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Within-Layer Overlay Impact for Design in
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Abstract—In double patterning lithography (DPL), overlay
errors between two patterning steps of the same layer translate
into CD variability. Since CD uniformity budget is very tight,
meeting requirement of overlay control is one of the biggest
challenges for deploying DPL. In this paper, we electrically
evaluate overlay errors for back-end-of-line DPL with the goal
of studying relative effects of different overlay sources and
interactions of overlay control with design parameters. Exper-
imental results show the following: 1) the expected electrical
impact of overlay in a path is not significant (<6% worst-
case RC variation) and should be the basis for determining
overlay budget requirement; 2) the worst-case electrical impact
of overlay in a single line remains a serious concern (up to
16.6% �RC and up to 50mV increase of peak crosstalk noise);
3) translational overlay error has the largest electrical impact
compared to other overlay sources; and 4) overlay in y direction
(x for horizontal metallization) has negligible electrical impact
and, therefore, preferred routing direction should be taken into
account for overlay sampling and alignment strategies. Design
methods for reducing overlay electrical impact in wires are then
identified. Finally, we explore positive/negative process options
from an electrical perspective and conclude that positive process
is preferred.

Index Terms—Alignment strategy, congestion, design for man-
ufacturability, double patterning, layout decomposition, neg-
ative process, overlay, positive process, wire spreading, wire
widening.

I. Introduction

DOUBLE patterning lithography (DPL) is one of the most
likely short-term solutions for keeping the pace of scaling

beyond 32 nm node [1]. DPL consists of printing patterns of
the same layer using two separate exposure steps and, thus,
allows a smaller pitch between features.

Overlay is the positional accuracy with which a pattern is
formed on top of an existing pattern on the wafer [2]. In
traditional single-exposure lithography, overlay errors occur
between patterns of different layers. Design rules that define
interactions between layers (e.g., metal overhang on via rule)
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make overlay errors less severe and reduce the requirements
on overlay control (ITRS [3] estimates the overlay budget
in single-exposure lithography to just 20% of the minimum
feature size). Because two separate exposures are involved
in DPL, overlay errors can also occur between patterns of
the same layer. Such overlay errors effectively translate into
CD variability [4], [5], which changes the electrical char-
acteristics of devices and wires. In this case, design rules
cannot help reducing this variability problem and, because
the CD budget is already very tight (estimated by ITRS to
7% of the minimum feature size), overlay must be very well-
controlled. Meeting this requirement for overlay control is
seen as one of the biggest challenges for deploying DPL
technology [6].

In positive dual-line process (with positive photoresist),
where the line is the critical feature to be controlled [Fig. 1(a)],
overlay errors translate into metal spacing variation, which
affects interconnect capacitance (C). On the other hand, in
negative dual-trench process (again with positive photore-
sist) where the space is the critical feature to be controlled
[Fig. 1(b)], overlay errors translate into line width variation, as
illustrated in Fig. 2, with an impact on interconnect resistance
(R) as well as capacitance.

The impact of within-layer overlay on the electrical char-
acteristics of wires has been studied in literature. A method
for estimating delay variation due to overlay error is pre-
sented in [7]. A compact model to estimate interconnect
delay variation due to overlay and focus variations in DPL
is offered in [8]. A systematic method to compare the effects
of overlay to that of CD variability on interconnect delay
variation is proposed in [9]. In this paper, we extend our work
presented in [10]. In particular, we electrically evaluate overlay
errors for back-end-of-line (BEOL) DPL to study relative
importance of different overlay sources and interactions of
overlay control with design parameters and derive methods
to alleviate within-layer overlay problem in DPL. In addition,
we explore processing options including positive dual-line and
negative dual-trench processes.

Models of overlay impact on electrical characteristics of
wires in positive and negative DPL are derived in Section II.
In Section III, experimental methodology and results are
presented. Observations are discussed and overlay implications
on design are analyzed in Section IV. In Section V, we
explore processing options for next generation technology
nodes. Finally, Section VI concludes with a summary and
directions for future work.
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Fig. 1. Example layout with (a) positive DPL process, and (b) negative DPL
process both using a positive-tone photoresist.

Fig. 2. Example showing translation of overlay error into CD variation in
negative DPL.

