlessly incorporates eﬀects from device criticality, lithographic proximity,
and process variations, is proposed. The dissertation develops ﬁrst-order models to compute these sensitivities, and perform robust poly and active layout
optimization by minimizing the total delay sensitivity to reduce the delay under the nominal process condition and by minimizing the performance gap
between the fastest and the slowest delay corners. Second, a new equivalent source/drain (S/D) contact resistance model, which accurately calculates
contact resistances from contact area, contact position, and contact shape, is
viii

proposed. Based on the impact of contact resistance on the saturation current, robust S/D contact layout optimization by minimizing the lithography
variation as well as by maximizing the saturation current without any leakage penalty is performed. Third, this dissertation describes the ﬁrst layout
decomposition methods of spacer-type self-aligned double pattering (SADP)
lithography for complex 2D layouts. The favored type of SADP for complex logic interconnects is a two-mask approach using a core mask and a trim
mask. This dissertation describes methods for automatically choosing and optimizing the manufacturability of base core mask patterns, generating assist
core patterns, and optimizing trim mask patterns to accomplish high quality
layout decomposition in SADP process. Fourth, a new cell characterization
methodology, which considers a random (line-edge roughness) LER variation
to estimate the device performance of a sub-45nm design, is presented. The
thesis systematically analyzes the random LER by taking the impact on circuit
performance due to LER variation into consideration and suggests the maximum tolerance of LER to minimize the performance degradation. Finally,
this dissertation proposes a design aware LER model which claims that LER
is highly related to the lithographic aerial image ﬁdelity and the neighboring
geometric proximity. With a new LER model, robust LER aware poly layout
optimization to minimize the leakage power is performed.
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Chapter 1
Introduction

As integrated circuit (IC) process nodes continue to shrink down to
45nm and below, the variations of designs are increasing due to manufacturing
limitations [15, 25, 28, 46, 55, 68, 98]. This is because the 193nm wavelength
lithography equipment is still used even for sub 45nm technology nodes as
shown in Figure 1.1. Extreme Ultra Violet (EUV) lithography with 13.5nm
wavelength targeting for sub 45nm nodes has been researched and developed

10
[Courtesy Intel]

1
um
0.1

1980

1990

2000

2010

2020

Figure 1.1: Current lithography challenges: Optical lithography with 193nm
wavelength will continue for several years.

1

[ Source: TI ]
(a) Original cell layouts

(b) Printed images after lithography

Figure 1.2: Sub-wavelength lithography is lossy: The lithography printed image has signiﬁcant distortion on wafer because the lithography process causes
lots of variations.

as Next Generation Lithography (NGL) for the last decade to overcome such
printability degradation. However, as shown in Figure 1.1, the deployment of
EUV for commercial mass production has been delayed multiple times due to
material issues, mask fabrication, EUV system, and so on [34, 96].
Standard cells are pervasively used in VLSI digital designs as basic
circuit blocks. Since a large amount of identical cells are used repeatedly, any
small changes to reduce variations in standard cells can result in signiﬁcant
improvements at the design level. Moreover, since standard cells are the bridge
between process and design, all sources of variations of the target process
should be taken into account in the cell design [33, 76].
Among many variation issues, lithography induced non-ideal printabil2

ity and the underlying process variations in Figure 1.2 are the most fundamental ones which directly impact yield and performance [72, 89]. Despite of
advances in resolution enhancement techniques (RET) such as optical proximity correction (OPC), phase shifting mask (PSM), oﬀ-axis illumination (OAI),
lithographic variation continues to be a challenge [15, 28]. Two types of lithography variations are introduced, which result in undesirable performance mismatch in identically designed transistor: (a) systematic lithography variation
and (b) random lithography variation.
The systematic lithography variation is introduced due to deterministic
pattern proximity by the limitation of the lithography equipment because each
device has diﬀerent neighboring geometries such as neighboring gates, the
convex and concave corner, the jog and line-end overhang, the active shapes,
etc [2, 21]. The control of the gate length variation is critical to the nanometer
ICs [72]. For example, 10% gate length variation may cause over 25% timing
degradation, and up to 10x leakage in a 45nm node CMOS inverter. This
requires new models and methods to mitigate the gate length variations.
In current industrial ﬂows, DFM optimization is usually performed either through restricted design rules or by identifying opportunities in the standard cell layout to enforce as many recommended rules as practically feasible.
It shall be noted that variations still exist even with restricted design rules,
e.g., single poly directions and single poly pitch [53, 87]. It is largely caused
by irregular surrounding patterns, e.g., poly-contact pad to active layer, poly
routing line to active, active power rail to poly line, poly end-cap, and so
3

on [89, 94], which can cause diﬀerent non-rectangular gates. The situation
becomes even more cumbersome when process variations, such as dosage and
focus are taken into consideration.
The rule-based approach which is binary in nature will not be able to
capture the continuous parametric yield (e.g., timing/leakage) under process
variations. Moreover, current DFM optimization usually treats poly/active
polygons of every device equally. It shall be noted that diﬀerent transistors
have inherently diﬀerent delay sensitivities to the same amount of gate length
variation. As a general principle, it should ensure that highly sensitive devices be given higher priority during layout optimization while less sensitive
devices can allow relatively larger amount of gate length variations. The dissertation proposes a total sensitivity driven DFM optimization for standard
cell performance robustness (i.e., timing/power variations) in Chapter 2.
The parasitic source/drain (S/D) contact resistance also has been identiﬁed as a serious challenge and may ultimately limit device performance in
nanometer devices [60, 69]. Previous works report that the variation of the
contact area is the most critical problem in nanometer node devices [6, 61]
because the contact area variation between the metal and silicide is mainly
caused by manufacturing contact CD (critical dimension ≈ diameter) variation which results in the considerable amount of change in contact resistance
and performance degradation [6, 61].
As a result, there are many eﬀorts on the analysis of S/D contact variation. According to [60, 69], the variation of the contact position causes a
4

degradation of the saturation current in the stress induced device. This is
because neighboring contacts may locally relax the actual strain in channel.
Even though there are a lot of works on the variation of S/D contact resistance [6, 61, 69], none of them consider the impact of contact shape on the
device performance. Therefore, it is in great demand to take all S/D contact
variations (area, location and shape) into consideration. Although TCAD simulation can accurately calculate the impact of S/D contact variation, numerical methods are too slow and unsuitable for circuit level simulations. Thus a
compact model for the geometric variations of S/D contact should be required.
Moreover, both contact shape and area variations due to lithography process
are highly related to the distance between contact layouts, which also aﬀects
the device stress in strained silicon CMOS. Those impacts lead to the optimization of S/D contact layout during design time. The dissertation proposes
the contact layout optimization considering both the device performance and
the lithography process variation in Chapter 3.
Double patterning technique (DPT) for metal patterning has received
great attention in the last few years. Since a 193nm (ArF) wavelength light
source is still used for printing sub-30nm half-pitch patterns, current state-ofart lithography has reached the fundamental limitations [99]. Next-generation
lithography (NGL) techniques, such as extreme ultra-violet (EUV), e-beam
direct write (EBDW), etc., are introduced to achieve high resolution patterning. However, they are still facing several hurdles, i.e., high cost, diﬃculty of
materials and processes, or low throughput, for sub-32nm production [39, 99].
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To bridge the gap between ArF lithography and NGL techniques, DPT with
traditional ArF lithography tools has been a promising alternative of a layout
patterning for sub-30nm nodes. The main idea of DPT is to decompose a single layout into two masks in order to increase pitch size and improve process
tolerance of focus and dose variations [24, 27, 39, 51].
DPT largely consists of two types: a litho-etch-litho-etch (LELE) double patterning and a spacer type self-aligned double patterning (SADP). LELE
has two lithography steps with one or two etch steps after decomposing the
target mask layout into two mask layouts [5, 27, 51, 99]. The critical limitation
of LELE is the inevitable overlay error between the two sequential exposure
steps. The mask placement, alignment and magniﬁcation errors on the second
mask exposure might induce patterning variation which directly causes significant performance and yield degradation [57, 58, 100]. In addition, a stitch can
be regarded as a line-end which is highly sensitive to lithography process variation and is prone to line-end shortening, CD shrinking, etc [27, 99]. Moreover,
since the second images are exposed on top of the ﬁrst generated patterns with
non-planer substrate topography, wafer topographic eﬀects, such as shadowing
and non-uniform reﬂectivity, may cause considerable patterning variation on
the ﬁnal wafer images [52, 85]. Thus, this dissertation proposes rigorous layout decomposition methods on SADP technique for sub-30nm random shaped
metal layouts in Chapter 4.
The random lithography variation is caused by random uncertainties
in the fabrication process such as line-edge roughness (LER), the random
6

defects due to missing and/or extra material etc. At the same time, many
non-lithographic sources of variation such as dopant variation [26, 95] and gate
dielectric thickness (Tox ) variation [4, 97] are also resulted in aggressive scaling.
Among them, LER is regarded as a small fraction of the statistical variability
in the past since the critical dimensions (CD) of MOSFETs were orders of
magnitude larger than the roughness. However, as the aggressive scaling continues into the nanometer regime, LER does not scale accordingly and becomes
an increasingly larger fraction of the gate length [23, 73]. For channel lengths
above 32nm the random dopants are the dominant source of ﬂuctuations, but
below this channel length the LER takes over and becomes the dominant ﬂuctuation source [3]. Thus it can be one of the performance limiting components
for 32nm and below technologies.
LER is mainly caused by erosion of polymer aggregates at the edge
of photo-resist (PR) during development and fully depends on some complex
chemical formulae [67]. To address LER modeling and the impact of LER,
many researches have been proposed in a simulation manner [16, 32, 64, 80].
[95, 101] presented the impact of LER on the variation of threshold voltage with
statistical timing analysis. Thus, this dissertation proposes a comprehensive
standard cell characterization method that accounts for random LER variation
in Chapter 5.
Even if many works on LER modeling have been performed, their works
have been focusing on process level and a unit device level simulation. Therefore, there is great demand to take circuit level LER model into consideration
7

in order to analyze the timing impact, in particular leakage power on a standard cell library. There are a lot of layout patterns in a standard cell, and
each of patterns may be diﬀerent patterning ﬁdelity and diﬀerent LER impact.
Thus a new LER model considering both aerial image ﬁdelity and neighboring
pattern proximity should be required. In Chapter 6, this dissertation proposes
the LER aware layout optimization to minimize cell leakage current in a standard cell. Our approach is mainly based on a new LER model where the root
mean square (RMS) roughness of LER depends on layout proximity due to
lithography.
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Chapter 2
Poly and Active Layout Optimization

2.1

Introduction
As integrated circuit (IC) process nodes continue to shrink down to

45nm and below, the variations of designs are increasing. Among many variation issues, lithography induced non-ideal printability and the underlying
process variations are the most fundamental ones which directly impact yield
and performance [72, 89]. Despite advances in resolution enhancement techniques (RET) such as optical proximity correction (OPC), phase shifting mask
(PSM), oﬀ-axis illumination (OAI), lithographic variation continues to be a
challenge [16, 28, 59]. The control of the gate length variation is critical to
the nanometer ICs [72]. For example, 10% gate length variation may cause
over 25% timing degradation, and up to 10x leakage in a 45nm node CMOS
inverter. This requires new models and methods to mitigate the gate length
variations.
In current industrial ﬂows, DFM optimization is usually performed either through restricted design rules or by identifying opportunities in the standard cell layout to enforce as many recommended rules as practically feasible.
It shall be noted that variations still exist even with restricted design rules,
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e.g., single poly directions and single poly pitch [53, 90]. It is largely caused
by irregular surrounding patterns, e.g., poly-contact pad to active layer, poly
routing line to active, active power rail to poly line, poly end-cap, and so
on [89, 94], which can cause diﬀerent non-rectangular gates. The situation
becomes even more cumbersome when process variations, such as dosage and
focus are taken into consideration.
The rule-based approach which is binary in nature will not be able to
capture the continuous parametric yield (e.g., timing/leakage) under process
variations. These factors lead to a lot of recent academic and industrial efforts in a model-based approach of layout optimization, especially in terms of
lithographic variations [18, 37, 89]. Moreover, current DFM optimization usually treats poly/active polygons of every device equally. It shall be noted that
diﬀerent transistors have inherently diﬀerent delay sensitivities to the same
amount of gate length variation. As a general principle, we should ensure that
highly sensitive devices be given higher priority during layout optimization
while less sensitive devices can allow relatively larger amount of gate length
variations.
In this dissertation, we propose a total sensitivity driven DFM optimization for standard cell performance robustness (i.e., timing/power variations). We ﬁrst systematically introduce the total sensitivity metric and show
how to compute them. Then we incorporate the models in our standard cell
layout optimization formulations. The objective of the proposed optimizations
is to enhance standard cell layouts for improved parametric yield and reduced
10

variations with minimal or no penalty on nominal delay, leakage and area. The
major contributions of this dissertation include the following:
• We propose a comprehensive set of sensitivity metrics for robust cell
layout. It consists of the transistor criticality due to device criticality, the
non-rectangular gate impact due to lithography printability, and processvariations (e.g., due to dosage and defocus).
• We develop analytical models for these sensitivities, and put them together in a seamless manner to form the total sensitivity metric by capturing the correlations of nominal lithography and process variation sensitivities.
• The total sensitivity metric is built into a cell layout optimization engine
to minimize the performance gap between process corners. We focus
on the best position and spacing of the target poly and active layouts
given area constraints of standard cell. The cell layout optimization is
formulated into a convex optimization problem for poly layout and a
linear optimization for active diﬀusion layout, respectively; they can be
solved eﬃciently in a global optimal manner.

The rest of the chapter is organized as follows. Section 2.2 describes the
timing impact of gate length variation and the lithography induced variation.
Section 2.3 presents the total delay sensitivity metric and how to compute it.
Section 2.4 proposes the layout optimization formulation and algorithm using
11

the total sensitivity metric. Experimental results are discussed in Section 2.5,
followed by conclusions in Section 2.6.

2.2
2.2.1

Gate Length Variation
Impact of Gate Length Variation
The most direct impact of systematic gate length variation is the re-

sulting variation of CMOS gate delay and leakage. Figure 2.1 shows the %
delay variation (a) and the % leakage current variation (b) according to the
gate length variation in the 45nm node CMOS inverter. In our experiments
of the 45nm patterning on a silicon wafer, the gate length variation was up
to 10% of the nominal gate length which makes pull-up timing transition delay of un-skewed PMOS decreased over 25% as shown in Figure 2.1(a). The
leakage current variation due to the gate length variation is much more bigger than that of the saturation current or the delay variation. The 10% gate
length decrease causes more than tenfold in the leakage current as shown in
Figure 2.1(b). This means that the small improvement to reduce gate length
variation can result in signiﬁcant decrease of the delay and leakage current in
a standard cell.
In sub-45nm node standard cell, the gate length variation is still huge
(as much as 10% of the nominal gate length) for a semiconductor manufacturing in spite of applying strong RET techniques like OPC, an immersion
lithography, or an oﬀ-axis illumination process. This illustrates that all eﬀorts
to mitigate these lithography proximity at the ﬁnal OPC stage are not enough
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Figure 2.1: Delay variation (a) and leakage current variation with gate length
variation: Small variation of gate length induces signiﬁcant delay and leakage
variation.

due to restricted design ﬂexibility. Although the lithographic gate length and
width variation is a function of the neighboring environment of a cell in a fullchip layout [50], in a sub-45nm mode design industrial standard cells usually
have an auxiliary pattern which shields poly patterns near the cell boundary
from the proximity eﬀect of neighboring cells. Even though the proximity due
to the neighboring cells can not be ignored, our goal in this dissertation is
(1) to mitigate the essential systematic error sources of an intra cell from the
lithography proximity and (2) to minimize the overall layout-dependent and
process variation impacts by making the layout less sensitive to them and (3)
to minimize the delay and leakage variation impacts by introducing topological
circuit sensitivity and layout induced sensitivity.
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Figure 2.2: Lithography induced gate length variation: The lithography induced variation can be divided into two components: a transversal and a
longitudinal directional variation of the gate layout.

2.2.2

Lithography Induced Gate Variation
Lithography is an important process step that causes layout (or de-

vice geometry) variations. Lithography process is deﬁned by a set of defocus
and exposure levels. For nominal defocus and exposure levels, printing of
small geometries results in loss of image quality. This results in distorted nonrectangular shapes of the geometries in each layer. Each device in a cell is
deﬁned by several mask layers including poly, active, contacts etc. The lithography step impacts all these layers and the rectangular drawn geometries are
generally printed as non-rectangular shapes, which depends on the neighborhood geometries in that layer. We term the sensitivity of gate length and gate
width variations as layout proximity induced sensitivity.
The lithography induced variation for a nominal process condition can
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be divided into two components: a transversal (∆Lx ) and a longitudinal (∆Ly )
directional variation of the gate layout as shown in Figure 2.2. The transversal
gate length variation (∆Lx ) results from the spatial frequency of the layout,
and it is regarded as the edge placement error (EPE) based on the target
layout. The EPE at a given site i (epei ) is a complex function of mask, then
the total gate length is the sum of the target gate length and EPE components.
The ﬁrst-order Taylor series expansion could be used to determine epei as a
function of edge oﬀset (∆ex,i ) as follows [29]:
∆Lx,i =

∂Lx,i
∆ex,i
∂ex,i

+
L

∂Lx,i
∆ex,i
∂ex,i

.