II. Electrical Impact of Within-Layer Overlay

In BEOL process implemented with DPL, overlay error
between two patterning steps at the same layer affects the
electrical characteristics of wires. This section exhibits models
for overlay and its electrical impact that are used in our
experiments.

A. Overlay Modeling

Major overlay components are translation, magnification,
and rotation in the wafer and field coordinate systems [11],
[12] and are considered in a linear-type overlay model for
overlay control and correction. High-order models can also be
used to enhance overlay accuracy, but such models require
more overlay sampling and excessive alignment [13]–[15].
In our study, we adopt the following widely used linear
model [12]:

δx = Tx + Mwx × Xw − Rwx × Yw + Mfx × Xf (1)

−Rfx × Yf + Resx,

δy = Ty + Mwy × Yw + Rwy × Xw + Mfy × Yf

+Rfy × Xf + Resy

where δx (δy) is the total overlay error in the X (Y ) direction.
T , M, and R refer to translation, magnification, and rotation
overlay parameters, respectively. Res is the residual parameter,
which accounts for un-modeled secondary overlay components
such as skewness and trapezoidal overlay. w and f denote the
wafer and field, respectively. (Xw, Yw) and (Xf , Xf ) refer to
Cartesian coordinates in the wafer and field, respectively.

Even though the model’s parameters are refined contin-
uously during processing, the model still does not correct
for overlay error totally. This imperfect correction has many

Fig. 3. Parallel plate capacitor model compared to simulation results for in-
terconnect capacitance with varying interconnect width and spacing. Symbols
represent simulated capacitances using Raphael [18] and lines represent the
capacitance evaluated using the parallel plate model. Simulated and modeled
capacitances are normalized with respect to their maximum values.

reasons: field to field and wafer to wafer overlay variations,
limited overlay sampling that does not cover the entire wafer
and lot, and un-modeled secondary overlay components.

B. Capacitance Model

Interconnect capacitance can be evaluated using the parallel
plate capacitor model or the more accurate models offered
in [16] and [17]. In this paper, we use the parallel plate model
to derive simple and closed form equations for the impact of
overlay in DPL. In Fig. 3, we compare the model to simulation
results1 for varying interconnect width and spacing. It is clear
from the figure that the model exhibits a trend similar to
simulated data, but it slightly overestimates the overlay impact
on capacitance variation.

C. Electrical Impact in Positive DPL

DPL can be implemented in a positive process, which prints
lines, or negative process, which prints spaces [19], [20].
If positive process is implemented for BEOL, interconnect
spacing (s) between the two patterns is affected leading to
the change of interconnect line-to-line capacitance (CLL).

We derive a closed form equation for CLL between two
parallel vertical lines of length L, where one line is printed
perfectly and the other is printed with overlay error. Using
the parallel plate capacitance model, CLL can be expressed as
follows:

CLL,2l = εt

∫ L

0

1

s�
dl (2)

where ε is the dielectric constant, t is the interconnect thick-
ness, and s� is interconnect spacing with overlay error. Using
the overlay model of (1) and converting from wafer and
field coordinate system to design coordinate system, s� is
determined by

s� = s − (Tx + MwxXo + MxXQ − RwxYo (3)

−RxYQ + Resx) − Mxx + Rxy + RxL

where Rx = Rwx + Rfx, Mx = Mwx + Mfx

1Simulations are performed on Raphael, a capacitance simulation tool [18],
for the structure of Fig. 4(b) and the interconnect characteristics of Table II.
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where (Xo, Yo) and (XQ, XQ) refer to the coordinates of field
origin in the wafer plane and die origin in the field plane,
respectively, and (x, y) are the coordinates of the bottom left
corner of the line of interest in the design plane. Consequently,
the closed form equation of CLL as a function of structure
coordinates in the design is

CLL,2l =
εt

Rx

ln
s − b − Mxx + Rxy + RxL

s − b − Mxx + Rxy
(4)

where b = Tx + MwxXo + MxXQ − RwxYo − RxYQ + Resx.

Line resistance is evaluated using

R =
ρL

t(w − wMx)
(5)

where ρ is the effective interconnect resistivity and w is the
interconnect width. According to (5), the effect on R is minor
since wMx is orders of magnitude less than w.

Assuming a single ground plane in the layer below, the
capacitance between the line of interest and ground plane is
evaluated using

CLG =
εL(w − wMx)

H
(6)

where H is the height of interlayer dielectric layer. From the
equation, we note that the impact of overlay on CLG is again
minor.