(2.1)

R

∂L

x,i
The term ( ∂ex,i
) is computed numerically from the Hopkins partial co-

herence equations, and the L and R denote the left and right edge, respectively.
Figure 2.2 (a) shows the deﬁnition of each variable of Eq. (2.1). The point
(c) is on the printed image resulted in the proximity eﬀect of the point (a)
on the target layout. To compensate the EPE error, we should pull the edge
(a) back up to the point (b). Here the diﬀerence between (a) and (b) is
the edge oﬀset (∆ex,i ) at a given site i. The longitudinal gate length variation
(∆Ly ) is changed through the gate width due to diﬀerent conduction along the
width of the non-rectangular gate region, and it is related with the transversal
gate length variation (∆Lx ). To model the longitudinal component, we use a
non-rectangular gate model [86].The basic idea is to convert a non-rectangular
transistor into several rectangular slices(∆ey ) such that the non-rectangular
gate shape is modeled as a single equivalent rectangular transistor with an
eﬀective gate length.
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2.3

Modeling of Total Sensitivity
The delay of a standard library cell depends on the circuit topology,

the device size, and the layout geometry in the cell. Due to process variations, each device exhibits a certain variation within the cell, meanwhile the
device geometry exhibits certain variations due to layout proximity despite a
given nominal defocus and exposure levels. Consequently, the total (or eﬀective) delay sensitivity of a cell to process variations should model both (a)
the delay sensitivity due to device geometry variations and (b) each device
geometry/layout variations due to layout proximity and process variations.
2.3.1

Circuit Induced Device Criticality
Each cell is characterized for delay sensitivity to gate length and gate

width variations using a ﬁrst-order sensitivity. The variation in each device
within the cell results in variation in the delay. Let ∆Li represent a variation
(either gate length or width) in the ith device in a cell with N devices. Then
the delay sensitivity, ∆di for each delay arc, α due to ∆Li is given as
∂dα
· ∆Li
∂Li

∆dαi =
where the ﬁrst-order sensitivity

∂dα
∂Li

(2.2)

represents the sensitivity contribution for

the delay arc, α of the ith device to the cell’s delay sensitivity. Considering
∆Li to be Gaussian distribution, the cell’s delay sensitivity due to all devices
can be represented as
∆dα =

∑ ∂dα
i

∂Li
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· ∆Li

(2.3)

The delay variation is diﬀerent from the input delay arcs. Some devices
have signiﬁcant impact on falling arcs while the other devices have signiﬁcant
impact on rising arcs. Thus, to understand the contribution of each device
with respect to the cell’s total performance, all delay arcs need to be considered
together. Consequently, we deﬁne a total delay sensitivity index, Ψ as weighted
sum of delay-sensitivities due to all delay arcs in a cell. The total sensitivity
index for a cell is given as follows:
Ψ=

∑

wα · ∆dα =

α

∑
α

wα ·

∑ ∂dα
i

∂Li

· ∆Li

(2.4)

By accumulating all the components of sensitivity due to each device,
the Eq. (2.4) can be rewritten as follows:
Ψ=

∑∑
i

where, σi =

∑

α

wα ·

∑
∂dα
· ∆Li =
σi · ∆Li
∂Li
i

(2.5)

α

α

wα ∂d
. The total sensitivity index, Ψ now represents a single
∂Li

cell level metric. And, σi represents the total weighted sensitivity of the device
variation, ∆Li considering all delay arcs within the cell. That is, σi is the
contribution of ith device to the total sensitivity index of the cell. We term σi
as the device criticality induced sensitivity. The devices within the cell can be
ranked based on their sensitivity contributions to the cell’s delay sensitivity.
During the layout optimization procedure an additional ﬁlter may be added
to choose the most sensitive devices ﬁrst.
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2.3.2

Nominal Lithography Induced Sensitivity
As shown in Section 2.2.2, lithography induced variation can be classi-

ﬁed into two components in timing analysis for non-rectangular gate layout.
Given a set of N slices for the gate, with each slice width Wj = ∆ey , the total
current variation could be calculated by summing the current variation per
unit width. Note that this current is a function of both the transversal ∆Lx
and the longitudinal ∆ey components of given sliced transistor j.
∆Itotal =

∑N
j=1

wj · f (∆Lx,j , ∆ey )

(2.6)

where wj is the weighting factor which considers the narrow width eﬀect [91].
The longitudinal gate length variation (∆Ly ) is calculated by converting the total current into the gate length which is a function of the layout
proximity component (the transversal variation (∆Lx )) and the device performance component (the current weighting factor (w)). To combine the nominal
lithography induced sensitivity and the process induced sensitivity, we deﬁne
the local layout sensitivity of the each slice with a single metric as follows:
∆Lj = ∆Ly,j =
where

∂Ly,j
∂ey,j

∂Ly,j
· ∆ey,j
∂ey,j

is a function of ∆Lx,j and wj , and we call

(2.7)
∂Ly,j
∂ey,j

the lithography

induced sensitivity for given sliced transistor on nominal process condition.
2.3.3

Process Variation Induced Sensitivity
This dissertation reports that the process variation is highly related

with the nominal gate length variation due to lithography. To set a systematic
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sensitivity metric, we ﬁrst simplify the process variables and then combine
the process induced variation into the nominal lithography variation. There
are a large number of potential process errors in lithography process, and all
variables in lithography either act like dose (linear error), e.g. temperature,
photo-resist thickness, and MEEF (mask error enhancement factor), or act
like focus (2nd order error), e.g. aberration etc [66]. In the lithographic
process, dose and focus errors are the dominant sources of the systematic
errors. Using a linear formulation for dose variation parameter, ∆pe and second
order formulation for focus variation parameter, ∆pf , the gate length variation
can be represented as:
∆L =

∂L
∂ 2L
∆pe + 2 ∆p2f
∂pe
∂pf

(2.8)

where ∆pe is dose error and ∆pf is focus error.
The above equation can be rewritten by using the percentage variation
of dose and focus levels for normalization:
∆L =

∂L
∂ ln pe

· %∆pe +

∂2L
∆p2f
∂p2f

(2.9)

Note that the eﬀect of focus and exposure levels are actually correlated
each other. Thus we should consider both focus and dose error simultaneously
and combine them in a single matrix form. Assuming that a CD distribution
with focus variation is symmetrical, for a given focus level, ∆pf , the gate
length variation is just a function of dose error and can be simpliﬁed to a ﬁrst
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Figure 2.3: Deﬁnition of η and relation with γ: The process induced variation
linearly adds on the nominal lithography variation.

order form as follows:
[
]
∆L = ∂ ∂L
| 1 + α · (∆pf )2 · %∆pe
ln pe F0
|
· %∆pe
= ∂ ∂L
ln pe ∆p( f )

(2.10)

where F0 is the nominal focus and α is a lithography process-speciﬁc constant
which is related to wavelength, layout pitch, and refractive index of a material
between lens and wafer [66].
In this dissertation, we set the focus error (∆pf ) around 50nm for 45nm
node device in order to acquire more than 0.lum depth-of-focus (DOF) margin.
Given focus error, gate length has a diﬀerent sensitivity from dose variation.
Thus, we term

∂L
|
∂ ln pe ∆pf

as the process induced sensitivity given focus error.
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2.3.4

Total Delay Sensitivity
Finally, we can represent a total delay sensitivity by combining the

device criticality for all timing arcs from Eq. (2.5), the local proximity induced
sensitivity of the nominal condition from Eq. (2.7) and the process variation
induced sensitivity given focus and dose variation from Eq. (2.10). As shown
in Figure 2.3 (a), the process induced variation linearly adds on the nominal
lithography variation. That means the gate length variation due to process is
changed on the basis of the gate length due to the layout proximity. Thus,
given a set of N slices for a given transistor i, the total sensitivity is given as
]
∑ [ ∂Li,j
∂Li,j
Ψi = σi · N
|
∆e
+
·
±%∆p
y,j
e
j=1 ∂ey,j
∂ ln pe ∆pf
(2.11)
= σi · (γi + ηi ) |∆ey ,±%∆pe
where σi is the device criticality induced sensitivity due to unit variation in the
geometries, γi is the layout induced sensitivity due to local layout proximity
at the nominal dose and focus levels, and ηi is the process induced sensitivity
due to the process window in which the focus variation is included so that it
is a linear formula from a variable, % dose corner variation (±%∆pe ). If the
delay sensitivity of NMOS (σp ) is smaller than that of PMOS (σn ) (= PMOS
is more critical than NMOS) in a simple inverter, the distance between the
PMOS active layout and the poly-contact pad should be larger than that of
the NMOS in order to mitigate the delay variation of PMOS by the nominal
lithography and process induced sensitivity as shown in Figure 2.4.
γi can have positive or negative value at a given sliced transistor. γi > 0
means the gate length is increased from the nominal, and γi < 0 represents the
21
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Figure 2.4: The topological delay sensitivity σi : If PMOS is more critical than
NMOS from the gate length variation, we should move down the poly/contact
landing pad.

gate length is decreased. ηi has a positive and negative corner values at the
center of γ by lithography dose variation at a given focus tolerance. ∆ey and
%∆pe are user speciﬁc variables which means we can designate the sliced width
along the gate and the % dose at given focus error in our lithography process.
Once we deﬁne ∆ey and ±%∆pe in the lithography process, we can deﬁne
the corner values of delay sensitivity (±∆di ) from the nominal in a sliced
transistor. By minimizing the diﬀerence between the fastest corner (−∆di )
and the slowest corner (+∆di ), we can optimize the original layout.
Note that this dissertation reports that the process induced layout sensitivity (η) is highly correlated with the proximity induced layout sensitivity
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Figure 2.5: Correlation between the lithography proximity sensitivity γ and
the process induced sensitivity η: η is highly dependent on γ in the positive
and negative process corners.
(γ). As the value of γ goes to the negative direction, the band gap between
the best and the worst case corner becomes larger as shown in Figure 2.3 (b).
It means that once the proximity induced sensitivity is calculated, we can estimate the process induced sensitivity. As shown in Figure 2.5, η is highly
dependent on γ that correlates more than 95% in the positive and negative
process corners in our experiments. Since a device having a negative γ value
has bigger process corner value which causes much more leakage current due
to the much deviation of the fastest process corner from the target, we should
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mitigate the γ variation in order to minimize the performance gap between the
fastest process corner and the slowest process corner. By minimizing the performance gap between the fastest and slowest process corners, we can obtain
the process-robust layout.

2.4
2.4.1

TSDFM: Total Sensitivity Based DFM Optimization
Conventional Cell Optimization Approach
Once the standard cell height and width based on required drive strength

are ﬁxed, the cell synthesis and layout optimizations are performed. In the
current ﬂow, the standard cell layout optimization is performed by identifying
opportunities to enforce as many recommended rules as practically feasible.
Since any trivial gate length variation are corrected in the ﬁnal OPC stage,
the critical polygons which are diﬃcult to be optimized in the ﬁnal OPC stage
are just applied to those rules. Those critical polygons on layout are usually
poly corner to active area and active corner to poly area. The poly corner
comes from poly-to-contact pad, poly routing line, and so on, meanwhile the
active corner is caused by active-to-power connection, diﬀerent skewed or sized
devices, and so on.
While implementing design rules, the layout optimization is done targeting poly/active polygons of every device in the layout, without regard to the
relative criticality of the devices to variations. Let us revisit the goal of layout
optimization for standard cells - the basic objective is to improve parametric
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yield or reducing systematic variability in cell delay. If there are few devices
in the cell that do not exhibit any signiﬁcant contribution to the systematic
delay variations, then any optimization eﬀort on these devices will not help in
improving the eﬀective parametric yield. Moreover, in current recommended
rules, since it is diﬃcult for poly and active layout to reﬂect all proximity rules
and process variation rules, the limited information of the systematic variability is just considered. Consequently, there are three issues with the current
layout optimization approach for standard cells:
• The design rules are applied to all devices and all layers without any
criticality (or sensitivity to variations) information.
• There is no good mechanism to quantify the improvement due to optimization of the standard cells in terms of its performance.
• It is diﬃcult to quantify the impact of systematic lithography proximity
eﬀect and its process variation.
In the proposed approach, we use the fact that all devices in a cell are
not equally critical and so our model-based approach can take into account the
criticality metric of a device. The device criticality as well as the lithography
process variability is applied to the cell layout optimization by introducing the
proposed total sensitivity.
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(a) poly contact induced

(b) poly routing line induced

Figure 2.6: Representatives of poly variation: Distance between poly corner
and active can be a key parameter to minimize the gate length variation.

2.4.2

Proposed Formulation and Algorithm
Like as a current optimization of standard cells, we set the optimization

variables as the distance of poly corner to active area and active corner to
poly area. The representative variables for our model-based approaches are as
follows:
• Distance of poly corner to active (DP A): poly corner makes the eﬀective
gate length be changed as shown in Figure 2.6. By providing enough
margin, this local sensitivity could be reduced.
• Distance of active corner to poly (DAP ): active corner rounding is one of
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(a) shift active

(b) shift/cut active

(c) cut active

Figure 2.7: Representatives of active variation: Distance between active corner
and poly can be a key parameter to minimize the gate length variation.

variation sources which results in a slight increase of source-drain current
as shown in Figure 2.7. To prevent gate length from increasing variation,
this distance should be increased.
• Distance of poly line-end (DLE): poly line-end is one of lithographic process sensitive areas. It makes the circuit delay decrease, but the leakage
current may exponentially increase in this region [89]. By compensating a negative proximity induced sensitivity, such leakage performance
degradation can be reduced.
DP A results in the local gate length variation due to the proximity
of gate itself, meanwhile DAP usually causes the local gate width variation
due to the active diﬀusion rounding without any variation on gate line. In a
CMOS standard cell, a MOS device is usually connected with other devices
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by sharing a poly routing line or a poly-metal contact pad. For an example of
a CMOS inverter, a pair of p-type and n-type transistor is connected to each
other at the center of poly-contact pad as shown in Figure 2.6(a).
2.4.2.1

Poly Layer Optimization

Let us ﬁrst focus on the poly layout optimization as shown in Figure 2.8.
Let D be the set of geometrically coupled MOS devices (indexed by i), S(i) be
∪
the set of slices (j) in i, and S = i∈D S(i). The optimization for DP Ai and
DLEi , ∀i ∈ D can be done as shown in Figure 2.8 where the objective is to ﬁnd
DP Ai and DLEi , ∀i ∈ D which minimize the worst/largest variation among
all the devices in D. Hwhite is the space of both actives of the coupled devices,
e.g., Hwhite = DP Ap + Hthk + DP An in Figure 2.6. Hthk is the height of polycontact or the poly routing line and DLEmax comes from the allowable cell
height. Since the cell height and width are ﬁxed, we just optimize the layout
within a speciﬁc area. Therefore, there is no area penalty in our optimization.
The constraint (a) is to compute the performance gap between two
delay corners (fastest and slowest) which can be computed as in the constraints
(b,c) where σi is the device criticality induced sensitivity, γi is the layout
induced sensitivity, and ηi is the process induced sensitivity as we deﬁned in
Eq. (2.11). The γij for the j-th slice of i ∈ D can be obtained from Figure 2.9,
which results in the constraint (d). There are lots of layout shapes of poly
corner to active in standard cells. Thus we chose a polygon shape which causes
the most severe lithography proximity for an upper bound case, guaranteeing
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min :
max {vi |∀i ∈ D}
s.t :
(a)
vi = (|∆di.max | + |∆di.min |)
∑
(b) ∆di.max ≥ σi j∈S(i) (γij + |ηij |)|∆ey ,%∆p
∑
(c) ∆di.min ≤ σi j∈S(i) (γij − |ηij |)|∆ey ,%∆p
√
(d)
γij ≥ a · DP Ai + b · DLEi + c
(e)
ηij ≥ d · ∆pi · γij + e
(f )
DP Amin ≤ DP Ai ≤ DP Amax
(g)
DLEmin ≤ DP Ai ≤ DLEmax
∑
(h)
i∈D DP Ai = Hwhite − Hthk
∑
(i)
i∈D DLEi = Htotal − Pactive − Nactive

∀i ∈ D
∀i ∈ D
∀i ∈ D
∀j ∈ S
∀j ∈ S
∀i ∈ D
∀i ∈ D

Figure 2.8: Convex optimization for DPA and DLE
that the gate length variation and its delay impact is never underestimated in
our cell library.
In Figure 2.9, the gate length variation (left Y-axis) and the normalized
delay sensitivity (right Y-axis) are reported in terms of the distance between
poly corner and active layout in Figure 2.9(a) which shows an exponential or
negative second root trend for both gate length and delay sensitivity. To make
a convex function, we approximate the delay trend with a convex equation.
Figure 2.9(b) which has a positive linear trend shows the results with the
distance of poly line-end to active. In a similar way, ηij can be described as a
function of both γij and ∆pi as shown in the constraint (e).
The constraints (f,g,h,i) are to satisfy the technology and DRC requirements. (a,b,c,d), and (e) are process-dependent parameters extracted
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Figure 2.9: Delay with poly layout variation: The distance between poly corner
and active layout shows a convex relation for both gate length and delay
sensitivity. Meanwhile, the distance of poly line-end to active shows a linear
trend.

from Figure 2.9. Since a < 0 for any process technology, the constraint (d)
is convex, which enables to solve the formulation in Figure 2.8 in polynomial
time [19]. Also, due to the convexity, we can obtain the globally optimal DP Ai
and DLEi , ∀i ∈ D which will reduce the largest delay variation among all the
devices optimally. By minimizing the total delay sensitivity and by reducing
the gap between the fastest and the slowest delay corner, we can achieve the
delay reduction on the nominal process condition and the leakage reduction
on the process corners.

30

min :
s.t :
(a)

{|∆di ||∀i ∈ D}
∆di ≥ σi

∑
j∈S(i)

γij |∆ey

(b)
γij ≥ a · DAPi + b
(c) DAPmin ≤ DAPi ≤ DP Amax
(d)
W RLmin ≤ W RL
∑
(e)
i∈D DAPi = Wwhite − W RL

∀i ∈ D
∀j ∈ S
∀i ∈ D
∀i ∈ D

Figure 2.10: Linear optimization for DAP
2.4.2.2

Active Layer Optimization

In a similar fashion, active layout could be optimized by preventing
active from corner rounding. Since active layout is much bigger than poly
layout in our standard cell, the process induced variation of active is not much
sensitive compared to poly layout. Nonetheless, we also optimize active layout
because active rounding is one of sources changing the performance estimation
of standard cells [40]. There are two kinds of active optimization, e.g., cutting and shifting, to mitigate active corner rounding as shown in Figure 2.7.
Shifting is happened when the DRC margin is enough on the opposite active
side from the poly line in Figure 2.7(a) whereas we cut the active layout when
there is some margin on the power rail of active (b) or on the detoured active
(c).
The optimization for DAPi , ∀i ∈ D can be done as shown in Fig. 2.10
where the objective is to ﬁnd DAPi , ∀i ∈ D which minimize the amplitude
of gate proximity induced variation (γ) among all the devices in D. Wwhite is
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Figure 2.11: Delay with active layout variation: The distance between active
corner and poly shows a linear trend.
the space of both poly lines of the coupled devices, e.g., Wwhite = DAPL +
W RL + DAPR in Figure 2.7. W RL is the width of active layout which can
be cut in an allowable DRC margin.
The constraint (a) is to compute the delay variation caused by the active layout proximity which can be computed as in the constraints (b). The
upper bound EPE variation, γij for the j-th slice of i ∈ D can be obtained
from Figure 2.11, which results in the constraint (b). Figure 2.11 shows the
gate length variation (left Y-axis) and the normalized delay sensitivity (right
Y-axis) with the distance between active corner and poly layout. Since the
constraint (b) is linear, we can solve the formulation in Figure 2.8 in poly-
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Figure 2.12: TSDFM driven cell optimization ﬂow
nomial time which leads to the globally optimal DAPi , ∀i ∈ D to reduce the
largest delay variation among all the devices optimally.
2.4.3

TSDFM Flow
Figure 2.12 illustrates our TSDFM ﬂow. The ﬂow is divided into three

main steps:

1. Calculation of the topological sensitivity (σ): Cell characterization for
delay sensitivities is ﬁrst performed. Then, the devices are ranked for
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their criticality within a cell based on the sensitivities for all delay arcs.
2. Calculation of the layout sensitivity (γ, η): Based on the non-rectangular
shape in the poly and diﬀusion layers, we deﬁne the local layout proximity on nominal lithography condition and the process induced sensitivity
given focus and dose condition.
3. Layout optimization: Give all sensitivities, we optimize poly and active
layout successively using a convex optimization and a linear programming with the DRC and area constraints.
We check the whole devices in a cell until the total sensitivity of a device
has the minimum value for its all timing arc. All sequences are automated with
Tcl and Perl script languages.

2.5

Experimental Results
We implemented TSDFM in Tcl and Perl script language and tested

with the industrial 45nm ASIC designs. We used Calibre-WB from Mentor
Graphics for model based OPC. The timing analysis and characterization were
done by H-Spice circuit simulator from Synopsys. In order to model and solve
the convex/linear formulation, we used AMPL /MOSEK 5.0 [43, 45]. All the
sequences are implemented and automated in our cell characterization ﬂow.
Figure 2.13 shows the print-image results of the poly and active optimized
layout. The black lines are the original layout, and the accompanying graded
lines are the optimized layout.
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active

poly

(a) poly optimization

(b) active optimization

Figure 2.13: Print-image results of the poly and active optimized layouts.

We applied our optimization to the entire 45nm standard cell library.
Table 2.1 shows the delay variation from the nominal delay, and we selected one
representative pin without loss of generality. To report our results, we compared our results with a conventional restricted design rule (RDR) approach.
We ﬁrst compared the impact of circuit criticality on delay and measured the
% delay diﬀerence from the target delay in the column CKT. The lithography
simulation was done at the nominal lithography process condition. The results
show up to 76% improvement in delay variation. The average improvement
of delay variation in entire cells are 43.43%. This implies that the topological
sensitivity should be considered when we optimize the cell layout.
In the column PV in Table 2.1, we compared the impact of process
robustness on delay and measured the % delay diﬀerence between the slowest
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(thickest) process corner and the fastest (thinnest) process corner. Thus, each
transistor has the same criticality for delay in this case. Since our total sensitivity metric uses an approach to minimize the performance gap between the
slowest and the fasted process corner, the results show up to 16% improvement
in spite of not considering the device criticality. When the total sensitivity is
applied in the column CKT & PV, we can reduce the performance gap due to
the process corners as much as 24%. Note that we optimized the cell layout
given the cell area constraint, thus there is no area penalty. This means that
we could expect more improvement in minimizing the performance variation
if we had more area margin of a cell.
For leakage power, we measured the local maximal leakage current
which is extracted at the region of a device, e.g. line-end, in which the gate
length is the smallest at the fastest process corner. The result of Table 2.2
shows that the local maximum leakage in a device is decreased up to 91.9%
in a cell and as much as 57.5% on average in the D-type Flip-Flop cell. Note
that despite the small improvement of gate length variation, we can see the
huge amount of improvement on leakage current as I mentioned in Section 2.2
and Figure 2.1(b). Another point we should note is that the conventional approach (CONV) has more leakage current than that of the proposed approach
(TSDFM) in spite of applying the same OPC and lithography model. This is
because the conventional approach cares for the total gate length variation of a
whole gate transistor whereas our approach considers the local proximity and
process variation eﬀects. This results show that our total sensitivity driven
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layout optimization is capable of reducing both delay and leakage current given
the design constraints.