Similar derivation is performed for a structure of three
parallel vertical lines of length L where lines at the edge are
printed perfectly and the middle line is printed with overlay
error. The closed form equation of CLL in this case becomes

CLL,3l =
εt

Rx

[
ln

s − b − Mxx + Rxy + RxL

s − b − Mxx + Rxy
(7)

+ ln
s + b + Mxx − Rxy + wMx

s + b + Mxx − Rxy + wMx − RxL

]
.

D. Electrical Impact in Negative DPL

In case of negative process, interconnect width (w) is
affected, which causes interconnect resistance (R) and capac-
itance (C) variations.

Using the parallel plate capacitance model and overlay
model of (1), closed form equations for R and C are derived
in a similar manner to the derivation of R and C equations for
positive DPL. Considering a structure of two parallel vertical
lines where the line of interest is formed by printing one space
perfectly and the other with overlay error, R of the line of
interest is described by

R =
ρ

tRx

ln
w − b − Mxx + Rxy − wMx + RxL

w − b − Mxx + Rxy − wMx

. (8)

CLL between the two lines is determined by

CLL,2l =
εtL

s − sMx

. (9)

CLG between the line of interest and ground plane of layer
below is modeled by

CLG =
εL

2H
[2(w − b − Mxx − Mxw + Rxy) + RxL]. (10)

Fig. 4. Test structures used in the experiments: (a) 2-line structure; and (b)
3-line structure with single grounded plane at the layer below.

In (8)–(10), b, Rx, and Mx are the same as in (3) and (4), ρ

is the wire resistivity, and H is the height of inter-level metal
dielectric.

For a structure of three parallel vertical lines, R and CLG are
calculated using the same equations as for the 2-line structure,
i.e., (8) and (10), but another equation is used for calculating
CLL. Assuming the space between first and second lines is
printed perfectly while the space between second and third
lines is printed with overlay error, CLL is determined by

CLL,3l = εtL
( 1

s − sMx

+
1

s

)
. (11)

III. Experimental Methodology and Results

A series of experiments are conducted to evaluate the elec-
trical impact of overlay in BEOL DPL. This section describes
experimental setup and methodology and presents the results.

A. Experimental Setup

A 300 mm wafer with 63 33×26 mm fields each containing
four copies of the same design is considered. The study
is performed for BEOL 32 nm technology node (i.e., metal
1 half-pitch) at local interconnect levels with design rules
adopted from ITRS [3]. Interconnect length (L) is set to
100 µm, which is close to maximum wire length for local
interconnect levels where DPL is likely to be implemented.

The test structures used in the experiments are the 2-line and
3-line structures depicted in Fig. 4. In both structures, overlap
capacitance (CLG) is assumed to be between the line of interest
and a single ground plane at the layer below. Also, lines of
the first pattern are labeled as “DP1” and are assumed to be
formed perfectly, while lines of the second pattern are labeled
as “DP2” and are printed with overlay error. For the 2-line
structure, total capacitance (C) of “DP2” wire is given by

C = CLL + CLG = CLL,2l + CLG (12)

as for the 3-line structure, total capacitance (C) of “DP2” wire
is given by

C = CLL + C
′
LL + CLG = CLL,3l + CLG (13)

where CLL and C
′
LL are line-to-line coupling capacitance be-

tween the line of interest and left and right lines, respectively.
In the experiments, we use worst-case overlay, which we

assume to be equal to ITRS 3σ overlay for single patterning
lithography in x and y directions (i.e., 20% of the minimum
feature size). 50% of the total overlay error is assumed to
originate from un-modeled terms and random errors and are
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TABLE I

Estimated Overlay Breakdown Used in the Reference

Experiment

% of Imperfect Exact
Correction Value [nm]

Translation 5.32% 0.34
Wafer magnification 14.18% 0.91
Field magnification 2.48% 0.16
Wafer rotation 25.53% 1.63
Field rotation 2.48% 0.16
Residual 50% 3.2