2.6

Discussions
We have proposed a novel layout optimization approach in standard

cell library to minimize the delay sensitivity due to the gate length variation
caused by the layout proximity and lithographic process variation at 45nm and
below. Our approach practically and eﬀectively improves the circuit performance and hence yield; it has been implemented using a TCL script language,
MOSEK convex optimization and linear programming solver. Experimental
results with a industrial cell library show that our model-based layout optimization approach can highly decrease the delay and the leakage variation by
minimizing the total delay sensitivity and by reducing the gap between the
fastest and the slowest delay corner in given layout constraints.

37

38

∆delay
CKTa
CONVd
2.95%
1.84%
3.02%
5.01%
2.78%
2.68%
1.86%
4.65%
2.27%
3.71%

∆delay with PVb

∆delay
with
c
CKT&PV
e
d
e
TSDFM Improve CONV TSDFM Improve CONVd TSDFMe Improve
1.29% 56.20% 19.91% 18.11% 9.04%
19.91% 15.23% 23.51%
0.52% 71.63% 18.32% 15.91% 13.19% 18.32% 13.94% 23.90%
1.66% 44.98% 22.13% 20.08% 9.27%
22.13% 17.82% 19.50%
3.66% 26.99% 22.33% 20.96% 6.14%
22.33% 18.84% 15.64%
1.71% 38.39% 20.34% 17.94% 11.82% 20.34% 15.95% 21.60%
1.65% 38.42% 19.03% 18.91% 0.62%
19.03% 18.18% 4.47%
0.51% 72.71% 16.55% 15.88% 4.07%
16.55% 14.16% 14.42%
3.38% 27.18% 21.10% 20.40% 3.31%
21.10% 19.86% 5.87%
0.93% 58.86% 23.02% 19.36% 15.90% 23.02% 18.59% 19.27%
1.61% 56.63% 18.33% 17.87% 2.48%
18.33% 16.76% 8.55%

with

The impact of circuit criticality on delay. The lithography simulation is done at the nominal
process condition.
b
The impact of process robustness on delay. Each transistor has the same criticality for delay.
c
The impact of process robustness on delay. Each transistor has diﬀerent criticality for delay.
d
A conventional optimization (RDR) approach.
e
The total sensitivity driven optimization approach.

a

AOI12X12
CBI4I1X2
FA1X5
HA1X5
MUX21X5
OA12X10
OAI12X10
PAO2X2
XNOR2X2
XOR2X2

Cell

Table 2.1: Reduction of Delay Variation: The average improvement of delay variation in entire cells are
43.43%.

Table 2.2: Reduction of Leakage Current: The average leakage in a device is
decreased as much as 57.5% in a D-type Flip-Flop cell.
Positiona ∆L Leakage Incb
CONVc
P1
-2.26 2.28E-08 8.73
P2
-1.28 5.43E-09 1.31
P3
-1.83 6.74E-09 1.87
P4
-2.90 3.08E-08 12.10
P5
-1.43 5.78E-09 1.46
P6
-1.86 6.80E-09 1.89
P7
-2.76 2.91E-08 11.40
P8
-2.79 2.94E-08 11.52
a
b

c

∆L Leakage Incb Improve
TSDFM
(%)
-1.27 5.40E-09 1.30 85.12
-0.94 4.61E-09 0.96 26.45
-1.19 5.20E-09 1.21 35.13
-1.08 4.94E-09 1.10 90.91
-1.33 5.54E-09 1.36
7.07
-0.54 3.63E-09 0.55 71.12
-1.18 5.17E-09 1.20 89.46
-2.54 2.63E-08 10.21 11.37

we measured local maximal leakage of D-type Flip-Flop.
Inc is a leakage increment which is a multiple of the nominal leakage current.
A conventional optimization (RDR) approach.
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Chapter 3
Source/Drain Contact Layout Optimization

3.1

Introduction
In the previous chapter, this dissertation presented the poly and active

layout optimization in order to be robust for systematic lithography variations
in standard cells. This chapter reports the source/drain (S/D) layout optimization based on systematic lithography variations as well as device stress
impacts.
As CMOS device dimensions have continuously scaled into the deeper
nanometer regime, device performance has been gradually slowed down by
dominating parasitic eﬀects. The parasitic S/D contact resistance has been
identiﬁed as a serious challenge and may ultimately limit device performance in
nanometer devices [60, 69]. The ITRS predicts that the contact resistance will
double every technology generation and states that the S/D series resistance
is as much as 26% of the gate channel resistance at 45nm node devices [47] in
Figure 3.1.
Previous works report that the variation of the contact area is the
most critical problem in nanometer node devices [6, 35, 54, 61] because the
contact area variation between the metal and silicide is mainly caused by
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(a) ITRS roadmap [47]
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(b) Device series resistance

Figure 3.1: S/D contact resistance: The portion of S/D contact series resistance has been highly increased.

manufacturing contact CD (critical dimension ≈ diameter) variation which
results in the huge amount of change in contact resistance and performance
degradation [6, 61].
In particular, lithographic printability variation is one of the most fundamental challenges because it directly impacts yield and performance [15].
The systematic lithography variation for contact patterning is caused by deterministic pattern proximity which comes from the limitation of a lithography
equipment.
In this dissertation, we propose the contact layout optimization considering both the device performance and the lithography process variation. Our
approach is mainly based on the new spice level compact model for S/D contact
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layout. The objective of the proposed optimizations is to enhance standard
cell layouts for improved parametric yield and reduced variations with minimal or no penalty on leakage and area constraints. The major contributions
of this dissertation include the following:
• We present the ﬁrst systematic study on the impact of contact shape on
the device saturation current, and propose a simple yet eﬀective model to
estimate the performance impact of S/D contacts. Our model considers
contact distance from gate, contact shape, and contact area.
• We present an eﬃcient contact optimization. In our formulation, we
ﬁnd the optimal contact position in a standard cell and achieve the best
variability control by minimizing lithography process variation as well as
the best performance by maximizing the saturation current without any
leakage penalty.
• We propose the S/D contact layout design guidelines which take the
lithographic process variability and the cell performance into consideration in a standard cell.

The rest of the chapter is organized as follows. Section 3.2 describes the
sources of S/D contact variation and the timing impact. Section 3.3 presents
the new compact model and its validation. Section 3.4 proposes the formulation and algorithm of the S/D contact layout optimization. Experimental
results are discussed in Section 3.5, followed by conclusions in Section 3.6.
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3.2
3.2.1

Contact Variation
S/D Contact Lithographic Variation
Printing of small geometries results in loss of image quality [66], which

results in distorted non-rectangular shapes of the geometries in S/D contact
layer as shown in Figure 3.2(b). Lithography process with the systematic variation is deﬁned by a set of mask bias, focus, and exposure levels. If these
lithographic variations are added on lithography proximity in the contact patterning, the area variation of S/D contacts would be much more compared
to the nominal process condition as shown in Figure 3.2(c). In reality, due
to the relatively small process margin, contact patterning is one of the most
challenging tasks in hyper-NA (numerical aperture) lithography [41, 92]. The
increased imaging challenges for advanced node contacts lead to strong oﬀaxis illumination [81] and inverse lithography techniques [36, 41] for sub-45nm

(a) Original mask

(b) Litho. proximity

(c) Process variation

Figure 3.2: Lithographic variations for contact [56]: Printing of small geometries results in distorted non-rectangular shapes of the geometries in S/D
contact layer.
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node devices, which implies that the modern contact patterning still suﬀers
from the CD and area variation due to the lithography proximity and process
variation.
To check impacts of lithography variation on S/D contacts, we measure
the contact CD (area) and process variation in our 32nm node standard cell
by running a lithography simulation [20]. Let us assume in our dissertation
that the horizontal direction is toward the X-axis, and the vertical direction
is on the way to the Y-axis. Figure 3.3 shows the contact CD distribution
at the nominal process condition (a) and the process variation (b) with the
incremental contact pitch on the nominal 40nm contact. We can see that the
contact CD decreases as the pitch increases as shown in Figure 3.3(a). In
the region of smaller contact pitch, the contact CD is much bigger than the
nominal CD, meanwhile the contact CD goes down and saturates by virtue of
contact OPC as the pitch increases. We measured the horizontal and vertical
CD variation separately. Since the gate poly line is placed on the center of
the horizontal contacts, we set the minimum pitch of the horizontal direction
from 75nm. The CD trend of the horizontal direction are much less than the
vertical direction. This is due to that the optical illumination is optimized to
minimize the horizontal CD variation of contact holes because the minimum
pitch of the vertical direction is smaller than that of the horizontal direction.
The printed images of contact layout consist of diﬀerent contours at
diﬀerent process corners. The process corners are deﬁned by three diﬀerent
conditions: (a) a typical condition (b) +3σ and (c) -3σ variations. The ±3σ
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Figure 3.3: The lithographic contact CD variation: The printed images of contact layout shows a systematic variational trend with the nominal lithography
and its process variation.

variations result in the lower and upper bounds of the process window. Figure 3.3(b) shows the diﬀerence between the +3σ and the -3σ variation in the
vertical contact pitch. As shown in Figure 3.3(b), the process variation shows
a local minimum at the certain pitch in which the contact layout is the most
robust from the lithography process variation. Although the CD trend might
be diﬀerent from the input optical condition, we can ﬁnd a similar trend having
a certain pitch in which the patterning has the best process margin [66].
3.2.2

Impact of S/D Contact Variation
Electrically, the contact area variation is highly related with the device

saturation current (IdSat ) degradation. In this experiment, we used a commer-

45

cial HSPICE simulator [42] by changing the source/drain contact resistances
and assume that the contact resistance of NMOS and PMOS are same. In
our experiments as shown in Figure 3.4(a), we observe that 10nm contact CD
variation causes up to 5% degradation of the saturation current, and the current variation is highly correlated with the contact CD variation. Figure 3.4(a)
shows that the current variation of NMOS due to the CD variation is more
sensitive to that of PMOS. Although the current trend can be diﬀerent from
the input resistance value, the point is that the current sensitivity due to the
NMOS and PMOS contact resistance could be non-identical.
The contact position also aﬀects the saturation current in a device.
According to the dissertation [35, 60, 69], the variation of the contact position
causes a degradation of the saturation current in the stress induced device.
This is because neighboring contact hole may locally relax the actual strain in
channel. As shown in Figure 3.4(b) in which the results are referred from [69],
since the mobility modulation of PMOS is larger than NMOS, the saturation
current degrades as contacts are placed closer to the gate in PMOS devices,
meanwhile the current for NMOS shows almost no change. Although the
current variation can be diﬀerent from the input stress, we can ﬁnd that the
current variation by the stress relaxation could be diﬀerent for NMOS and
PMOS devices.
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Figure 3.4: The impact of S/D contact variation: The contact area and position aﬀect the saturation current in a device.

3.3

Compact S/D Contact Model
The lithography variation could vary the S/D contact shape, area and

even distance from gate line, which causes the performance degradation as we
see in Section 3.2. Thus, we should take the impact of S/D contact variation
on the standard cell performance in design time, which needs a new circuit
level compact model of S/D contact pattern.
3.3.1

TCAD Simulation Set-up
Sentaurus process and device simulator [82] is used to estimate impacts

of the contact eﬀects on device performance, and to verify accuracy of the our
compact model for non-rectangular contact layout. We ﬁrst generate printed
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images of contact pattern with OPC taken into account in Figure 3.5(a). The
standard cell layout is converted into 3D structure for TCAD simulation with
Ligament layout editor [82] as shown in Figure 3.5(b). To save a simulation
time and memory, a quarter of the structure mesh is generated, yet the other
structure is created by reﬂection. The 32nm CMOS cell uses intensive stressenhancement techniques: NMOS uses a tensile stress liner, and PMOS has a
compressive stress liner and embedded SiGe in S/D region.

(a) Contact print-image

(b) 3D TCAD structure

Figure 3.5: 3D TCAD simulation: The S/D contact printed image is converted
into the TCAD layout editor format to verify accuracy of the our compact
model.
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3.3.2

Equivalent Contact Resistance Model
The area and shape of S/D contact could be changed due to the lithog-

raphy variation as we mentioned in Section 3.2.1. To scrutinize the impact of
contact shape, we test a set of contact patterns which have the same contact
area but diﬀerent contact shape under the TCAD simulation conditions. As
shown in Figure 3.6, as the contact length along the gate line is larger, the
saturation current is increased. This is because there is less current crowding from the S/D electric ﬁeld and less stress relaxation of stress liner as the
longest contact length is toward in the same direction with the gate.
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(a) Diversity of contact shapes
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Figure 3.6: The impact of contact shape: As the contact length along the gate
line is larger, the saturation current is increased.

As we can see in Figure 3.4 and 3.6, the saturation current due to
the variation of S/D contact is highly dependent on the contact area, the
horizontal distance from the gate line, and the contact shape along the vertical
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Contact

POLY

ωs

ωd

Figure 3.7: A compact model of S/D Contact: Our new circuit level contact
model uses the distance weighting factor and the shape weighting factor.
gate line. Since the saturation current is in inverse proportion to the contact
resistance, we can consider the current impact of S/D contact by updating
the S/D contact resistance. It implies that we get an accurate S/D contact
resistance by exhibiting both the horizontal distance weighting factor and the
shape weighting factor of the vertical direction.
To estimate the current impact of contact resistance in a circuit level
simulation, we propose an equivalent contact resistance model for various
shapes of contact patterns as described in Algorithm 1. We ﬁrst construct
a set of look-up tables which include shape weighting factor, distance weighting factor for NMOS and PMOS S/D contact from the resulting Figure 3.4
and 3.6. Once the printed images of contact holes are generated, we then classify NMOS contacts and PMOS contacts in line 1-2. Each contact is vertically
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sliced by a set of equal width polygons which keeps the original contact edge as
shown in Figure 3.7. Then, in line 8-9 we calculate a sliced polygon area and
get a shape weighting factor (ωs ) and a distance weighting factor (ωd ). The
weighting factors are directly related with the saturation current. Therefore,
the weighting update can be done in O(1) access time.
Given ith slice of a contact, the resistance of a sliced polygon is as
follows:
Ri =

ρ
ωd,i · ωs,i · Ai

(3.1)

where ρ is resistivity and Ai is the area of a slice. The equivalent of a contact
is computed by summing all weighted areas of sliced polygons as following
equation which is described in line 10 of Algorithm 1:
IdsSat ∝

∑ 1
1
1 ∑
=
= ·
(ωd,i · ωs,i · Ai )
Rco
Ri
ρ i
i

(3.2)

Since the total contact area can be a linear function of the number of
contacts [69], the total weighted area is summated for all contact holes in line
12. The total resistance is calculated by dividing the resistivity (ρ) by the
total weighted area as described in line 14. By applying this compact model,
we can deal with any kind of contact shapes due to the lithography variations.
3.3.3

Model Validation
We validate our compact S/D contact model by comparing with an

rigorous process/device simulation (TCAD) [82] and Hspice simulation (Conventional) [42]. Note that the conventional circuit simulation just considers
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Algorithm 1 Equivalent S/D Contact Resistance Model
Require: A spice netlist N , A set of lookup table T , contact print-images I
1: nCN T = I ∩ nactive
2: pCN T = I ∩ pactive
3: totalR = 0, weighted area factor invR
4: for each contact C ∈ nCN T do
5:
ﬁnd distance between contact and gate
6:
invRC = 0, resistivity ρ
7:
for each slice S ∈ C do
8:
ﬁnd a sliced area A
9:
ﬁnd distance/shape weighting factor ωd , ωs
10:
invRC + = ωd · ωs · A from T
11:
invR + = invRC
12: update totalR = ρ/invR
13: for each contact C ∈ pCN T do
14:
same sequence as nCN T
15: update netlist N
the contact area variation which is directly related with the contact resistance
by dividing the contact resistivity by the contact area, meanwhile it is limited
to analyze the contact shape and the contact distance eﬀect due to device
stress relaxation. Figure 3.8 proves that our contact resistance model is well
matched with TCAD results in terms of the distance from the PMOS gate (a),
the contact shape (b), and the contact CD (area) of NMOS (c). The reason
why our model goes with the TCAD results is that we use the contact distance
and shape weighting look-up tables which are generated from accurate TCAD
simulations. The overall 0.16% current error in the contact shape is due to the
fact that we linearly sum up the contact shape weighting factor of each sliced
contact polygon, and the all of sliced polygons in a contact have diﬀerent distance from the gate line. By directly implementing our equivalent S/D contact
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model into the conventional circuit model, we can handle the contact variation
in fast simulation time because there is no additional simulation overhead.

3.4

Contact Layout Optimization
From Figure 3.4, we can see that the saturation current of NMOS is

very sensitive to the contact CD (area) variation, but it is insensitive to the
distance between the gate and the contact layout. Meanwhile, the current of
PMOS is highly dependant on the position of contact holes, but the its impact
of CD variation is relatively small. Even the sensitivity could be diﬀerent
from input process condition, this tells us that the optimal position of NMOS
and PMOS contact holes might be diﬀerent for the best printability and device
performance in standard cell. Moreover, the contact shape is aﬀected from the
lithography proximity and process variation which may lead to the reduction
of the contact area. Thus, we should ﬁnd the optimal S/D contact layout
in design time by taking the process variability due to lithography and the
performance dependency due to stress relaxation into consideration.
3.4.1

Problem Statement
The lithography may cause a huge amount of contact CD (area) and

shape variation in a standard cell. This variation is highly related with the S/D
contact position which also aﬀects the channel stress. Since contact patterning
is prone to lithography proximity and process variations, the robust design
from the lithography process variation is desirable for S/D contacts in a cell.
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Thus the contact printability is one of key concepts in our layout optimization.
In device performance point of view, the main goal of S/D contacts is to
provide enough current to devices from the voltage source. The longer vertical
length of contact pattern induces the higher devices performance as shown in
Figure 3.8. Thus, we can consider the S/D channel current friendly design of
contact which is achieved by adjusting the S/D contact space. Therefore, we
can optimize the S/D contact layout as following categories:
Variability-driven Design We optimize the contact layout by minimizing
the contact CD variation due to lithography process given the device
performance tolerance. As shown in Figure 3.9(b), the main goal is
to minimize the contact CD variation between the fastest and slowest
process corners by ﬁnding the best position of the contact pattern.
Performance-driven Design In the range of process variation tolerance,
we optimize the contact layout by maximizing the saturation current.
Generally, the contact CD increases as the pitch decreases. Thus we can
make vertically long contacts by reducing the space between contacts as
shown in Figure 3.9(b). Since the 1st metal lines are designed parallel
to the poly line in gate region, we can keep the contact-metal overlap
margin.
3.4.2

Formulation and Algorithm
As shown in Figure 3.3, the printability of S/D contacts is highly de-

pendant on the contact pitch. Although the input optical conditions for S/D
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contact patterning might be diﬀerent from contact design, the contact patterning generally shows a trend in which the CD variation due to process variation
has the minimal value [81], and in which the contact layout is the most robust from the lithography process variation. In addition, the impact of device
stress is similar to Figure 3.8(a) in spite of diﬀerent stress mobility of NMOS
and PMOS devices. Therefore, from the results of Figure 3.8 and 3.3, we can
mathematically formulate a contact optimization problem with the minimal
process variability as follows:
min :

∆P V

s.t. :

Ith ≤ IdSat

(3.3)

∆IdSat = fd (x), ∆P V = fs (y)
given design rule
The objective is to minimize the process variation (∆P V ) between the
+3σ corner and the -3σ corner of lithography process as shown in Figure 3.3(b),
and the constraint is to keep the saturation current IdSat to be more than a
given current tolerance Ith . This constraint can be expressed as ∆Ith ≤ ∆IdSat ,
where the ∆Ith is a negative value. The formulations fd (x) and fs (y) are the
function between the horizontal distance of NMOS/PMOS contacts and the
shape function of NMOS/PMOS contacts, respectively. The variable x means
the horizontal direction, meanwhile the y means the vertical direction. In
this formulation, we assume that the horizontal optimization of contact holes
is mainly driven by the device stress eﬀect, and the vertical optimization is
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controlled by the lithography proximity and variation.
These assumptions are reasonable because there are two main reasons:
(1) the horizontal CD variation due to lithography variation is relatively much
less than the CD variation of the vertical direction, (2) the stress relaxation
due to the contact holes is mainly caused by the distance between gate and
contact holes (vertical direction). The functions fd (x) and fs (y) are all convex,
which enables to solve the formulation in polynomial time [19]. Also, due to
the convexity, we can obtain the globally optimal position of contact holes for
the minimal manufacturing variation.
If the amount of lithography process variation is allowed, we can ﬁnd
the optimal contact position with the maximal device performance. The mathematical formulation is as follows:
max :

IdSat

(3.4)

s.t. : |∆CD| ≤ |∆CDth | & |∆P V | ≤ |∆P Vth |
∆IdSat = fd (x), ∆CD = fcd (y)
given design rule
The objective is to maximize the device saturation current, and the
constraint is that the lithographic process variation should be less than the
given process tolerance ∆P Vth and the nominal CD variation also should be
less than the given CD tolerance ∆CDth . The pitch of the minimum process
variation coincides with the the pitch of the nominal CD as shown in Figure 3.3.
Furthermore, since the vertical longer contact CD is preferable for the better
56

device performance, we can formulate the contact shape equation in terms of
the contact CD relation (fcd (y)). Since the function fd (x) and fcd (y) are all
convex, we can obtain the globally optimal position of contact holes for the
maximal device performance.
Under design constraints, we propose the following S/D contact layout guidelines for improving the contact printability and the performance of
devices under stress:
Device Stress As the contact patterns are placed closer to the gate, the
saturation current degrades in stress enhancement technique. Thus we
can push the contact layout to the active edge.
Cell Area However, the requirement of enough space between gate and contact makes the standard cell area increase. This area penalty may happen
to meet more severe problem. Thus, we can push the S/D contact layer
back as the design rule allows.
Lithography Condition The horizontal contact pitch is usually larger than
the the vertical pitch. Thus we can choose the lithography optical condition which has less variation for the horizontal pitch, like as dipole or
quasar type illumination. That may also prevent the contact variation
from the neighboring cell.
Metal Jogs Due to the diﬀerent sensitivity of stress and variability, the optimal position of NMOS and PMOS contact holes might be diﬀerent for the
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best manufacturing and device performance in standard cell. It causes
the upper metal line to have jog patterns. Since NMOS has less impact
on device stress in the stress simulation and the horizontal lithography
variability is relatively much smaller than the vertical direction, we can
have the same NMOS distance with the PMOS distance from gate line
which leads to straightened metal design.
Minimal Variability We can choose the contact pitch which has the minimal
variation of contact area due to the lithography proximity and process
variation.
Performance The longer vertical length of contact pattern makes the devices
performance increased as shown in Figure 3.8. In our experiments the
vertically longer contact does not aﬀect any leakage current. Thus, we
can choose the contact pitch which has the more driving current given
the process variability tolerance.

3.5

Experimental Results
We implemented the compact S/D contact resistance model and the

contact layout optimization in Tcl and Perl script language and tested with
the industrial 32nm standard cell. The nominal contact size is 40nm for
all standard cells. In order to model and solve the convex formulation, we
used AMPL/MOSEK 5.0 [43, 45]. After calculating the eﬀective S/D contact
resistance, we updated the value in netlist ﬁle and measured the current and
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the delay using Hspice [42].
We used Calibre-OPC/Printimage for model based OPC and Printimage [20]. Our optical parameters are wavelength (λ) = 193nm, numerical
aperture (NA) = 1.25 immersion lithography, and quasar unpolarized illumination σ = 0.9/0.7. The thickness of photo-resist is 150nm. Following industrial
practice, we ﬁrst perform full OPC for all contact holes and swept the process
variation: dose = ±7%, focus = ±50nm, and mask error = ±1nm. Then, we
chose the nominal, the worst, and the best printed images for the given contact
layer. For delay and current simulation, we set the nominal S/D resistance on
100Ω as deﬁned in ITRS road-map for 32nm CMOS devices [47].
Figure 3.10 shows the NMOS current distribution of the conventional
design, the manufacturing variability-driven design, and the performancedriven design in our inverter cell. As shown in Figure 3.10, the current distribution of the best variability design shows a somewhat increased nominal current
and a smaller current variation compared to the original S/D contact design.
Meanwhile the performance-driven design shows the more increment of the
nominal current with a reasonable current variation. In the variability-driven
design, we achieved the smaller current variation (σ = 1.164uA) compared to
the conventional design (σ = 1.55uA). It means that we reduced the the current variation due to the process as much as 25%. In the performance-driven
design, we increased the saturation current up to 1.5% yet with reasonable
current variation (σ = 1.36uA) in NMOS transistor of our inverter cell. As
mentioned before, the few % improvement of the device current is not trivial
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value because our industrial standard cell is already designed with restricted
design rules. If we had more area margin for contact layout, we would achieve
much more improvement for the device current. According to our experiments,
if the contact area variation of the original layout is 50% which may happen in
industrial process, we can improve the current performance as much as 15%.
The current improvement results in the delay reduction in a standard
cell. Let us recall that the delay improvement is achieved by just S/D contact
optimization. Table 3.1 compares results from the two design optimization
approaches: the variability driven optimization and the performance driven
optimization. We measured the three delay values for diﬀerent S/D process
variations: -3σ process corner (FF), nominal process condition (Norm), and
+3σ process corner (SS). It shows that we improve overall delay and delay
variation by adjusting the contact position. The results shows up to 3.45%
delay improvement and 2.45% improvement of averaged delay under nominal
process condition. The 3.45% delay improvement by the S/D contact optimization is equivalent to about 8% reduction of gate length for faster speed
without any additional leakage current. We added the leakage current variation in Table 3.2. Therefore the impact of contact optimization on the delay is
substantial. True to our expectation, the delay reduction in the performancedriven optimization is higher than that of the variability-driven optimization.
In Table 3.2, we compared the delay variation which represents the
delay diﬀerence between the -3σ process corner and +3σ process corner. As
shown in Table 3.2, the results shows up to 86.81% reduction of the cell delay
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in the variability-driven design and up to 37.80% reduction in the performancedriven design. Even though the delay reduction of the variability-driven design
in the nominal process condition is somewhat smaller than the performancedriven design as shown in Table 3.1, yet the variability-driven design shows
much more improvement in the decrease of the delay variation between the
fastest and slowest process corners.

3.6

Discussions
We have proposed a novel contact equivalent resistance model and lay-

out optimization approach in standard cell library to minimize the lithography
process variation as well as to maximize the saturation current within process
tolerance. Experimental results with a industrial cell library show that our
model-based contact layout optimization approach can substantially decrease
the delay and the delay variation given layout constraints. Our approach
can be applicable to S/D contact random lithography variation: contact-edge
roughness [8, 9].
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b

a

Original Design
FFa
Norma
SSa
17.77
18.04
19.65
24.53
24.63
26.46
32.31
32.65
34.34
56.18
57.83
59.86
138.50 142.32 147.55
76.89
79.37
82.79
305.96 312.89 322.10
244.10 249.04 255.90
FF
17.51
24.39
31.99
55.66
137.27
76.29
303.24
242.25

Variability-driven Design
%b Norm
%
SS
1.44 17.84 1.12 17.91
0.56 24.42 0.83 24.64
0.98 32.22 1.34 32.31
0.91 56.55 2.21 57.92
0.89 139.43 2.03 142.06
0.78 77.72 2.07 79.43
0.89 307.02 1.88 312.15
0.76 244.71 1.74 248.53
0.90
1.65
%
8.85
6.86
5.92
3.24
3.72
4.06
3.09
2.88
4.83

FF
16.73
23.20
30.83
54.96
135.62
75.24
300.31
240.06

Performance-driven Design
%
Norm
%
SS
5.82 17.71 1.88 18.31
5.43 24.44 0.76 25.18
4.58 32.05 1.84 32.54
2.16 55.91 3.32 57.50
2.08 137.81 3.17 141.07
2.15 76.63 3.45 78.91
1.85 304.32 2.74 310.65
1.66 242.93 2.46 247.23
3.22
2.45

FF: -3σ process corner. Norm: nominal process condition. SS: +3σ process corner. The unit of delay is ps.
It represents the improvement of the cell delay. We compared all delay value with the original design.

INVX5
NAND2X2
NOR2X2
AND2X2
HA S
HA C
FA S
FA C
average

Cell

%
6.83
4.83
5.27
3.95
4.39
4.69
3.56
3.39
4.61

Table 3.1: Improvement of Delay: The impact of contact optimization on the delay is substantial.

Table 3.2: Improvement of Delay Variation: The results shows up to 86.81%
reduction of the cell delay in the variability-driven design.
Cell
ORGa
VARa
PERFa
leakage
b
b
(%)
∆D ∆D Imp ∆D Imp
∆Iof f
INVX5
10.43 2.23 78.61 8.89 14.77
0.00
NAND2X2 7.83 1.03 86.81 8.11 -3.62
0.00
NOR2X2
6.23 0.99 84.18 5.32 14.63
0.00
AND2X2
6.38 3.99 37.39 4.54 28.84
0.00
HA S
6.36 3.44 45.95 3.96 37.80
0.00
HA C
7.44 4.04 45.68 4.80 35.49
0.00
FA S
5.16 2.90 43.74 3.40 34.17
0.00
FA C
4.74 2.57 45.86 2.95 37.67
0.00
average
58.53
24.97
a

ORG: Original design. VAR: Variability-driven.
PERF: Performance-driven.
b
Improvement from the ∆delay of original design.
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Chapter 4
Spacer-type Double Patterning for Metal
Layout

4.1

Introduction
Metal patterning is one of most diﬃcult processes for the cutting edge

lithography because the requirable half pitch of metal layers is smaller than
that of the poly layer. Moreover, the reason that the shape of metal layout
looks more complicate makes metal patterning more diﬃcult. In this chapter,
this thesis proposes new double patterning decomposition approaches for metal
patterning.
DPT largely consists of two types: a litho-etch-litho-etch (LELE) double patterning and a spacer type self-aligned double patterning (SADP). LELE
has two lithography steps with one or two etch steps after decomposing the
target mask layout into two mask layouts [5, 27, 51, 99]. As shown in Figure 4.1, some polygons should be split into two or more polygons to resolve
layout decomposition conﬂicts, which will introduce ‘stitch’ points.
The critical limitation of LELE is the inevitable overlay error between
the two sequential exposure steps. The mask placement, alignment and magniﬁcation errors on the second mask exposure might induce patterning variation
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which directly causes signiﬁcant performance and yield degradation [57, 58,
100]. In addition, a stitch can be regarded as a line-end which is highly sensitive to lithography process variation and is prone to line-end shortening, CD
shrinking, etc [11, 12, 27, 99]. Moreover, since the second images are exposed
on top of the ﬁrst generated patterns with non-planer substrate topography,
wafer topographic eﬀects, such as shadowing and non-uniform reﬂectivity, may
cause considerable patterning variation on the ﬁnal wafer images [52, 85].
SADP is a pitch-splitting sidewall image method that also utilizes two
masks: a core mask and a trim mask. The core mask deﬁnes core mandrel patterns, and the sidewall spacer is deposited onto all sides of a mandrel pattern
to enable pitch doubling in the patterning. The trim mask removes unnecessary patterns by blocking or unblocking with photoresist (PR). Since the
most critical patterning control in SADP is not governed by lithography, but
by the deposition of the sidewall spacer, it has less overlay error (less than
3nm in SADP vs. more than 6nm in LELE) and excellent variability control

stitch
stitch

Layout decomposition
Figure 4.1: LELE-type DPT: The main limitations of LELE are the inevitable
overlay error and its weak process margin.
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compared to LELE [58, 65].
However, SADP allows only a single width of sidewall spacer which
forms either a single wire width or a single wire space. Therefore, SADP was
previously limited by the lack of ﬂexibility in terms of layout decomposition.
Thus, SADP is only in production use for 1D patterns in NAND Flash memory
applications but applying SADP to 2D random logic patterns is challenging [7,
10, 24, 65, 84]. Due to its limitation, SADP might require three mask for 2Dtype application. Since the manufacturing cost of logic products is dominated
by the patterning cost, a two-mask SADP approach is necessary for successful
product application. Thus, layout decomposition for random 2D logic features,
which have various wire widths and spaces, is a primary challenging issue for
a manufacturable SADP process.
In this dissertation, we propose rigorous layout decomposition methods
on SADP technique for sub-30nm random shaped metal layouts. The major
contributions of this dissertation include the following:
• This dissertation, to our best knowledge, develops the ﬁrst systematic
framework SADP layout decomposition for 2D layout structures.
• The layout coloring is a crucial step in SADP decomposition. Despite
not any stitches, we can resolve coloring conﬂicts with the proposed
approaches. Moreover, we propose mask friendly coloring methods for
the best manufacturability.
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• We can make random 2D patterns by introducing layout regargeting rule
and assist mandrel at the ﬁrst core mask which can be generated in a
lithography friendly manner.

The rest of the chapter is organized as follows. Section 4.2 describes
SADP lithography process and the challenging issues. Section 4.3 presents
several layout coloring approaches for DRC-free decomposed mast layouts.
Section 4.4 proposes algorithms of the core mask generation. Experimental
results are discussed in Section 4.5, followed by conclusions in Section 4.6.

4.2

Spacer-type Double Patterning
We ﬁrst introduce some terminologies and notations which are used

throughout this chapter:
• Core mask : the ﬁrst mask in the SADP process ﬂow.
• Mandrel (M∀ ): the printed patterns generated by the core mask where
the sidewall spacers are subsequently formed. It is often used as a synonym for core mask layouts.
• Main mandrel (Mm ): the base mandrel (core mask) layout which is a
chosen subset of the original design intent.
• Assist mandrel (Ma ): the extra mandrel layout newly generated, i.e.,
assist features.
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(1) target

(2) core mask

(3) sidewall spacer

(4) trim mask

Figure 4.2: An 1D ﬂow of SID-type SADP: SADP is a pitch-splitting sidewall
image method which utilizes a core mask and a trim mask.
• Secondary pattern (Ps ): the pattern except the main mandrel in the
original layout.
• Spacer (Sp ): the sidewall spacer, which is deposited on the mandrel
layout, is formed at the both sides of mandrels.
• Trim mask (Tm ): the second mask in the SADP process ﬂow, which is
used for removing unnecessary patterns.
A favored type of SADP is SID-type SADP due to its more cost eﬀective patterning where SID is an abbreviation of “spacer is dielectric” [24, 65].
Figure 4.2 shows a ﬂow of SID SADP with an 1D layout. The ﬁrst core mask
layout is chosen from the original layout in (2). Then, the sidewall spacers
are generated nearby the mandrel layout in (3). After removing mandrels, we
deposit substrate materials (purple in (4)). Then, the second trimming mask
is used for getting the ﬁnal patterns in (4). Since the main mandrel layout in
(2) becomes ﬁnal patterns, SID-type SADP enables various metal widths.
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Like conventional LELE, SID SADP uses two mask steps: a core mask
and a trim mask. Since the main mandrel layout is a subset of the original
design intent, a layout coloring technique can be used for decomposing dense
target patterns [5, 27, 51, 99]. The two-color mapping for SADP is less intuitive
but similar to LELE. The two mask layouts of LELE correspond to main
mandrel and secondary pattern of SADP, yet SADP requires a core mask and
a trim mask for patterning.
Now, let us look at a 2D example of SID-type SADP sequences in Figure 4.3. One can see an assist mandrel layout which is added on the main
mandrel and will not be printed on wafer to eventually make the secondary
pattern (‘not mandrel ’) using a trim mask. By applying layout coloring, one
color can become the main mandrel. The selection of main mandrel color
aﬀects the shapes of the assist mandrel layouts. In random 2D layout application, inserting assist mandrel polygons is an essential part because those allow
various wire widths and various pattern shapes in SADP layout decomposition. Therefore, one can make random 2D shape patterns by building assist
mandrel layouts.
However, a major drawback of SADP is the fact that features in SADP
does not allow any stitch points as in LELE. It means that splitting a polygon
into two or more polygons can not be considered in SADP. Thus, one polygon
should have one particular color. The reason is that the selected mandrel will
make spacer patterns which will be etched out after the trim mask patterning.
The spacer acts like a layout separator among main mandrels and secondary
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Assist

(2) core mask

Main Mandrel

Assist

Main Mandrel

(1) target

(3) sidewall spacer

(4) trim mask

Figure 4.3: A 2D ﬂow of SID-type SADP: Layout coloring and assist mandrel
generation are of utmost important steps in an SADP mask synthesis process
for complex 2D layouts.
patterns. Thus, if we split a polygon into two polygons and select one polygon
as a main mandrel, it would result in disconnecting the ﬁnal patterning results
due to spacer blocks.
Even though stitching can have side eﬀects such as yield loss due to
mask overlay, a stitch insertion gives a decomposition ﬂexibility in LELE.
Without stitch insertion, some coloring conﬂict is usual in a random 2D layout. Figure 4.4 shows some cases of coloring conﬂict. By inserting a stitch
point in LELE DPT, the coloring conﬂict can be resolved as in (1). Not all the
conﬂicts can be resolved by inserting stitches even in LELE. The undecomposable conﬂict in (2) is called an inherent or native conﬂict [99, 102]. Since
SADP does not allow any stitch insertion, both (1) and (2) in Figure 4.4 can
be regarded as native conﬂict cases. Therefore, resolving coloring conﬂicts is
another critical step in SID SADP process for random 2D layouts.
There are many challenges involved with creating a core mandrel mask
and a trim mask for complex 2D layouts. In particular, layout coloring and
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(1) Decomposable in LELE
using stitch insertion
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A
(2) Undecomposable
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Figure 4.4: Coloring conﬂict in layout decomposition: Some coloring conﬂict
is usual in a random 2D layout.
assist mandrel generation are of utmost important steps in an SADP mask
synthesis process:
Layout Coloring Since the main mandrel is chosen from the design intent
after assigning a color mapping, the manufacturability on both core mask
and trim mask is signiﬁcantly dependant on layout coloring. A core mask
layout can be easily generated from the main mandrel, yet the trim mask
layout is relatively less intuitive. Moreover, since SADP does not allow
any stitch insertion, it is crucial to resolve any odd-cycle coloring conﬂicts
in SADP layout decomposition.
Assist Mandrel Assist mandrel gives SADP more ﬂexibility which allows to
make random shaped layout. Thus, it requires an intelligently designed
mandrel layouts as a good starting point. Since the ﬁrst core mask is
usually more complex than the trim mask, it highly aﬀects a lithographic
printability on wafer. Thus, a lithographic friendly mandrel generation
is necessary for less process variation.
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4.3
4.3.1

Dual Mask Aware Layout Coloring
Problem Formulation

Given: In a given layout L, let F = {fi |1 ≤ i ≤ n} be a set of polygon
features and E = {ej |1 ≤ j ≤ m} be a set of edge segment in a feature fi , d
be the minimum coloring distance between two polygon features.
Find: To minimize the sum of connections among polygons on a layout.
Subject to: (1) A connection weight in a feature fi is the sum of the assigned weights of all edges ej , (2) A positive connection between two polygons
encourages placement on opposite color. (3) A negative weight encourages
placement on the same color.
Even in a polygon, every branch of a polygon might have diﬀerent
neighboring layout connection. By calculating connection weight on edge segments instead of on every polygon node [51, 99, 102], we can consider the layout
connection constraint. Reasons that we use an edge segment based coloring
are as follows:
• SADP mask decomposition does not allow ‘stitch’ points. Every polygon should have a single color without division. Thus, we should more
accurately calculate connection weights in a layout. Edge segments can
consider every local layout constraints for SADP mask decomposition.
• In SID-type SADP, the 1st core mask layout is decided from target polygons, meanwhile the shape of the 2nd trim mask layout is highly related
to layout spaces between two polygons (refer to the Section 4.3.2). Edge
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Figure 4.5: Edge segment based layout coloring: By calculating connection
weight on edge segments, we can consider the layout connection constraint.
segments of polygons provides better layout information for the trim
mask.
Figure 4.5 shows a color assignment based on an edge segment approach. The ﬁrst step is to divide every edge of polygons into multiple segments based on the polygon itself and neighboring polygons, that is a similar
way of layout segment of a conventional model-based OPC. Then, each edge
in a polygon calculates the connection weight. For example, in Figure 4.5,
the distance between an edge e4 of a feature f1 and an edge e31 of a feature
f2 is less than the minimum coloring distance d. Thus the edges e4 and e31
have positive weight. Whereas, since the space of an edge e3 of a feature f1 is
larger than d, no weight value is given. The connection weight of a polygon
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Algorithm 2 Mask aware layout coloring
1: Dummy Layer Insertion in Section 4.3.5
2: A set of polygon features F in a layer
3: Find self-conﬂict areas in Section 4.3.4
4: A set of self-conﬂict area S in a layer
5: for each polygon f ∈ F do
6:
W eightf ← 0
7:
Decompose segments E ∈ f
8:
for each segment e ∈ E do
9:
weighte ← 0
10:
detect conﬂict c with min. distance d
11:
if c < d then
12:
determine whether conﬂicted layout ∈ S or not
13:
update weighte , shortest-path coloring in Section 4.3.3
14:
W eightf + = weighte
15: assign a color for polygons with sparse matrix solver
16: check grouping in Section 4.3.2
can be the sum of connection weights of all edge. Our overall layout coloring
for SID-type SADP is given in Algorithm 2.
4.3.2