TABLE II

Parameters and Corresponding Values Used in the Experiments

Parameter Value
Wafer diameter 300 mm
Number of fields 63
Field dimensions 33 × 26 mm
Number of dies per field 4
w 32 nm
s 32 nm

t 60.8 nm2

H 60.8 nm
L 100 µm
3σ overlay 6.4 nm

lumped into Res term; the remaining 50% is assumed to
originate from imperfect correction of the six primary overlay
components, i.e., translation, magnification, and rotation in
field and wafer. This assumption conforms well to experi-
mental results reported in [21] where, after correction with
a linear overlay model and excessive overlay sampling, 58%
of overlay is non-systematic error and 42% of overlay is
from imperfect correction of systematic error. To study the
relative importance of each overlay component, we perform a
series of experiments using different scenarios of the overlay-
breakdown. A set of experiments involves extreme cases where
all error caused by imperfect overlay correction is from a
single source: translation, magnification, rotation, field overlay,
or wafer overlay. For field and wafer extreme cases, overlay
from imperfect correction is split equally among translation,
magnification, and rotation overlay components. In addition,
we run a reference experiment with the overlay-breakdown of
Table I, which is based on estimations of the required precision
for overlay measurements offered in [22].

Overlay parameters in RC models of Section II can be
inferred from the contributions of overlay components. T is
equivalent to total translation and Res is equivalent to total
residual because these two components are independent of
location; whereas Mw, Mf , Rw, and Rf are inferred by
considering worst-case location that happens to be at the edge
of wafer and field. Res is assumed to be in worst-case direction
across the entire wafer, which is the same direction as T .

All parameters used in the experiments and corresponding
values are summarized in Table II.

B. Evaluation Methodology

Overlay impact on the electrical characteristics of test struc-
tures was evaluated at discrete locations of the structures in the
design and for each copy of the design across the entire wafer.

Fig. 5. Average RC variation for the 2-line structure as a function of its
location in the design when overlay components are estimated.

We evaluate absolute worst-case impact as well as average
impact over all design copies. For the case of average impact,
minimum and maximum impacts for the different locations of
the structures in the design are presented. The average and
worst-case change of RCLL and RC, which reflect the effect
on interconnect delay variation, are reported for positive and
negative DPL processes.

C. Results

The first set of experiments is for structures formed with
positive DPL. Fig. 5 plots average RC variation for the
2-line structure as a function of its location in the design
when overlay components are estimated. This figure indicates
that �RC varies on average from 9% to 10.6% depending
on the structure location in the design (all possible locations).
Minimum variation occurs when the structure is located at
the origin of the design, which is the center of the field in
our experiments, and maximum variation occurs when the
structure is located at the edge of the design, which is to the
edge of the field. This experiment is repeated for all other
overlay-breakdown cases for the 2-line and 3-line structures
and average and worst-case impacts are reported. Results for
positive DPL experiments are summarized in Table III.

Similarly for negative DPL, experiments for all overlay-
breakdown cases are performed. Table IV summarizes the
results for negative process experiments.

IV. Observations and Implications for Design

Experimental results are interpreted and important observa-
tions are brought forward in this section.

A. Results Analysis and Relative Importance of Overlay
Sources

Results of Tables III and IV for the 2-line structure in
positive and negative DPL processes are similar. In fact, with
s = w and same amount of line width and spacing variation,
�RC is, to the first order, the same in positive and negative
processes. In case of positive process

�RCpos = R × �CLL. (14)

In case of negative process

�RCneg = R × �CLG + �R × CLG (15)

+�R × CLL + �R × �CLG.

2Based on ITRS prediction of aspect ratio.
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TABLE III

�RC Results for the 2-Line and 3-Line Structures in Positive DPL

2-Line Structure 3-Line Structure
Avg Variation Worst Variation Avg Variation Worst Variation

�RCLL �RC �RCLL �RC �RCLL �RC �RCLL �RC

Estimated components 11.5–13.6% 9–10.7% 21.2% 16.6% 1.5–1.6% 1.4% 3.2% 2.8%
Translation extreme 25% 19.6% 25% 19.6% 4.2% 3.7% 4.2% 3.7%
Mag extreme 7.9–14.8% 6.2–11.6% 24.9% 19.5% 1.5–2% 1.3–1.7% 4.1% 3.6%
Rotation extreme 8.6–14% 6.75–11% 23% 18% 1.4–1.8% 1.2–1.6% 3.6% 3.2%
Wafer extreme 15–15.9% 11.8–12.4% 21.8% 17.1% 1.8–1.9% 1.6–1.7% 3.3% 2.9%
Field extreme 11.6–19.6% 9.1–15.3% 23.9% 18.7% 1.4–2.4% 1.2–2.1% 3.9% 3.4%