Grouping and Merging Coloring
Since SADP mask decomposition does not allow stitch insertion, some

coloring conﬂict is usual. As shown in Figure 4.6, the target design has a
native coloring conﬂict which represents an undecomposable layout even in
LELE [51, 102]. To resolve this coloring conﬂict, we introduce a grouping and
merging algorithm. Once two same colored polygons are within the minimum
coloring distance d, we make a group for the polygons and merge them into one
polygon. By merging the two conﬂicted polygons, we can make a core mask
without any DRC and lithography violation. This merged region between two
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Coloring conflict
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main mandrel

E

Grouping

Merging

2ndary patern

cut (open)
main mandrel
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Figure 4.6: Grouping and merging coloring: Once two same colored polygons
are within the minimum coloring distance, we make a group for the polygons
and merge them into one polygon.
grouped polygons should be trimmed out at the 2nd trim mask patterning step.
Note that since the spacer patterns nearby mandrels will become dielectric after the trim mask patterning, the spacer acts like an overlay-free region.
It implies that if the edge of a trim mask layout is on the spacer region, the
trim layout can be free from mask overlay variations without any impact on
target metal lines. In the other words, we should carefully control the mask
overlay if the trim mask edge is on metal lines.
Thus, we should note the following issues if a trim mask should cut the
merged area:
• The width of a trim mask should meet the trim mask width constraint
which is usually the same as the minimum target layout width or slightly
larger.
• Since the edge of a trim mask layout is passing over the main mandrel
not the safe spacer region, the overlay error of the trim mask should be
carefully controlled.
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4.3.3

Shortest-path Coloring
After merging two conﬂicted polygons into one polygon, the trim mask

should remove the merged region at the cost of mask overlay. Therefore,
shorter trim mask for removing merged region is preferable for smaller overlay
impact on the 2nd patterning. So, in addition to a grouping and merge coloring,
we propose a shortest-path coloring as shown in Figure 4.7. The shortest-path
coloring is achieved by reﬂecting the length of an edge segment when we assign
a connection weight on an edge. In Figure 4.7, the region between polygon A
and B has a longer interacting length of coloring conﬂict. Meanwhile, between
polygon A and C has the shortest interacting length. The interacting length is
multiplied by the interacting weight for both two polygons. Thus, the polygons
having smaller interacting length have less interacting weight for coloring that
makes the shortest interacting polygons having the same color.
4.3.4

Self-conflict Aware Coloring
Even though we assign the same color on the polygons which have less

polygon interference, the corresponding trim mask might have internal DRC
errors on the mask itself because the trim mask should meet single patterning
constraints as shown in Figure 4.8. In order to avoid this self-conﬂict violation,
we identify self-conﬂict regions of the trim mask and put more interacting
weight in layout coloring. The self-conﬂict region on a trim mask usually
happens when three or more consecutive polygons have the same color where
the width of middle polygon is less than the trim mask space constraint. We
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Figure 4.7: Shortest-path coloring: Shorter trim mask for removing merged
region is preferable for smaller overlay impact on the trim mask.
can detect the trim self-conﬂict region by twice checking the minimum space
of the layout. The min. space check of the min. space check is showing in
Figure 4.9. By putting more connecting weight on the self-conﬂict region, we
can avoid the internal DRC error on the trim mask.
4.3.5

Trim Mask Friendly Coloring
Since the sidewall spacer can be placed between two abutting metal

polygons, it can exactly identify the edge position of diﬀerent metal lines. It
implies that the sidewall spacer prevents abutting metal lines from patterning
faults, in particular, bridging fault. Moreover, it can give the trim mask more
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Figure 4.8: Self-conﬂict aware layout coloring: In order to avoid this selfconﬂict violation, we identify self-conﬂict regions of the trim mask and put
more interacting weight in layout coloring.

(1) layout

(2) min space check (MSC)

(3) MSC of MSC

Figure 4.9: Deﬁne the self-conﬂict area: We can detect the trim self-conﬂict
region by twice checking the minimum space of the layout.
process tolerance. As shown in Figure 4.10, a conventional layout coloring
might give smaller patterning margin, e.g., narrower trim width or width violation. In addition, the trim mask is prone to mask overlay. Where possible,
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Assist mandrel
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Metal to be patterned
Trim mask
Narrow width & overlay!

Conventional coloring

Mandrel & spacer generation

Patterning & trimming

SADP friendly coloring

Mandrel & spacer generation

Patterning & trimming

Figure 4.10: Trim mask friendly coloring: The best coloring for SID-type
SADP is to assign a diﬀerent color on polygons in every other layout pitch
track.
the best coloring for SID-type SADP is to assign a diﬀerent color on polygons
in every other layout pitch track.
To assign the best coloring on the layout, we insert dummy layouts
between two metal lines as shown in Figure 4.11. Once we put dummy metals into vacant areas, we assign two-map layout color with the shortest-path
coloring and the self-conﬂict aware coloring approaches. After removing the
dummy metals, we can get the trim mask friendly layout coloring for SID-type
SADP process.
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(1) original design

(2) dummy insertion

(3) shortest-path coloring

(4) removing dummies

Figure 4.11: Dummy insertion for trim friendly coloring: To assign the best
coloring on the layout, we insert dummy layouts between two metal lines.

4.4
4.4.1

Litho. Friendly Mandrel Generation
Problem Formulation

Given: Let Mm be the main mandrel, Ps be the secondary patterns, Lm be
the minimum mandrel width at wafer, Ls be the minimum spacer width at
wafer, and Lb be the mask bias for the 1st pattering.
Find: Find the assist mandrel, Ma , to make secondary patterns, Ps , at the
ﬁnal patterning by merging the sidewall spacer patterns, Sp near the core
mandrel, M∀ .
Subject to: (1) no DRC error is allowed between positively biased (increased)
M∀ (Mm and Ma ) as much as Lb on the 1st core mask. (2) DRC error is allow
between Ma s itself because Ma will be removed at the 2nd trim mask step.
Figure 4.12 illustrates a way to generate assist mandrel patterns in
addition to the main mandrel. The goal of the assist mandrel, Ma , is to make
secondary patterns, Ps , by merging neighboring spacer Sp of nearby Mandrel,
M∀ . There should be spacer patterns next to every secondary metals Ps . Since
M∀ makes Sp which also generates Ps , in an intuitive way we can make Ma in
every neighboring Ps as much as Ls away. Meanwhile as Mm also generates Sp
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Figure 4.12: Generation of assist mandrel: There should be spacer patterns
next to every secondary metals.
patterns, we can ﬁlter out overlapped Ma which lies on the interacting region
of Mm within the distance (Ls + 2Lb ).
Algorithm 3 also shows a ﬂow of our mandrel generation for 2D random
layout. The assist mandrel is formed in a way of manufacturing requirements
and usually made using polygon extending and boolean operation in line 210. After making additional mandrel patterns, we cut some overlapped region
with the main mandrel in line 11-13. Once some small jogs and spaces in the
additional mandrel are modiﬁed with a manner of manufacturing friendly in
line 14-18, we adjust the ﬁnal metal pattern with a metal retargeting rule in
line 19.
4.4.2

Litho. Friendly Assist Mandrel
Figure 4.13 shows the ﬁnal core mask layout (Mm + Ma ) in diﬀerent

ways. We can generate assist mandrel patterns for 2D random layouts with
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Algorithm 3 Lithography friendly mandrel generation
Require: A set of colored layer L
1: Select Mm and Ps from L: # either color is allowed.
2: # initial Ma in Section 4.4.2
3: if longer then
4:
Maf ← all direction expanding from Ps
5: else if shorter then
6:
Maf ← edge expanding from Ps
7: else if directional then
8:
Maf ← edge expanding from Ps
9:
remove small island patterns from Maf
10: # cut Maf
11: Cm ← expanding Mm as much as Ls + 2Lb
12: Ma ← Maf - Cm
13: # post-processing of Ma in Section 4.4.3
14: for each small features f ∈ Ma do
15:
Ma merging or removal for manufacturability
16:
deﬁne mandatory trim areas
17: Metal retargeting in Section 4.4.4
18: DRC check with mask biasing, Lb
diﬀerent options, for example the shorter Ma , the longer Ma , and the directional Ma . The shorter Ma approach builds Ma polygons just at the area
facing with the secondary metal, Ps . This approach induces lots of small island patterns. Some small patterns in the core mask are prone to be collapsed
due to photoresist (PR) tension or moved away due to lithography proximity.
Thus, one can also use the longer Ma approach which generate Ma patterns
covering all surrounding areas of Ps .
Another option is the directional Ma approach which makes Ma by
considering lithography illumination. Oﬀ-axis illumination (OAI) is a widely
used for better lithographic printability. An oblique illumination improves
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(a) coloring

(b) shorter

(c) longer

(d) directional

Figure 4.13: Lithography friendly assist mandrel where blue layout in the
colored layout becomes main mandrel.

patterning resolution of those features toward the illumination direction [1].
It directly implies that a single directional metal layout is desirable for lithography patterning. Thus, in the directional Ma approach we generate Ma at
the area which has the same direction with the metal lines. This approach
is similar to the shorter Ma approach at the ﬁrst stage, yet by removing a
small island, which is usually located at the metal line-end, we can achieve
directional Ma polygons.
4.4.3

Assist Mandrel Post-processing
If the space among Ma s is smaller than a certain constraint, we can ﬁll a

space and make a polygon by connecting Ma s in order not to violate mask rule
in the core mask. Once we connect between two Ma s, the corresponding Ps
might be also connected. Thus, the connected region at Ps should be removed
at the 2nd trim mask step (Figure 4.14(a)). In a similar way, if small pieces
of Ma are conﬂicting with Mm , we can merge them into Mm or remove them.
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Main mandrel
2ndary pattern
Assist mandrel
Trim mask

(a) mandrel ﬁlling
Main mandrel
2ndary pattern
Assist mandrel
Trim mask

(b) merging with main mandrel or removing
Main mandrel
2ndary pattern
Assist mandrel
Trim mask

(c) removing

Figure 4.14: Options of assist mandrel polygons: If the assist mandrel conﬂicts
with the main mandrel, we do a post-processing in order not to violate mask
rule in the core mask.

When small Ma is merged into Mm , both the merge area and small Ma should
be cut at the trim mask, which might be an overlay burden to Mm . Meanwhile,
when small Ma is removed, Ps region might be extended, thus it should be
removed, which might give an overlay burden to Ps (Figure 4.14(b)). If a piece
of Ma is smaller than a certain constraint, we can remove it (Figure 4.14(c)).
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metal target

secondary pattern

spacer

spacer

mandrel

mandrel

Figure 4.15: Metal retargeting rule: Since the width of a sidewall spacer is
usually constant, design retargeting may be necessary.
4.4.4

Layout Retargeting for SADP
Since the width of a sidewall spacer is usually constant, in order to

apply SADP process to 2D random logic, design retargeting may be necessary.
A design retarget means to slightly modify the design intent in layout, and it
usually induces a slight increase of a metal width in SID-type SADP. Slightly
increased (thicker) metal lines are an improvement due to the following reasons:
• The thicker metal line is better for timing issues, in particular delay.
Despite a small increase of coupling capacitance, a resistance decrease is
more favorable for metal delay.
• It is even better for lithography patterning. Thicker metal lines have
more tolerance due to lithography process for sub-30nm patterning.
Therefore, we deﬁne a forbidden space for layout retargeting between
the two colored layouts, in particular, the main mandrel and the secondary
metal. As shown in Figure 4.15, let Sf bdn be the forbidden space for SIDtype SADP process, Strm be the minimum allowable space of the trim mask,
Wmgn be the trim mask overlay margin for the design intent, Wspr be the
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sidewall spacer width, and Wrtg be the width of the allowable retargeting.
The forbidden space in SID-type SADP is as follows:
Wspr < Sf bdn < Strm

(4.1)

Thus, if the Strm is same as the Wspr , no forbidden space exists in an SADP
mask decomposition. Since, Wspr and Wmgn are ﬁxed in SADP lithography
process, the maximum retargeting width of the design intent, Wrtg , is deﬁned
as follows:
Wrtg = Sf bdn − (Wspr − Wmgn )

(4.2)

By introducing the maximal allowable retargeting width at the trim mask, we
can have more ﬂexibility on layout decomposition and lithography manufacturing in SID SADP.

4.5

Experimental Results
We implemented a mask decomposition automation for SID-type SADP

process and tested with metal layers of industrial 22nm node standard cells
and 22nm node logic devices. First, the minimum width, space, and sidewall
spacer of 22nm node standard cells are all 34nm. The etch bias per edge for
mandrels is 8nm which means the minimum width of the core mask for the 1st
lithography patterning is 50nm (34nm+2×8nm). The minimum space of the
core mask layout and the minimum width and space of the trim mask layout
are all 50nm. The overlay margin of between the trim mask and the design
intent is 5nm in our experiments.
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(a) target layer

(b) mandrel & spacer

(c) trim mask

(d) ﬁnal patterns

Figure 4.16: SADP decomposition for 22nm standard cells

Figure 4.16 shows the results of our SADP decomposition for 22nm
node standard cells which are already ﬁnished with their placement and routing design. As shown in Figure 4.16(a), the layout has multiple widths and
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spaces, and moreover the shape of the layout looks arbitrary so that the mask
decomposition for SADP process is challenging. Based on our layout coloring
for SADP decomposition, we select the main mandrel by considering the trim
mask layout and deﬁne the assist mandrel layout in Figure 4.16(b). After making the core layout without any DRC violations, we shrink the core layout with
the following etch step, and than generate the sidewall spacer pattern nearby
the mandrel in (b). The trim mask patterning is followed by the BARC deposition in (c), then we can get the ﬁnal patterning after some etch process in
(d). As Figure 4.16(d) shows, the ﬁnal metal pattern meets the target design
with slightly thicker patterns due to the retargeting rule.
We also tested our SADP layout decomposition for the industrial 22nm
node full-chip logic metal layer. Eight layout blocks which have the same
area (20um×20um) are evaluated. The minimum width and space of the
layout are 35nm and 45nm, respectively. The width of a sidewall spacer is
45nm, and the etch bias per edge for mandrels and the overlay margin of the
trim mask are all 5nm. The minimum width and space of the trim mask are
45nm and 55nm, respectively. We used a commercial tool for model based
OPC and lithography simulation. Our optical parameters are wavelength =
193nm, numerical aperture (NA) = 1.25 immersion, and dipole illumination σ
= 0.85/0.55. Following industrial practice, we ﬁrst performed full OPC for all
mask layouts and ran lithography simulation with a process variation: focus
= ±50nm.
Table 4.1 shows the number of DRC errors both on core mask and
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Table 4.1: DRC error on both Core mask and Trim mask: Our SADP automation can decompose random 2D layout with just a few conﬂicts.
Layout
Layout1
Layout2
Layout3
Layout4
Layout5
Layout6
Layout7
Layout8
average

EDGEa
STSTa
TMFCa
Core T rim Core T rim %b Core T rim %b
2
13
2
10 23.08
2
3
76.92
1
25
1
19 24.00
0
5
80.00
2
32
2
29
9.38
0
12 62.50
0
34
0
29 14.71
0
10 70.59
0
18
0
16 11.11
0
9
50.00
2
31
2
27 12.90
1
14 54.84
3
31
3
28
9.68
2
11 64.52
1
34
1
32
5.88
1
12 64.71
1.4
27.3
1.4
23.8 13.84 0.8
9.5 65.51

a

EDGE: edge segment based coloring. ST ST : EDGE +
shortest-path coloring. T M F C: ST ST + self-conﬂict coloring
+ trim friendly coloring
b
Improvement the errors on the trim mask from EDGE
trim mask with the diﬀerent layout coloring approaches: the edge segment
based coloring (EDGE) in Figure 4.5, the shortest-path coloring (ST ST ) in
Section 4.3.3, and the mask friendly coloring (T M F C) in Section 4.3.5. The
DRC conﬂicts mean both width and space violation given the minimum requirement for the core and the trim mask. The DRC conﬂicts on the core
mask are very small, yet T M F C has slightly fewer conﬂicts than other approaches. Meanwhile, the improvements on the trim mask is large when we use
T M F C. ST ST at the trim mask has around 14% improvement, yet T M F C
has as much as 65% improvement on average compared to EDGE. Table 4.1
shows that our SADP automation can decompose random 2D layout with just
a few DRC conﬂicts which can be easily ﬁxed by slightly modifying the target
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Table 4.2: Printability check: Directional mandrel is the best option for the
core mask in SID SADP decomposition.
Layout

Layout1
Layout2
Layout3
Layout4
Layout5
Layout6
Layout7
Layout8
average
a
b

Shorter
BFa
DFa
3nmb 6nmb F b
139 44 20
216 54 3
137 45 4
111 68 0
135 61 1
138 71 2
141 52 9
91
39 1
139 54.3 5

Longer
Directional
a
BF
DF
BFa
DFa
3nmb 6nmb F b 3nmb 6nmb F b
459 397 0
27
55 0
669 593 1
15
52 0
547 477 0
9
44 0
502 473 0
9
70 0
503 411 1
14
58 0
536 438 2
15
66 0
558 466 2
25
51 0
451 401 0
5
40 0
528 457 0.8 14.9 54.5 0
a

BF: at the best focus, DF: at the out focus variation
3nm: 3nm<EPE, 8nm: 8nm<EPE, F : patterning fail

design.
Next we compared various approaches of the mandrel generation and
evaluated lithographic printability in Table 4.2: Shorter, Longer, and Directional
mandrel in Section 4.4.2. After performing OPC and lithography simulation,
we calculated edge placement error (EP E) of the printed image. EP E is a
popular metric to evaluate lithography simulated image. It means the difference between resulting simulated image and target design of an edge of
layout. We measured the number of locations with EP E larger than 3nm
at the best process condition, and 6nm at the out-focus (defocus) process
condition. Longer mandrel shows the largest EP E at the both best and defocus conditions. This is because Longer mandrel has more horizontal and
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Table 4.3: Comparison with LELE DPT: SADP has much smaller patterning
variation despite not having stitch points.
Layout

LELE DPT
BF
DFa
3nmb 6nmb 9nmb
537
715
515
822 1101 746
626
833
598
635
855
644
541
750
525
703
937
705
666
948
671
610
916
551
642.5 881.9 619.4
a

Layout1
Layout2
Layout3
Layout4
Layout5
Layout6
Layout7
Layout8
average
a
b

SADP
S
BF
DFa
3nmb 6nmb 9nmb
109 28
40
35
143 16
39
13
148
9
39
12
167
9
64
25
78
14
43
24
115 16
55
26
87
26
40
20
151
7
38
2
125 15.6 44.8 19.6
a

S
0
0
0
0
0
0
0
0
0

BF: at the best focus, DF: at the out focus variation
3nm:
3nm<EPE, 6nm:
6nm<EPE≤9nm, 9nm:
9nm<EPE, S: # of stitch

vertical patterns and some patterns are not well printed by dipole illumination. However, when we use Longer mandrel for the core mask, the patterning
failures, in particular, missing small island pattern, is decreased compared to
Shorter. It implies that Shorter mandrel is prone to removal at the 1st patterning. Meanwhile when we applied Directional mandrel to the core mask, we
achieved much smaller EP E variation without failing patterns. Even though
EP E maybe dependent on input lithographic conditions, in our experiments
Directional mandrel is the best option for the core mask in SID SADP decomposition.
Last, we compared the lithographic printability of SADP with that
of LELE. The mask decomposition of LELE was performed by Proteus-DPT
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from Synopsys. According to [65, 93], since the 2nd mask of LELE suﬀers from
wafer topography eﬀects, the lithographic process tolerance of LELE is around
30% less than SADP. Thus, we put more focus variation into the 2nd mask of
LELE, then counted the number of EP E variations of both two masks. The
result shows that SADP has much smaller patterning variation despite not
having stitch points. Thus we can say that SADP is promising for metal and
other random layout patterning at the next lithography node.