TABLE IV

�RC Results for the 2-Line and 3-Line Structures in Negative DPL

2-Line Structure 3-Line Structure
Avg Variation Worst Variation Avg Variation Worst Variation

�RCLL �RC �RCLL �RC �RCLL �RC �RCLL �RC

Estimated components 11.5–13.6% 9–10.7% 21.2% 16.6% 11.5–13.6% 10.1–11.9% 21.2% 18.6%
Translation extreme 25% 19.6% 25% 19.6% 25% 22% 25% 22%
Mag extreme 7.9–14.8% 6.2–11.6% 24.9% 19.5% 7.9–14.8% 7–13% 24.9% 21.9%
Rotation extreme 8.6–14% 6.8–11% 22.3% 18% 8.6–14% 7.6–12.3% 23% 20.2%
Wafer extreme 15–15.9% 11.8–12.4% 21.8% 17.1% 15–15.9% 13.2–14% 21.8% 19.2%
Field extreme 11.6–19.6% 9.1–15.3% 23.9% 18.7% 11.6–19.6% 10.2–17.2% 23.9% 21%

Fig. 6. Illustration of cancellation effect between line-to-line capacitances in
the 3-line structure.

To the first order, �R is proportional to 1/�w and CLG is
proportional to �w causing (R × �CLG + �R × CLG) and
�R × �CLG in (15) to be very close to zero. Since �CLL is,
to the first order, proportional to 1/�s, then with s = w and
same amount of line width and spacing variation, �R×CLL ≈
R × �CLL and, consequently, �RCneg ≈ �RCpos.

For the 3-line structure, results of positive and negative
processes are substantially different. For positive DPL, �RC

is much less in the 3-line structure (1.4% on average and
2.8% worst-case variation for the experiment of estimated
components) than in the case of the 2-line structure (9−10.7%
on average and 16.6% worst-case variation for the experiment
of estimated components). This huge �RC reduction in the
case of the 3-line structure is because line-to-line capacitance
between the wire in the center and its left and right neighbors
change in opposite directions as illustrated in Fig. 6. Hence,
the total capacitance is not significantly affected. For negative
DPL, Table IV shows that �RC is larger in case of the 3-line
structure (10.1-11.9% on average and 18.6% worst-case varia-
tion for the experiment of estimated components) than in case
of the 2-line structure (9–10.7% on average and 16.6% worst-
case variation for the experiment of estimated components). C

and R vary in opposite directions reducing the overall effect
on �RC. For the 3-line structure, the additional CLL term
with the third line is unaffected by overlay resulting in the
reduction of overall �C. This explains why �RC is larger in
case of the 3-line structure than in case of the 2-line structure.

Relative importance of different overlay sources can be
inferred from the results. For the 2-line structure, translation
extreme experiment leads to 19.6% �RC; magnification ex-
treme experiment leads to 6.2–11.6% average �RC and 19.5%
worst-case �RC; and rotation extreme leads to 6.75–11%
average �RC and 18% worst-case �RC. Translation impact
on average �RC is much more important than magnification
or rotation impact. This difference is because magnification
and rotation overlay vectors can have opposite directions and
their effects are canceled out when averaging over the entire
wafer; whereas, translation is actually fairly uniform across
the wafer.3 Nevertheless, for worst-case �RC, translation,
magnification, and rotation are almost equally important. Sim-
ilar conclusions can be drawn from the results for the 3-line
structure in case of positive and negative processes. Moreover,
in both processes, magnification and rotation have very similar
electrical impacts.

Results also show that field overlay has a slightly larger
electrical impact than wafer overlay. In addition, field overlay
is more dependent on location in the design plane, which
is marked by a larger difference between minimum and
maximum average variation in Tables III and IV. In practice,
however, the amount of field overlay is much smaller than the
amount of wafer overlay [22].

B. Effects of Design Parameters

Effects of wire length (L) and spacing (s) are evaluated by
running the “estimated components” experiment for the case
of the 2-line structure in positive DPL with different values of
L and s. Average and worst-case RC variations are reported
in Tables V and VI, respectively. These results show that the
effect of L on overlay electrical impact is negligible. On the

3In the experiments, translation vector is assumed to have a uniform
direction across wafer.
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TABLE V

Average �RC Across Wafer for Different Values of Wire

Length (L) and Spacing (s) in Case of the 2-Line Structure With

Positive DPL

s = 25.6 nm s = 32 nm s = 38.4 nm
L = 10 µm 13.46% 10.03% 7.91%
L = 100 µm 13.30% 9.84% 7.69%
L = 1000 µm 13.28% 9.82% 7.67%

Fig. 7. Overlay impact dependence on layout decomposition in the
2-line structure with positive DPL. (a) Reduced spacing between lines for
decomposition. (b) Increased spacing between lines for decomposition.

other hand, results show a large effect of s on overlay electrical
impact; e.g., with 20% increase of s, �RC is reduced by 22%
on average and 23% in the worst case. The effect of s is even
larger for smaller dimension of the half-pitch; e.g., with 20%
increase of s in 25.6 nm half-pitch, �RC is reduced by 26%
on average and 28% in the worst case.

Similar experiments are run for negative DPL. Effects of
wire length (L), width (w), and spacing (s) are evaluated by
running the experiment for the case of the 2-line structure
and estimated overlay components. Average and worst-case
�RC are reported in Tables VII and VIII, respectively. Results
show that the effect of L on overlay electrical impact is also
negligible. On the other hand, results show a large effect of w

and a minor effect of s on overlay electrical impact; e.g., with
20% increase of w, �RC is reduced by 22% on average and
23% in the worst case and, with 20% increase of s, �RC is
reduced by 4% on average and in the worst case. The effect
of w is even larger for smaller dimension of the half-pitch;
e.g., with 20% increase of w in 25.6 nm half-pitch, �RC is
reduced by 26% on average and 28% in worst case. On the
contrary, the effect of s becomes smaller as the half-pitch gets
smaller; e.g., with 20% increase of s in 25.6 nm half-pitch,
�RC is reduced by 3% on average and in the worst case.

Referring to the equations describing electrical character-
istics of wires, i.e., (4)–(11), overlay in y direction (x for
horizontal metallization) only affects L term; since the impact
of L is negligible as we demonstrated in the experiments,
overlay in the y direction has virtually no electrical effects.
Hence, preferred routing direction should be taken into account
in overlay sampling and alignment strategies.

Significant effect of s and w in layouts fabricated with
positive and negative DPL indicates the importance of wire
spreading (in positive process) and widening (in negative
process), which are widely used Design for Manufacturability
(DFM) techniques. Nevertheless, the use of these methods is
limited to non-congested regions of the layout where excess
spacing is available.

C. Expected Worst-Case Overlay Impact in Critical Path

The analysis in previous sections considers a single line
suffering a resistance or capacitance increase due to overlay

TABLE VI

Worst Case �RC Across Wafer for Different Values of Wire

Length (L) and Spacing (s) in Case of the 2-Line Structure With

Positive DPL

s = 25.6 nm s = 32 nm s = 38.4 nm
L = 10 µm 22.91% 16.60% 12.81%
L = 100 µm 22.90% 16.60% 12.81%
L = 1000 µm 22.86% 16.57% 12.78%

Fig. 8. Different overlay impact on wire width in negative DPL.

in the 2-line and 3-line structures. Nevertheless, overlay can
cause a simultaneous resistance or capacitance decrease in
other lines. In this section, we study the expected worst-case
impact of overlay in a path with multiple line segments.

1) Impact of Layout Decomposition: In DPL, two features
must be assigned to different exposures if their spacing is
smaller than the required minimum spacing between features
printed with the same exposure. This feature assignment
between first and second exposure (a.k.a. layout decompo-
sition) has a significant effect on the overlay impact in
the 2-line structure with a positive process. Considering the
2-line structure of Fig. 7 and assuming the overlay of second
exposure to first exposure is in one direction, the different
decompositions of Fig. 7(a) and (b) lead to reduced spacing
between lines in one case and increased spacing between lines
in the other case. Layout decomposition has a significant effect
on the overlay impact in negative process as well. In this case,
spaces that are too close to each other are assigned to different
exposures. Depending on the decomposition, some lines will
see reduced width and direct neighboring lines will see an
increased width as illustrated in Fig. 8. Results of Tables III
and IV correspond to the line with worsened RC, i.e., reduced
spacing in case of positive process and reduced width in
case of negative process. We illustrate the magnitude of this
decomposition effect on worst-case variation in a path with
multiple line segments. Consider a path composed of two line
segments where each segment is part of a 2-line structure in
positive process. If both line segments have worsened RC, the
worst-case interconnect �RC of the path is 16.6%; whereas,
if one segment has worsened RC and the other segment has a
relieved RC, the overall worst-case interconnect �RC of the
path is only 2.5%.