4.6

Discussions
In conclusion, we have shown several methods and options to produce

manufacturable mask decompositions for sub-30nm metal random logic layouts
with the SID style of SADP. The value of intelligent optimization methods for
core and trim masks in SID SADP is clearly seen. Experimental results with
industry designs show that the layout decomposition of SADP for 2D random
layout is promising for the future lithography patterning.
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Chapter 5
Modeling and Characterization of Line-Edge
Roughness & Contact-Edge Roughness

5.1

Introduction
In the following two chapter, this dissertation presents the random

lithography variation and layout optimization techniques by considering random lithography variation The random lithography variation is caused by random uncertainties in the fabrication process. Among them, line-edge roughness
(LER) becomes the dominant ﬂuctuation source in sub-45nm node devices [3].
Since LER is mainly caused by erosion of polymer aggregates at the
edge of photo-resist (PR) during development and fully depends on some complex chemical formulae, it is diﬃcult to generate the LER image in print-images
of layouts. Even though LER is a kind of random variation, it is undesirable
and has to be analyzed because it degrades the device performance. LER is on
the order of several nanometers, and can be one of the performance limiting
components for 45nm and below technologies [23, 31, 38, 77].
To address LER modeling and the impact of LER, much research has
been proposed [32, 64, 80]. Even though many works on LER modeling have
been performed, these works have been focusing on process level and unit de-

96

(a) Ion

(b) Iof f

Figure 5.1: Impact of line edge roughness [3]: (a) Dependence of Ion on the
channel length. (b) Dependence of Iof f on the channel length. The RMS
amplitude of LER is 2nm for all cases.

vice level simulation. Therefore, there is great demand to consider the impact
of LER on standard cells and analyze timing impact, in particular delay and
leakage current.
In this dissertation, we propose a comprehensive standard cell characterization method that accounts for random LER variation. Speciﬁc contributions in this dissertation are the following:
• We derive an analytical LER variation model, which can generically handle any RMS amplitude and spatial frequency of LER. Then we integrate
the LER variation into our print-image and layout extraction ﬂow so that
it can characterize the random LER mismatch variation.
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• The accuracy of our LER aware layout extraction is validated from the
physics based TCAD simulation introducing the strain silicon used in
standard cells.
• We present a method to consider the LER variation in both statistical
and deterministic analysis ﬂows, and propose a LER tolerance for 45nm
and 32nm standard cells.

The rest of the chapter is organized as follows: Section 5.2 presents
the impact of gate length variation on delay and leakage current. Section 5.3
describes the comprehensive characterization ﬂow. This section presents eﬀective gate length extraction method and sensitivity characterization method.
Experimental results are discussed in Section 5.4, followed by conclusions in
Section 5.5.

5.2

Impact of Gate Length Variation
The most direct impact of systematic gate length variation is the re-

sulting variation of CMOS gate delay and leakage. Figure 5.2 shows the %
delay variation (a) and the % leakage current variation (b) according to the
gate length variation in the 45nm node CMOS inverter. In our experiments of
the 45nm patterning on a silicon wafer, the gate length variation due to systematic and random LER variation was more than 10% of the nominal gate
length which makes pull-up timing transition delay of un-skewed PMOS decrease over 25% as shown in Figure 5.2(a). The leakage current variation due
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Figure 5.2: The impact of gate length variation on delay and leakage current
in an inverter cell.

to the gate length variation is much bigger than that of the saturation current
or the delay variation. The 10% gate length decrease causes more than tenfold
in the leakage current as shown in Figure 5.2(b).
In sub-45nm node standard cell, the gate length variation due to LER
is still huge for a semiconductor manufacturing in spite of applying the strong
RET technique like as OPC, an immersion lithography, an oﬀ-axis illumination
process. This illustrates that the impact of LER on delay and leakage current
should be analyzed in sub-45nm node devices. In particular, since the standard
cells are basic circuit blocks, the characterization of standard cells with regards
to LER could be necessary for design and manufacturing co-optimization.
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Figure 5.3: Random LER lithography variation: (a) mechanism of LER generation [70] and (b) wafer SEM image of gate LER [23].

5.3
5.3.1

Model Formulation and Simulation
Random LER Modeling
LER, one of the dominant random variations, is caused by the inter-

action of light and thermal bombardment with the molecular nature of photoresist materials in the acid generation, the acid diﬀusion and development
process in chemically ampliﬁed resists (CAR) [30, 70] in Figure 5.3(a). As
shown in Figure 5.3(b), the severe CD variation is evolved at the line edge,
despite patterning a straight line structure. LER is a random ﬂuctuation in
the gate length along the complete width of the device and has inﬂuence on
both edges of the gate.
LER is often expressed by the power spectral density (PSD) which is
theoretically the Fourier Transform of the auto-correlation function [30, 63, 64,
74]. Let us deﬁne z(x) as a one-dimensional distribution of edge locations.
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PSD, S(f ), is mathematically deﬁned as;
1
S(f ) = lim
L→∞ L

∫

2

L/2

z(x)exp (2πif x) dx

(5.1)

−L/2

Therefore the auto-correlation function of z(x), R(τ ), is formulated as;
R(τ ) = F

−1

1
{S (f )} = lim
L→∞ L

∫

L/2

−L/2

z ∗ (x) · z (x + τ ) dx

(5.2)

The RMS roughness, σ, is often deﬁned in terms of z(x) as;
1
σ = lim
L→∞ L
2

∫

∞

−∞

∫
|z(x)| dx = 2
2

∞

S (f ) df

(5.3)

0

Thus the auto-correlation function, R(τ ), follows an exponential function by
the distance r for line edge as the following;
2α

R (r) = σ 2 exp−( Lc )
r

(5.4)

where Lc is the correlation length, σ is the standard deviation of line edge,
and α is related to the fractal dimension D (α = 2-D). Therefore, PSD is
approximated as the following equation [30];
S (k) =

2σ 2 Lc
(1 + k 2 L2c )0.5+α

where k = 2πf , f = i N 1∆z , and 0 ≤ i ≤

N
,
2

(5.5)

N is the number of points along

the line. Hence, the LER for a large number of resists can be characterized by
just three numbers, σ, Lc , and α.
With the magnitude information provided by S(k), we can reconstruct
random line edges by applying a random phase to each frequency component
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of the PSD to form a unique signal in the frequency domain. A line edge
with roughness can be simulated by doing an inverse Fourier transform of this
signal. Random lines are distinguished through random phases applied.
Figure 5.4(b) shows results of line edge roughness from Eq. (5.5) with
Lc =25nm, 3σ=4nm and ∆z=1nm at three diﬀerent values for α of 0.2, 0.5 and
0.8. It can be seen that smaller α (larger fractal dimension) leads to more local
roughness. Meanwhile σ, RMS amplitude, is the most important parameter
for LER. Figure 5.4(c) shows two simulated roughness proﬁles with diﬀerent
values of σ. σ corresponds to the transversal magnitude to the line, and the
larger σ shows greater roughness of the line. Whereas, the correlation length,
Lc , shows a longitudinal magnitude along the line. As shown in Figure 5.4(d),
the larger Lc depicts the longitudinally wider period of LER. Among the three
parameters of LER, Lc and α are highly dependent on the photoresist type
and relatively less critical than σ [74]. Thus in this dissertation we are focusing
on presenting LER with regard to σ.
LER is a random ﬂuctuation in the gate length along the complete
width of the device and has inﬂuence on both edges of the gate. To implement
LER eﬀect to the print-images, we convert these two line edge ﬂuctuations to
a single ﬂuctuation with an equivalent variation given by:
2
σlwr
= σl2 + σr2 − 2ρ1 · σl · σr

(5.6)

where, the σlwr is the line-width roughness, the ρ1 is the correlation coeﬃcient
between the left and the right edge of a line which means that the ρ1 is 0 for
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Figure 5.4: The approximated PSDs (a) and demonstration of LER simulation
on a gate edge with α (b), σ (c) and Lc (d).

no correlation and 1 for perfect correlation. When we calculate the eﬀective
gate length in a cell, we add the gate length variation due to LER on the top
of systematic component. The gate length variation is calculated as a function
of σlwr . We assume the RMS amplitude of the left LER (σl ) equals the RMS
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amplitude of the right LER (σr ) and the correlation coeﬃcient ρ1 is randomly
determined when the LER is generated.
In a conventional Spice circuit simulation, one particular gate length is
used for each transistor. Due to LER, the gate printed images shows a nonrectangular transistor shape. Therefore, we should get an eﬀective gate length
by non-rectangular layout extraction as in the following section.
5.3.2

LER-Aware Non-rectangular Gate Extraction
In this step, we extract the eﬀective gate length for post lithography

print-images using a gate segmentation technique. Lithography variations result in a non-rectangular shapes for both poly and diﬀusion layers. For a
standard cell, area of the diﬀusion region deﬁnes the drive-strength of the cell.
The active diﬀusion rounding has a non-trivial impact on the non-rectangular
gate because the contours in this layer show rounding patterns connecting to
power rails which causes much variation of the eﬀective gate length and width.
In our experiments, the area diﬀerence of gates between drawn diﬀusion
and printed diﬀusion is over 6%; the eﬀective gate length when considering
diﬀusion rounding is up to 7% diﬀerent from that due to no diﬀusion rounding.
The diﬀerence in drawn and printed diﬀusion layer dimensions results in the
drive strength diﬀerence to be about 8% in our 45nm standard cell.
The proposed algorithm is illustrated in Algorithm 4 for random LERaware extraction. To extract the print-image, we ﬁrst construct four lookup
tables for on-current, Ion and oﬀ-current, Iof f of the NMOS and PMOS devices
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Figure 5.5: Gate segmentation approach for an eﬀective gate length: (a) poly
and active printed images induce non-rectangular gates and (b) calculation of
an eﬀective gate length from a non-rectangular gate with LER.

using commercial simulation tool [42]. We then ﬁnd the 4 intersection points
using poly and diﬀusion print-images. These points represent the gate/channel
region. From these points, we identify the eﬀective gate width (Wef f ) and
rounded diﬀusion area as shown in Figure 5.5.
Next, we segment the gate region by a set of equal width rectangular
polygons. Each segment then has a width, Wseg . The current for each segment,
Iseg is computed using the nominal current from the rectangular device. For
more accurate extraction, we can consider the gate narrow-width eﬀect [15,
91] by multiplying the current weighting factor, ω, into the current of each
segment. The equivalent or total current for the gate region is computed
by summing all these segment currents. Prior to obtaining Lef f for each
device, we update the equivalent current with that due to the rounded diﬀusion
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Algorithm 4 LER aware non-rectangular gate length calculation
1: Require:A set of lookup table, print-images I
2: Table gate = poly ∩ active
3: nmos = gate ∩ nwell
4: pmos = gate − nmos
5: for each cell C ∈ I do
6:
for each nmos N ∈ C do
7:
Find intersection points between poly & active
8:
Set Wef f & diﬀusion rounding
9:
sum = 0
10:
for each slice = ∆z S ∈ N do
11:
Reconstruct segmented polygon
12:
sum+ = Iseg ; Iseg f romIon & Iof f lookup table
13:
Update sum from Eq. (5.7) and (5.8)
14:
Calculate Lef f
15:
for each pmos P ∈ C do
16:
Same sequence as nmos
area. We use the formulation in [40] to compute the equivalent currents due
to diﬀusion rounding. The device currents, Ion and Iof f are updated using
following formulations:

Ion

(
)
0.5 ∗ (Wtop + Wbtm )
= Ion nom × 1 +
Wnom
(
Iof f = Iof f

where Ion nom , Iof f

nom ,

nom

× C × exp

Lnom
L′

(5.7)

)
(5.8)

Lnom , and Wnom are the on current, the oﬀ current, the

gate length, and the gate width of the nominal rectangular device, respectively.
Wtop and Wbtm is the top height and the bottom height of the rounded diﬀusion
area respectively as shown in Figure 5.5. C is a ﬁtting parameter and L′ is the
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eﬀective channel length at the edge of rounded diﬀusion. The ﬁnal eﬀective
channel lengths (Lef f ) for on-state and oﬀ-state are directly calculated from
the total Ion and Iof f current, which is described in lookup tables.
5.3.3

TCAD Simulation and Validation
Using our LER-aware non-rectangular gate extraction model, we char-

acterize 45nm and 32nm standard cells in terms of delay and leakage current. Prior to introducing our characterization approach, we validate our LER
model with a rigorous TCAD simulation result. The gate shape due to LER
is actually subject to change in accordance with relevant process (lithography,
etch etc.) and environmental condition. Even in silicon experimental data,
the poly-silicon width (≈ gate length) in a gate could be diﬀerent in every
measured point and shows a form of a distribution. For this reason, we did
thousands of LER simulation for a certain LER value and used the average
CD in measuring a trend of device performance due to LER.
To verify the proposed LER model on device performance in terms of
the driving current, we employ a TCAD simulator [82] with the strained silicon
in which Tensile strain is introduced in the NMOS channels by using a postsalicide silicon-nitride capping layer. To save simulation time and memory
usage, we use a quasi-3D simulation as shown in Figure 5.6(a) in which the
LER implemented print-image is considered in the TCAD simulation, then a
set of 2D simulation is carried out. The left and right edges of a gate have
the same amount of RMS edge roughness, yet the correlation coeﬃcient, ρ,
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Figure 5.6: Quasi-3D TCAD simulation (a) and comparison of the proposed
model and the result of TCAD simulation (b).

is randomly chosen. Some of the most important parameters of the device
are: the range of Gate lengthes caused by LER is from 25nm up to 60nm
(the nominal gate length is 40nm), oxide thickness is 1.2nm and capping layer
thickness is 75nm.
We compare the result in term of the amount of LER between the
rigorous TCAD simulation and the circuit simulation used for LER characterization. To compensate the internal diﬀerence between TCAD simulator and
circuit simulator, we normalize the current value to the current of a device
without LER. Figure 5.6(b) shows the result for validation of our proposed
LER model. The result reports the percent variation of the saturation current
with the amount of LER and shows the great agreement. The maximum error
between TCAD simulation and our proposed result is within 5.3%, and the
average error is about 1.2% when comparing the current variation due to LER.
108

5.3.4

Random LER-Aware Cell Characterization
Timing analysis requires that the standard library cells are pre-characterized

for delay and slew. These are stored in a two-dimensional table indexed by
input slew and output load. Each cell is characterized using a circuit simulator
(e.g., SPICE simulator).
Let Lnom be the original drawn dimension of the gate-length for each
device in a cell. As a result of the non-rectangular gate extraction, let the new
gate-length be, Lpi . Then, this Lpi has a systematic component, Lsys and a
component due to the random LER variations, ∆Ller . This can be represented
as:
Lpi = Lsys + ∆Ller

(5.9)

In order to characterize for the eﬀect of systematic lithography variations, the standard characterization procedure is used. The characterization is
carried out by annotating Lsys for each device in the cell. The Lsys is a deterministic value and a standard delay / leakage characterization by setting each
device to the new eﬀective gate-length/width due to systematic variations is
performed. In order to characterize for random LER variations, the standard
cell is characterized for sensitivity to ∆Ller . During sensitivity characterization, the variations in each device need to be accounted. Let p be number of
devices in a cell. Let the random LER variation for each device k be ∆Lk .
Since these random variations is much smaller than the nominal Lpi , performance characteristics of the cells are almost linear functions within the range
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Figure 5.7: Standard cell characterization considering gate length mismatch
variations due to LER.

of the variations ∆Li .
For delay characterization, the delay of a timing arc, D can be represented as follows:
D = D0 +

p
∑

dk ∆Lk

(5.10)

k=1

where D0 is the nominal delay value and is characterized by extracting Lef f ,
Lsys due to printed contours in poly and diﬀusion layers. Each device LER,
∆Lk is modeled as a distribution N (0, σ). The quantities dk are direct sensitivities of cell delay with respect to the LER variations, ∆Lk .
Thus, each cell in the library is characterized for a nominal delay, D0 by
setting all devices to their corresponding contour-based eﬀective gate lengths
and zero LER. Additionally, the cells are characterized for sensitivity to LER
on each device by setting a separate random variable, ∆Lk and the correspond110

ing delay variation is computed. Assuming delay variation due to each device
is statistically independent, the cell’s delay sensitivity can then be obtained
using following relation:
deq =

√∑

d2i

(5.11)

i

5.4

Experimental Results
We implemented gate LER using Tcl and Perl script language and

tested with Nangate 45nm and 32nm open cell library [71]. The nominal
drawn gate CDs of 45nm and 32nm cells are 40nm and 30nm, respectively.
We used Calibre-WB from Mentor Graphics for model based OPC and printed
images. The timing analysis and characterization were done by H-Spice circuit
simulator from Synopsys. We directly implemented LER on poly layer where
we applied to LER just on gate region (≈ poly on active). This assumption
is reasonable due to the following two reasons: one objective is to save the
simulation time, and the other reason is due to that the poly layout besides
gate regions does not aﬀect on the eﬀective gate length of a gate. In a sub45nm node design, the gate region (not poly layout) is usually drawn with 1D
type structure due to restricted design rule (RDR).
We generated more than one thousand LER pattern for a particular
RMS value of LER so that the results are shown as a distribution similar
to a normal distribution. For 45nm and 32nm circuit simulations, we used
Predictive Technology Model (PTM) [79]. We swept the LER variation from
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zero to 10nm of the nominal gate length. Figure 5.8 shows that more LER
causes more severe pattern distortion and gate length variation.
Figure 5.9 illustrates the overall ﬂow of our model-based geometrical
and electrical analysis. The ﬂow is divided into three main steps:

1. Printed image simulation: this step involves simulating the lithography models and generating of non-rectangular contours/shapes due to
the printed image. We get print-images of the nominal condition and the
process corners. After ﬁnishing lithography print-image simulation, we
apply etch simulation which is done by a rule-based correction in where
the rule table is deﬁned from the empirical experimental data. Once we
get the ﬁnal print-images, we can also simulate the impact of LER. Input
LER conditions are ﬁrst requested, then the LER variations are added
on the edge of the ﬁnal print-images.
2. Layout Extraction with printed image: this step extracts device dimensions considering the non-rectangular shape in the poly and diﬀusion
layers due to print image. The basic idea is to convert a non-rectangular
transistor into several slices such that the non-rectangular gate shape is
modeled as a single equivalent rectangular transistor with an eﬀective
gate length.
3. Characterization for several corners: this step characterizes the
cells for delay and leakage information using the extracted parameters
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from previous step. We measure delay and power of a cell for each process
corners.

We ﬁrst investigated the device saturation current variation and the
leakage current variation with the amount of LER in 45nm Inverter cell (Figure 5.10) and 32nm Inverter standard cell (Figure 5.11). Figure 5.10(a) shows
the impact of LER on the saturation current of a conventional 45nm NMOS
device. The black circled dot represents the average of the variation, and the
small bars show the upper and lower bound of the variation. The upper and
lower bound are equivalent to +3σ and -3σ from the nominal value. As shown
in the results, the deviation between the upper bound and the lower bound
is highly increased as LER increases while the average values are slightly increased.
The impact of LER on the gate leakage current is much more critical
than that of the saturation current as shown in Figure 5.10(b). As LER increase, both the upper bound and the average leakage current are dramatically
increased as illustrated by the log Y-axis.
In a similar way, the device saturation current variation and the leakage
current variation of 32nm NMOS device have a similar trend with those of
45nm device. Even with similar impact of LER on the saturation current as
shown in Figure 5.11(a), the leakage current variation is much higher than
45nm device. The results show that since LER does not shrink, the gate
leakage is highly increased as device dimension shrinks.
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Table 5.1: Eﬀective gate length Lef f due to LER
LER
0
2
4
5
7

Lef f for Ion
+3σ nominal -3σ
30.00
29.74 29.28 28.81
31.22 29.20 27.18
31.96 29.10 26.25
33.60 28.86 24.11

Lef f for Iof f
+3σ nominal -3σ
30.00
29.94 29.30 28.67
31.27 28.81 26.35
31.83 28.11 24.40
32.50 26.50 20.51

Table 5.1 shows why the average current due to LER is slightly increased for Ion and exponentially escalated for Iof f . As LER increases the
nominal eﬀective gate length, Lef f , for the driving current becomes smaller
which makes the nominal Ion slightly increased. Meanwhile, the Lef f for the
leakage current is more highly decreased, and the Lef f deviation for leakage
current is also much wider than the Lef f of the saturation current. For example, when the RMS 3σ LER is 7nm, the standard deviation, σ, of on-current
Lef f is 1.45nm while the σ, of oﬀ-current Lef f is 2.07nm.
As we mentioned before, the gate length variation due to LER follows
a distribution which has the upper bound corner and the lower bound corner. The variation due to LER is deﬁned for three diﬀerent conditions: (a) a
typical condition (b) +3σ and (c) −3σ variations. The ±3σ variations result
in the lower (∼thinner line) and upper (∼thicker line) bounds. A gate layer
is simulated with three diﬀerent conditions in a circuit simulation: the best
condition for delay occurs when the gate length due to LER has the minimum
value which makes the delay of a cell decreased, meanwhile the worst con-
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dition represents the maximal gate length for delay. Whereas, when the gate
length due to LER has the minimum value, the worst corner for the leakage
current, Iof f , happens.
We analyzed delay and leakage variation with LER in a 45nm inverter
cell (Figure 5.12) and a 32nm inverter cell (Figure 5.13). The results indicate
that the delay variation is trivial at a small amount of LER (less than 3nm
of 3σ LER). However, we found that the delay diﬀerence between the best
and the worst corner is very steep when the roughness of LER increases.
This is because the gate length variation is caused by LER, which makes the
saturation current to be increased. The gate leakage current variation is much
higher than delay as we mentioned in Figure 5.10(b). Y-axis is a log scale,
thus the results show that the leakage current increases more than 7 times
compared to the typical value when the RMS roughness of LER is 6nm, and
the diﬀerence between the best and the worst corner is dramatically increased
as LER increases. As a result, if designers want to keep the worst case delay
variation within 10% from the typical value and to keep the worst case leakage
variation under 5 times from the typical leakage, more than 5nm LER should
be avoided for 45nm standard cell library.
In a similar way, we analyzed delay and leakage current variation in
a 32nm inverter cell as shown in Figure 5.13. The % delay variation of a
45nm cell is similar to that of a 32nm cell. However, as we mentioned in
Figure 5.11(b), the leakage variation is dramatically increased. Compared
with Figure 5.12(b), when the 3σ LER is 6nm, the leakage variation between
115

Table 5.2: Delay sensitivity due to LER variations
def f
def f
Error def f Error def f
for Lnom @typical (%) @best (%) @worst
I
II
III
IV
V
VI
Inv
3.933
4.077
3.7 5.819 42.7 3.349
NOR
3.544
4.070 14.8 5.581 37.1 3.612
NAND
3.189
3.962 24.2 4.955 25.1 2.787
DFF Delay 6.947
7.913 13.9 9.803 23.9 8.452
DFF Setup 9.136
9.694
6.1 12.514 29.1 6.462

Error
(%)
VII
-17.8
-11.2
-29.6
6.8
-33.3

the typical and the worst corner is 7.1X at the 45nm inverter cell, whereas the
leakage variation for a 32nm inverter cell is as much as 4677X from the typical
leakage value. It means that the leakage current is highly dependant on LER as
the transistor shrinks even though the impact on delay variation is not severe.
Therefore, the leakage minimization for LER is the most important issue in
sub-45nm node device. For instance, to decrease the worst case leakage within
5X from the typical leakage, the process engineer should control LER under
5nm at 45nm node design, meanwhile the LER for 32nm node devices should
be under 2nm which makes the need of process and design co-optimization
more important in a semiconductor manufacturing.
We also computed the eﬀective delay sensitivity using the formulations
in Section 5.3.4 for the device LER variations at various lithography corners.
The results for few cells from the 45nm bulk technology libraries are presented
in Table 5.2.
Here column I are the sensitivities due to LER when considering no
systematic lithography variations. Columns II, IV, VI are delay sensitivities
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due to LER when considering systematic lithography variations at typical ,
best and worst corners respectively. Columns III, V, VII are the errors in
these three corners when compared with that due to no systematic variations.
The results indicate that the sensitivities due to LER variations increase at
typical and best case corners when comparing with that due to no systematic
variations; however the sensitivities at worst case corner are smaller. Thus,
there is a non-trivial change in the sensitivities at diﬀerent corners due to LER
and need to be accounted appropriately during timing/leakage analysis.

5.5

Discussions
In this chapter, a new LER-aware characterization methodology has

been reported in sub-45nm design. The approach uses the non-rectangular
gate print-images generated by lithography and etch simulations with the random LER variation. We have systematically analyzed the random LER in
terms of the impact on circuit performance. Experimental results with standard cells show that if it needs to keep the worst case delay variation within
10% from the nominal delay and to keep the worst case leakage variation under 5 times from the nominal leakage, we should control LER under 3σ 5nm
in 45nm and 3σ 2nm in 32nm node process, which are consistent with ITRS
roadmap [47].
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Figure 5.8: Simulation of Gate LER: the LER 3σ (a) 0nm, (b) 4nm, (c) 6nm, (d) 8nm, and (e) 10nm.
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Figure 5.10: Variation of the saturation current (a) and the leakage current
(b) as a function of LER amplitude at 45nm NMOS device.
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Figure 5.11: Variation of the saturation current (a) and the leakage current
(b) as a function of LER amplitude at 32nm NMOS device.
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Figure 5.12: Delay variation (a) and leakage current variation (b) with LER
in a 45nm inverter cell.
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Figure 5.13: Delay variation (a) and leakage current variation (b) with LER
in a 32nm inverter cell.
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Chapter 6
Line-Edge Roughness Aware Layout
Optimization

6.1

Introduction
LER is mainly caused by erosion of polymer aggregates at the edge of

photo-resist (PR) during development process [67]. To address LER impact,
many works have been proposed in a simulation manner [13, 14, 16, 32, 64, 80].
[95, 101] presented the impact of LER on the variation of threshold voltage
with statistical timing analysis. Even if many works on LER modeling have
been performed, these works have been focusing on process level and unit
device level simulation. According to our experiments, LER is highly related
to lithography image ﬁdelity which is mainly driven by lithography process
and layout proximity. Since each device in a cell might have diﬀerent LER due
to diﬀerent layout proximity, there is great demand to study on a cell level
LER model which considers neighboring pattern proximity due to lithography
to analyze the impact of LER on circuit performance, in particular leakage
current [17].
In this dissertation, we propose a LER-aware layout optimization to
minimize leakage current in a cell. Our approach is mainly based on a new
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LER model where the root mean square (RMS) roughness of LER depends on
layout proximity in lithography. The objective of the proposed optimizations
is to enhance standard cell layouts for improved parametric yield and reduced
LER variations with minimal or no penalty on area constraints. The major
contributions of this dissertation include the following:
• This is the ﬁrst study on a layout dependent LER model which is a
function of neighboring patterns and image ﬁdelity. The idea is based
on the fact that diﬀerent gates might have diﬀerent LER values due to
pattern proximity and lithography process variation.
• We analyze the impact of LER on both device saturation current and
leakage current in a standard cell. In particular, leakage current dramatically increases as LER increases. A non-rectangular gate extraction
approach is used for calculating the eﬀective gate length due to LER
and lithography proximity, meanwhile each gate could have a diﬀerent
eﬀective gate length due to LER.
• We propose poly layout optimization by considering LER in a standard
cell in an early design stage. Since the relationship between LER and
layout proximity shows a convex form, we ﬁnd a globally optimal design
where the layout is robust from LER, lithography process variation, and
even circuit performance variation.
The rest of the chapter is organized as follows: Section 6.2 describes a
LER model and its impact on device currents. Section 6.3 presents the layout
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dependent LER model. Section 6.4 proposes the formulation and algorithm of
the poly layout optimization. Experimental results are shown in Section 6.5,
followed by conclusions in Section 6.6.

6.2
6.2.1

Impact of Ling-Edge Roughness
Impact of LER on Device Currents
Based on Chapter 5, we directly generated LER on a gate line and

investigated device saturation current and leakage current variation with the
amount of LER in a 32nm Inverter cell. Figure 6.1(a) shows the impact of
LER on saturation current of a conventional NMOS device. The black circled
dot represents the average of the variation, and the small bars show the upper
and lower bound of the variation. The upper and lower bound are equivalent
to +3σ and -3σ from the nominal value. As shown in the result of saturation
current, the deviation between the upper bound and the lower bound is highly
increased as LER increases while the average values are slightly increased.
The impact of LER on gate leakage current is much more critical than
that of saturation current as shown in Figure 6.1(b). As LER increase, both
the upper bound and the average leakage current are dramatically increased.
Table 6.1 shows why the average current due to LER is slightly increased for Ion
and exponentially escalated for Iof f . As LER increases the nominal eﬀective
gate length, Lef f , for saturation current becomes smaller which makes the
nominal Ion slightly larger. Meanwhile, the Lef f for leakage current is more
highly decreased, and the Lef f deviation for leakage current is also much wider
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Figure 6.1: LER impact on Ion and Iof f : The impact of LER on gate leakage
current is much more critical than that of saturation current.

than the Lef f of saturation current. For example, when the RMS 3σ LER is
7nm, the standard deviation, σ, of on-current Lef f is 1.45nm while the σ
of oﬀ-current Lef f is 2.07nm. Figure 6.1 reveals that when the RMS LER
value is 7nm from its gate edge, the worst case saturation current (549.7
µA) and leakage current (896.3 µA) are as much as 100% and more than ten
thousand times compared to the nominal current (Ion : 274.4 µA, Iof f : 80.6
nA), respectively.
6.2.2

Our Contributions
Leakage power is a signiﬁcant portion of the total power consumed in

sub-30nm devices. Moreover, leakage is one of the critical factors which prevent
semiconductor devices from continuously shrinking. As shown in the results
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Table 6.1: Eﬀective gate length Lef f due to LER
LER
0
2
4
5
7

Lef f for Ion
+3σ nominal -3σ
30.00
29.74 29.28 28.81
31.22 29.20 27.18
31.96 29.10 26.25
33.60 28.86 24.11

Lef f for Iof f
+3σ nominal -3σ
30.00
29.94 29.30 28.67
31.27 28.81 26.35
31.83 28.11 24.40
32.50 26.50 20.51

of Figure 6.1, small LER on gate causes huge amount of leakage current.
In other words, small improvement of gate LER can reduce greatly leakage
current. This illustrates that the poly layout optimization by considering the
impact of LER on devices current, in particular leakage current is crucial for
sub-32nm node devices. Even though the ﬁnal OPC stage might also reduce
any trivial LER variation, we can signiﬁcantly minimize the impact of LER at
the early design stage.
Even though a conventional LER model generates a physically meaning edge shape, it does not describe any dependency of neighboring pattern
proximity. In a standard cell, there are a lot of patterns having various aerial
image contrasts. Even in a single line, LER might be diﬀerent with regard
to layout positions where aerial image quality could be non-identical. In order to analyze the impact of LER on device performance, we should use a
layout dependent LER model which considers both aerial image ﬁdelity and
neighboring pattern proximity.
Our goal in this dissertation is (1) to propose a new LER model which
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considers both neighboring pattern proximity and lithography process robustness, (2) to optimize poly layouts by minimizing the total amount of LER
in an early design stage, and (3) to eventually reduce device leakage current
in a cell. To the best of our knowledge, our work is the ﬁrst attempt to abstract out the impact of LER from the process simulation realm into the gate
level and to apply the new LER model to poly layout optimization for leakage
minimization.

6.3

Layout Dependent LER Model
LER is a strong function of aerial image quality because a higher aerial

image contrast results in a smaller transition region in photo-resist (PR) polymer dissolution behavior [80]. It implies that LER does not always follow
random characteristic while it can be modeled in a systematic approach. ILS
(image log-slope) is a single metric which is capable of explaining aerial image
quality due to lithography proximity such as pitch, line width, exposure dose,
focus, and so on.
The slope of the aerial image intensity, I, as a function of position, x,
measures the steepness of the image in the transition from bright to dark of
aerial image light as shown in Figure 6.2. To be useful it must be normalized
to the threshold aerial image (Ith ) which is the image intensity at the desired
level. Dividing the slope by the intensity will normalize out this eﬀect. ILS is
deﬁned as follows;
ILS =

1 dI
dln(I)
=
Ith dx
dx
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(6.1)

mask
aerial image

Ith
slope
Figure 6.2: Illustration of ILS (image log-slope): ILS is used to evaluate the
lithographic usefulness of an aerial image.
where ILS is measured at the nominal line edge as shown in Figure 6.2. The
higher ILS means the better image ﬁdelity. ILS is used to evaluate the lithographic usefulness of an aerial image [66]. That is because ILS directly represents an aerial image ﬁdelity. According to [75], the RMS magnitude of
LER is highly related to ILS as shown in Figure 6.3. As ILS decreases, the
magnitude of LER increases. In the same way, LER decreases and becomes
saturated to a certain level as ILS increases. The LER trend might vary due
to lithography process conditions. The point is that LER is a strong function
of image ﬁdelity in lithography.
Thus we characterize the resulting LER as a function of ILS of the
aerial image by sweeping the pitch of gate poly from 80nm to 230nm. Note
that the nominal gate pitch is usually 3 or 4 times larger than the gate length
in a standard cell layout. Since the nominal gate length (≈ CD of poly line)
in our design is 30nm, 80nm poly pitch means 50nm space between two poly
lines.
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Figure 6.3: Relation between LER and ILS: As ILS decreases, the magnitude
of LER increases.
As shown in Figure 6.4, as the poly-to-poly space increases, ILS is
larger and has a zenith at around 100nm space, then the value of ILS is
decreased. This is because at the dense pitch (≈ smaller space) the aerial image
is distorted due to approaching the lithography resolution limit. Meanwhile
at the sparse region (≈ larger space) the aerial image is also degraded due to
the neighboring light proximity. That is the reason that sub-resolution assist
features (SRAF) are used for sparse patterns to prevent from degrading aerial
image in an industrial lithography process. Another observation in Figure 6.4
is that as ILS increases, the layout is less aﬀected from lithography process
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Figure 6.4: Relation between ILS and Pitch: The pitch having the minimum
LER is more robust from process variation.
variation, which implies that the pitch having the minimum LER is more
robust from process variation.
From the results of Figure 6.3 and Figure 6.4, we can get the relationship between the RMS magnitude of LER and poly space as shown in
Figure 6.5. Since the RMS roughness, σ, is represented as a polynomial function or a piece-wise linear function which considers the impact of pattern pitch
on lithography process, we can get a new PSD function which takes the neighboring pattern pitch into consideration as shown in Eq. (6.2).
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2σ(x)2 Lc
(1+k2 L2c )0.5+α

S (k) =
where,

(6.2)

∑N
a xi , i = 0, ..., N
i=0 i
−α1 · x + β1 if x ≤ xp1
α2 · x − β2 if x ≥ xp1
or, σ(x) =

β3
if x ≥ xp2
x > P, where P is process violation
σ(x) =

x < D, where D is design violation
where, N is a non-negative integer, x is a distance variable of poly space, xp1
is a position where LER has the minimum value, xp2 is a position where LER
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becomes saturated, ai is a ﬁtting parameter for a polynomial function and α
and β are ﬁtting parameters for a piece-wise linear function. The constraint of
x is to keep the poly-to-poly space x to be within given process tolerance P and
layout design tolerance D. The process tolerance, P, deﬁnes the limitation of
lithography patterning for poly layer. In other words, we can not get a proper
gate patterning image below a certain pitch of poly. Meanwhile the design
tolerance, D, is deﬁned by the maximal allowable pitch of poly lines which
represents the area constraints of a cell. It are deﬁned in an early design stage
based on required drive strength and design speciﬁcation. Thus a poly space
beyond a certain design tolerance is not allowed in a standard cell.
The space of poly lines in a standard cell might diﬀer from the neighboring pattern. Moreover a gate line might suﬀer from severe LER due to complex
pattern proximity which should be considered at the layout optimization step.
By calculating the polygon space of poly lines, we can get the RMS amount
of LER on poly edges which is directly implemented into printed images for
gates in a cell.
We extract the eﬀective gate length for non-rectangular gates having
LER noise using a gate segmentation technique [16, 78, 83]. To extract the
print-image, we ﬁrst construct lookup tables for on-current (Ion ) and oﬀ current
(Iof f ) which are obtained using a commercial simulation tool for a transistor.
Next, as shown in Figure 6.6 we segment the gate region by a set of equal
width rectangular polygons. The device current for each segment is computed
using the nominal current from the rectangular device. The equivalent or total
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Figure 6.6: Non-rectangular gate extraction: We extract the eﬀective gate
length for non-rectangular gates having LER noise using a gate segmentation
technique.
current for the gate region is computed by summing all these segment currents.
From the total current of the non-rectangular gate, we can get the equivalent
gate lengths which are used for calculating the driving current and the leakage
current in a cell.

6.4
6.4.1

LER-Aware Poly Optimization
Problem Definition
Since the minimum pitch of poly layer has been approaching the theo-

retical resolution limit, the poly layer is usually drawn with simple one dimensional line and space (L/S) type regular design approach for sub-32nm node
design [48, 53]. Then the poly layout optimization is performed by identifying
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opportunities to enforce as many recommended design rules (RDR) as practically feasible. Since the poly layout is formed with a straight L/S type, the
poly layer does not seem likely to show any systematic lithography variation
due to its simplicity. However we could see large LER even in a simple L/S
type poly pattering because the current RDR usually does not consider the
impact of LER despite its criticality and because each transistor in a cell might
have a diﬀerent pitch and LER.
Let us revisit the goal of poly layout optimization for standard cells
- the basic objective is to improve parametric yield or reducing systematic
variability in cell current and leakage power. Our layout optimization is done
in an early design stage rather than at the ﬁnal mask synthesis step. As we
mentioned in Section 1, the impact of LER has highly increased below 32nm
node. Thus, it is required to reﬂect lithographic LER in the design stage.
Consequently, there are three issues with the current poly layout optimization
approach for standard cells:
• The design rules are applied to all devices and all layers without any
consideration of the impact of LER.
• There is no good mechanism of LER to quantify the improvement due
to optimization of the standard cells in terms of its performance.
• It is diﬃcult to quantify the impact of LER on device performance, in
particular current and leakage power.
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As we mentioned at Section 6.2.1, since LER highly degrades device
leakage current, consideration of LER at design stage is crucial for sub-30nm
node design.
6.4.2

LER-aware Optimization Flow
Figure 6.7 illustrates the ﬂow of our LER-aware poly layout optimiza-

tion. The ﬂow is mainly divided into three steps:

1. Define cell width: We ﬁrst calculate the optimum poly pitch for minimum LER value and deﬁne the cell width by multiplying by the optimum
pitch and the number of poly grid lines. The dummy poly lines are placed
on the left and right edges of a cell to reduce the gate proximity from
neighboring cells.
2. Assign device criticality: The devices within a cell can be ranked
based on their sensitivity contribution because diﬀerent transistors have
inherently diﬀerent performance sensitivity to the same amount of gate
length variation due to LER [15].
3. Minimize LER: Despite ﬁnding an optimal pitch, some poly lines might
have diﬀerent neighboring geometry. Thus, we ﬁnely optimize the poly
lines by minimizing the total weighted amount of LER in a cell. Since
LER polynomial shows a convex shape within a design tolerance, we can
get the globally optimal positions of the devices in a cell.
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Find an Optimal Pitch
from Section IV-C-1)
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Cell Layout Optimization
from Section IV-C-2)
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Library Files
Figure 6.7: LER-aware cell optimization ﬂow: The ﬂow is mainly divided into
three steps, 1) deﬁne cell width, 2) assign device criticality, and 3) minimize
LER.
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6.4.3

Formulation and Algorithm

6.4.3.1

Find an optimal poly pitch

As shown in Figure 6.5, the RMS magnitude of LER is highly dependant on poly layout pitch. Although the input optical conditions for poly
patterning might be diﬀerent from poly design and devices speciﬁcation, the
poly patterning generally shows a trend in which the ILS of aerial image has
the maximal value as shown in Figure 6.4, and in which the poly layout is
the most robust from the lithography process variation. Therefore, from the
results of Figure 6.5, we can mathematically formulate an optimal pitch of
poly lines with the minimal LER impact as follows:
min :
where,

σ(xL ) + σ(xR )
∑
i
σ(x) = N
i = 0, ..., N
i=0 ai x ,

(6.3)

where σ(xL ) is the RMS roughness of the left edge (xL ) of a line, and σ(xR )
is one of the right edge (xL ). The RMS roughness (σ(x)) of a line edge is
formulated by an N th order polynomial function as shown in Eq. (6.2). Since
the distances from both left and right poly are same, both line edges usually
have a same amount of LER value.
The objective is to minimize RMS edge roughness on both the left and
right edge of a line. In this formulation, we assume that there is a globally
optimized pitch within process and design constraints as shown in Figure 6.5.
These assumptions are reasonable because of the following two reasons: (1)
The LER trend has a remarkable global minimum and then it is saturated for
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large pitch. (2) Furthermore all other local minimal points can be ignored due
to area design constraint. Thus the LER polynomial shows a convex shape
within allowable process and design constraints. Due to the convexity, we can
obtain the globally optimal position of gate poly layer for minimal leakage
current.
The changed poly pitch might vary the poly printed image, device’s
channel stress and performance. If optimal poly pitch is smaller than the
original design, the cell area could be reduced. Yet, its reduced poly pitch
may aﬀect the device’s channel stress which might degrade the devices performance [22]. However, the optimal poly pitch is found at the best position
where poly patterning shows the most robust on lithography process, which
compensate the device saturation current degradation by improving gate LER
value. Meanwhile if optimal poly pitch is larger than the original pitch, the cell
area might be increased, which, however, enhances device’s channel stress on
dual stress liner [22, 49]. Most of all, even though there happens small degradation on the device saturation current due to the optimization of poly pitch,
the leakage current is highly decreased for both cases because small reduction
of LER induces huge amount of leakage improvement.
6.4.3.2

Cell layout optimization

Generally in a standard cell there are several transistors as shown in
Figure 6.8. Since the position of each transistor correlates neighboring transistors, we should ﬁnd the optimal positions for all transistors in order to
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minimize LER. Let T be the set of geometrically coupled transistors (indexed
by j), xj be the x-directional position in a cell. The optimization for xj can be
done as shown in Eq. (6.4) where the objective is to minimize the total amount
of LER by ﬁnding the optimal positions of all transistors in T . Note that the
cell width (Wcell ) is ﬁrst deﬁned based on the optimal pitch information from
the result of Eq. (6.3); the position of dummy poly lines are ﬁxed, and the all
transistors are just allowed to change their position within design tolerance
from xjmin to xjmax .

min :
where,

∑M

Ψj {σ(xL ) + σ(xR )}j | ∀j ∈ T
∑
i
σ(xL,j ) = N
∀j ∈ T
i=0 ai (dL,j )
∑
i
σ(xR,j ) = N
∀j ∈ T
i=0 ai (dR,j )

j=1

(6.4)

dL,j = xj − xj−n
dR,j = xj+n − xj
s.t. :

xjmin ≤ xj ≤ xjmax

∀j ∈ T

xmax − xmin = Wcell
where, n is a positive integer, dL,j and dR,j are distances from the edge of the
j th poly line to poly lines located in the left and right side, respectively. Ψj is
a device criticality of j th transistor to gate length variation in a cell.
As a general principle, the current and delay variation is diﬀerent from
the input timing arcs. Some devices have signiﬁcant impact on falling arcs

139

fixed x1min x1max x2 min

x3 min x3 max

x2 max

x4 min x4 max x5 min x5 max fixed

d 01

T1

d12

T2

d 23

T3

d 34

T4

d 45

T5

d 56

Dummy Poly

Dummy Poly

Active

Poly

x0 = xmin

x1

x2

x3

x4

x5

x6 = xmax

Figure 6.8: LER aware poly layout optimization: Since the position of each
transistor correlates neighboring transistors, we should ﬁnd the optimal positions for all transistors in order to minimize LER.
while the other devices have signiﬁcant impact on rising arcs. It implies that
each transistor has diﬀerent delay sensitivity due to gate length variation,
in particular LER. Therefore, we should ensure that highly sensitive devices
from gate length variation due to LER be given higher priority during layout
optimization while less sensitive devices can allow relatively larger amount
of LER. The devices within a cell can be ranked based on their sensitivity
contributions to the cell’s delay sensitivity [15].
Since every transistor might have diﬀerence proximity due to neighboring patterns, we should consider the impact of neighboring patterns in a
cell. As shown in Figure 6.9, to take the neighboring proximity into account
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Figure 6.9: LER calculation for neighboring proximity: We divided an edge
into multiple segments to take the neighboring proximity into account.
we divided an edge into multiple segments, which is similar to a method of a
conventional model-based OPC. Thus each segment might have diﬀerent LER
due to the distances of the neighboring patterns. Assume as shown in Figure 6.9 where a gate edge consists of three segments, S1 , S2 , and S3 , their
heights and distance from neighboring patterns are h1 , h2 , h3 and d1 , d2 and
d3 , respectively.
The LER contributions of three segments in a polynomial-type LER
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function are given by the following equations:
σj (x) =

N
∑
i=0

ai dij

=

N
∑

ai (xj − x0 )i |j=1,2,3

(6.5)

i=0

Since the total LER contribution on an edge of a gate is deﬁned by the average
of all contributions of segments, the eﬀective LER value on a gate edge is as
follow:
σ(x) =

h1
h2
h3
σ1 (x) + σ2 (x) + σ3 (x)
H
H
H

(6.6)

where H is the total gate height. Generally, if there are P number of segments
in an edge, we can calculate the LER value of the edge as follow:
{
}
∑N
∑N
i
i
σ(x) =
h1 · i=0 ai d1 + ... + hP · i=0 ai dP
∑ ai
i
i
i
= N
i=0 H {h1 · d1 + h2 · d2 + ... + hP · dP }
1
H

(6.7)

where all dP s are distances from the edge of a j th gate, which can be represented
by xj positions.
If we ﬁt the relationship between LER and poly pitch with a piece-wise
linear model, Eq. (6.7) should be shown with a simpler linear function in terms
of position, xj . Even though a conventional polynomial function can have a
lot of local minimum according to the index, the LER trend ﬁtted form of the
experimental data usually has a global minimum within a certain design range.
Since the RMS edge roughness shows a convex form or a simple linear form
given poly space and the total LER is a linear sum of the LER of all gates,
we can ﬁnd the optimal position of each transistor in a cell in a polynomial
time [44].
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Algorithm 5 LER-aware Poly Optimization
1: Require:A set of standard cells (cell), lithography inputs (litho), and
device criticality (Ψ)
2: Read litho and minimum poly length
3: Find an optimal pitch for poly lines from Eq. (6.3)
4: for each cell C ∈ Library do
5:
Repositioning of poly lines
6:
Insertion of dummy poly lines
7:
gate = poly ∩ active
8:
nmos = gate ∩ nwell
9:
pmos = gate − nmos
10:
convex/linear form f (x) ← 0
11:
for each nmos N ∈ C do
12:
LER function (σ(x)) for each device from Eq. (6.7)
13:
Multiplying Ψ
14:
f (x)+ = Ψ × σ(x)
15:
nmos optimization from Eq. (6.4)
16:
for each pmos P ∈ C do
17:
Same sequence as nmos
18:
pmos optimization from Eq. (6.4)
19:
Poly re-routing between nmos and pmos
We describe our LER-aware layout optimization in Algorithm 5. The
inputs are a set of standard cells, lithography conditions, and device criticality
which is pre-deﬁned at the circuit level cell characterization. Then, as in line
3, we ﬁrst deﬁne the optimal poly pitch where LER on poly line shows a
minimal value. Based on the result of the poly pitch, a cell width is ﬁxed in
line 5. Dummy poly lines are also placed at both sides of a cell to prevent
boundary poly lines from interferences of neighboring cells in line 6. Then,
as in line 12-14 we calculate the amount of LER of each gate by considering
neighboring pattern proximity which is multiplied with the factor of device
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criticality. Finally, as in line 16 we ﬁnd optimal positions of all transistors
using a convex/linear optimization. After separately optimizing the position
of NMOS and PMOS devices, we re-route the poly line to connect between
NMOS and PMOS devices.

6.5

Experimental Results
We implemented LER on gate printed images and the poly layout opti-

mization in Tcl and Perl script language and tested with Nangate 45nm open
cell library [71]. To apply to 32nm standard cell, we shrank Nangate cells
into 32nm dimension. Furthermore we put dummy poly lines beside the main
poly to prevent the poly patterning from the proximity of neighboring cells as
industrial cells are adopted for 32nm node logic design [50]. The nominal gate
length is 30nm for all standard cells.
We used Calibre-Workbench to get ILS values for various poly pitches [20].
Our optical parameters are wavelength (λ) = 193nm, numerical aperture (NA)
= 1.25 immersion lithography, and dipole unpolarized illumination σ = 0.9/0.7.
The thickness of photo-resist is 150nm. For process variation we put the focus ±50nm. We directly implemented LER on poly printed images made by
OPC and lithography simulation where we applied LER just on gate region (≈
poly on active) to save computational resources. We generated more than one
thousand LER patterns for a particular RMS value of LER so that the results
are shown as a distribution similar to a normal distribution. For the 32nm
circuit simulation, we used 32nm Predictive Technology Model (PTM) [79].
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Using these LER impact on the device currents, we optimized the poly
layout of standard cells as shown in Table 6.2 and 6.3. The poly-to-poly space
of the non-optimized cell is 84nm and the corresponding 3σ LER is 4.80nm.
Meanwhile we found that the best poly-to-poly space for LER minimization
is 97nm where the minimum 3σ LER is 3.95nm. The gate length variation
due to LER follows a distribution which has the upper bound corner and the
lower bound corner. The variation due to LER is deﬁned for three diﬀerent
conditions: (a) a nominal condition (b) +3σ and (c) −3σ variations. The
±3σ variations result in the lower (∼thinner line) and upper (∼thicker line)
bounds. The best condition occurs when the gate length due to LER has the
minimum value which makes the Ion of a cell increased, meanwhile the worst
condition represents the maximal gate length for saturation current. Whereas,
when the gate length due to LER has the minimum value, the worst corner
for leakage current, Iof f , is happened. The area increment is correlated with
the number of input gates. Meanwhile, the maximum area penalty is as much
as 11.4% regardless of the number of input gates in a cell.
Table 6.2 compares Ion currents between before and after optimized
cases. It shows that the cell currents at the nominal and the best cases are
slightly decreased on average 0.75%, 3.84% after optimization, respectively.
This is because the gate printed image before optimization has larger LER
value, such that the more current is induced through the smaller gate length
regions due to LER. Meanwhile, the saturation current at the worst case after optimization is somewhat increased on average 4.46%. It can be shown
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Figure 6.10: Improvement Ion and Iof f variation: The variation of the saturation current is somewhat reduced, meanwhile the leakage current is marvelously decreased after layout optimization.

that the MUX2 has relatively large current variation compared to other cells.
That is because the poly layout of MUX2 is more irregular than other cells,
hence LER of MUX2 is relatively larger than others. We entirely reduced the
saturation current variation between +3σ and -3σ corners. However the LERaware layout optimization does not highly improve the saturation current in
our experiments. Even though it has low impact, the results show that the
optimized layout is more robust to LER variation.
In Table 6.3, we presented leakage current between before and after
optimization. After optimizing cell layouts, the nominal leakage is highly
decreased up to 47%. It implies that small reduction of Lef f causes a huge
amount of leakage decrease. The result of leakage current at the worst case
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is more interesting. The leakage current shoots up from the small reduction
of Lef f . As shown in the results, the worst case leakage after optimization
is dramatically reduced as much as 91.26% on average. This is because the
leakage is exponentially increased due to LER in the worst case as shown in
Figure 6.1(b).
The experimental results in Table 6.2 and 6.3 depict that our LERaware layout optimization make cell layouts robust from LER process variation. Figure 6.10 shows the improvement of current variations after poly
layout optimization with a normal distribution for Ion and with a log-normal
distribution for Iof f . The results explain that the variation of the saturation
current is somewhat reduced, meanwhile the leakage current is marvelously
decreased after layout optimization.

6.6

Discussions
We have proposed a layout-aware line-edge roughness (LER) model

which considers various LER value due to layout proximity. Based on the
proposed LER model, we have optimized poly layer in standard cell library
to maximize the worst case saturation current as well as to minimize leakage
current. Our approach practically and eﬀectively improves the circuit performance and hence yield. Experimental results with 32nm node standard cells
show that our layout optimization with a new LER model can substantially
improve the device performance, in particular leakage current.
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Before
Best(A)
3.59E-04
1.85E-04
1.23E-04
7.17E-04
1.08E-03
5.62E-05

Optimization (α)
Norm(A) Worst(A)
2.95E-04 2.39E-04
1.54E-04 1.26E-04
1.03E-04 8.52E-05
5.89E-04 4.78E-04
8.84E-04 7.17E-04
1.99E-05 1.30E-05

After
Best(A)
3.56E-04
1.84E-04
1.22E-04
7.12E-04
1.07E-03
4.54E-05

Optimization (β)
Norm(A) Worst(A)
2.93E-04 2.50E-04
1.53E-04 1.32E-04
1.02E-04 8.90E-05
5.85E-04 5.01E-04
8.78E-04 7.51E-04
1.97E-05 1.35E-05

Improve(β:α)(%)c
Besta Norma Worstb
-0.78 -0.71 4.81
-0.70 -0.65 4.60
-0.73 -0.58 4.39
-0.78 -0.68 4.84
-0.74 -0.69 4.83
-19.33 -1.16 3.30
-3.84 -0.75 4.46

Area
%
7.60
8.55
9.12
8.55
9.12
10.20
8.86

We measured the current improvement of the after optimization. Negative value corresponds to the
decreased saturation current. The smaller current denotes the better variation at the best process corner.
b Positive value represents an increased current from the current of the before optimization. The larger
current means the better variation at the worst process corner.
c Overall we reduced the current variation between +3σ and -3σ corners. The improvement of the saturation
current from LER-aware layout optimization is not so big in the entire cases.

a

INV
NAND2
NAND3
NOR2
NOR3
MUX2
average

Cell

Table 6.2: Improvement of Ion Saturation Current: The cell currents at the nominal and the best cases
are slightly decreased after optimization.
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Before
Best(A)
2.76E-08
1.55E-08
1.42E-08
5.51E-08
8.27E-08
7.76E-07

Optimization (α)
Norm(A) Worst(A)
4.18E-07 8.10E-05
1.38E-07 2.10E-05
1.13E-07 1.19E-05
8.35E-07 1.62E-04
1.25E-06 2.43E-04
3.19E-06 1.91E-04

After
Best(A)
3.59E-08
1.93E-08
1.75E-08
7.18E-08
1.08E-07
8.05E-07

Optimization (β)
Norm(A) Worst(A)
2.21E-07 4.45E-06
8.33E-08 9.40E-07
7.03E-08 6.61E-07
4.41E-07 8.91E-06
6.62E-07 1.34E-05
2.47E-06 4.95E-05

Improve(β:α)(%)c
Besta Normb Worstb
-30.15 47.21 94.50
-24.32 39.70 95.51
-23.29 37.74 94.44
-30.19 47.20 94.51
-30.16 47.21 94.50
-3.74 22.48 74.12
-23.64 40.26 91.26

Area
%
7.60
8.55
9.12
8.55
9.12
10.20
8.86

Negative value corresponds to the increased leakage current. The larger leakage current denotes the better
variation at the best process corner.
b Positive value represents the decreased leakage current. The smaller leakage current means the better
variation at the worst process corner.
c The overall improvement of the leakage current from LER-aware layout optimization is so huge in the
entire cases.

a

INV
NAND2
NAND3
NOR2
NOR3
MUX2
average

Cell

Table 6.3: Improvement of Iof f Leakage Current: Small reduction of Lef f causes a huge amount of leakage
decrease.

Chapter 7
Conclusions

This dissertation presents our eﬀort in standard cell layout optimization for nanometer VLSI and emerging technologies. Our major contributions
include:
• In Chapter 2 and Chapter 3, we have proposed a novel poly/active and
source/drain contact layout optimization approaches in standard cell library, respectively. For poly and active layout optimization, we have
proposed a comprehensive sensitivity metric which incorporates eﬀects
from device criticality, lithography proximity, and lithography systematic process variations. The robust layout optimization has done by by
minimizing the total delay sensitivity to reduce the delay variation on
the nominal process condition and by minimizing the performance gap
between the fastest and the slowest delay corners to reduce the leakage
current on the process corner. For source/drain contact layout optimization, we have proposed a novel contact equivalent resistance model
which accurately calculates contact parasitic resistances from contact
area, contact, position, and contact shape. Then we have performed
contact layout optimization by by minimizing the lithography variation
150

as well as by maximizing the saturation current without any leakage
penalty.
• In Chapter 4, we have described the novel layout decomposition methods
of spacer-type self-aligned double patterning (SADP) lithography for for
sub-30nm metal random logic layout. This dissertation has shown methods for automatically choosing and optimizing the manufacturability of
base core mask patterns, generating assist core patterns, and optimizing
trim mask patterns to accomplish high quality layout decomposition in
SADP process. Experimental results with industry designs show that
the layout decomposition of SADP for 2D random layout is promising
for the future lithography patterning.
• In Chapter 5 and Chapter 6, we have reported a new line-edge roughness (LER) aware cell characterization methods and LER-aware layout
optimization of poly layer in standard cell library, respectively. For LERaware cell characterization, we have used a non-rectangular gate extraction by considering lithography and etch process variations and analyzed
the random LER in terms of the impact on circuit performance. For
LER-aware layout optimization, we have proposed a layout aware LER
model which claims that LER is highly related to the lithography aerialimage ﬁdelity and the neighboring geometric proximity. With our new
LER model, we have performed robust LER-aware poly layout optimization to maximize the worst case saturation current as well as to minimize
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the leakage current. Experimental results with standard cells show that
our layout optimization based on a new LER model can substantially
decrease the leakage power with given layout constraints.

In this dissertation, we emphasize the importance of cell layout optimization in multiple critical problems. We hope that this work will motivate
excellent research follow-ups in this domain. Some of the future directions
may include:
• For sub 22nm nodes, Extreme Ultra-Violet lithography (EUVL) may be
introduced to product lines, if it can be deployed successfully in time. It
is known that EUVL suﬀers from strong ﬂare eﬀect, which is also strongly
layout density/pattern dependent. Therefore, manufacturability aware
design still plays a very important role, yet we need to take diﬀerent
DFM approaches to deal with EUVL or other next generation lithography by developing diﬀerent manufacturing models and corresponding
optimization techniques in standard cell layout and in physical synthesis.
• Our SADP layout decomposition shows that the layout decomposition
of SADP for 2D random layout is promising for the future lithography
patterning. Since SADP has a great mask overlay and process variation
tolerance, it could be a liable alternative of a conventional LELE double
patterning and even EUV lithography. Thus, SADP-aware eﬀorts in earlier design stages such as detailed routing, placement and logic synthesis
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could be one of the important tasks to address SADP decomposition and
SADP induced variation.
• The impact of LER on metal lines becomes critical, which impact on cell
timing [88], reliability [62], and even yield [74]. By understanding the
impact of LER on metal lines, we can achieve more robust metal line in
standard cell or full-chip routed metal lines.
• As the variations grow, we need more vertical integration through the
layout-circuit-synthesis co-optimization. By understanding pros/cons of
each approach at each design level, we can ﬁnd the most eﬀective solution
at the lowest overhead across whole layout-circuit-synthesis ﬂow for a
certain challenge by harmonizing multiple approaches.
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