Layout decomposition effect can be exploited to reduce
�RC of wires on critical paths in positive process. This can
be done using swizzled decomposition, where wires are split
into segments and connected segments are assigned to different
exposures as shown in Fig. 9. In this case, stitches need to be
inserted with minor concern for manufacturability and wire re-
sistance if enough overlap margin is ensured. The same benefit
can also be achieved by actual wire swizzling (as in [23]).
Actual wire swizzling, however, introduces additional vias
with negative impact on wirelength and routability. Moreover,
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TABLE VII

Average �RC Across Wafer for Different Values of Wire Length (L), Width (w), and Spacing (s)

in Case of the 2-Line Structure with Negative DPL

w = 25.6 nm w = 32 nm w = 38.4 nm
s = 25.6 nm 32 nm 38.4 nm s = 25.6 nm 32 nm 38.4 nm s = 25.6 nm 32 nm 38.4 nm

L = 10 µm 13.80% 13.30% 12.84% 10.28% 9.84% 9.43% 8.09% 7.68% 7.32%
L = 100 µm 13.80% 13.30% 12.84% 10.28% 9.84% 9.43% 8.09% 7.68% 7.32%
L = 1000 µm 13.80% 13.30% 12.84% 10.28% 9.84% 9.43% 8.09% 7.68% 7.32%

TABLE VIII

Worst Case �RC Across Wafer for Different Values of Wire Length (L), Width (w), and Spacing (s)

in Case of the 2-Line Structure with Negative DPL

w = 25.6 nm w = 32 nm w = 38.4 nm
s = 25.6 nm 32 nm 38.4 nm s = 25.6 nm 32 nm 38.4 nm s = 25.6 nm 32 nm 38.4 nm

L = 10 µm 23.77% 22.91% 22.11% 17.36% 16.60% 15.91% 13.48% 12.81% 12.20%
L = 100 µm 23.77% 22.91% 22.11% 17.36% 16.60% 15.91% 13.48% 12.81% 12.20%
L = 1000 µm 23.72% 22.86% 22.06% 17.32% 16.57% 15.88% 13.45% 12.78% 12.17%

Fig. 9. Illustration of swizzled decomposition to reduce �RC of wires on
critical paths.

timing-aware layout decomposition strategies (e.g., [24]) can
be very useful for improving timing yield.

2) Impact of Congestion: Results of Table III for positive
DPL show a much larger overlay impact in case of the 2-line
structure than in case of the 3-line structure. On the contrary,
results of Table IV for negative DPL show a larger overlay
impact in the case of the 3-line structure than in the case of the
2-line structure. This dependence of overlay impact on the wire
neighborhood gives motivation for considering congestion in
electrical evaluation of overlay impact. Given the average
congestion G in a layout, we estimate the probability of a
line to have two neighboring lines (i.e., 3-line structure), one
neighboring line (i.e., 2-line structure), and no neighbors (i.e.,
1-line structure). This is done by considering three channels
where each is occupied by a wire with probability equal
to G. The probability of 3-line structure, P3l, is G3, the
probability of 2-line structure at minimum spacing,4 P2l, is
G2 × (1 −G) × 2, and the probability of 1-line structure (only
middle channel is occupied), P1l, is G × (1 − G)2. Hence, the
expected �RC of a randomly chosen line from the layout is

�RCavg = �RC3l × P3l + �RC2l × P2l + �RC1l × P1l

= �RC3l × G3 + �RC2l × G2 × (1 − G) × 2

+�RC1l × G × (1 − G)2. (16)

In positive DPL process, �RC1l = 0 because overlay has no
effect on 1-line structure. In negative DPL process, overlay can
result in line width variation in 1-line structure. Nevertheless,
R and CLG, which is the only capacitance term in this case,
varies in opposite directions rendering the overall �RC1l

negligible. Using (16) and �RC2l and �RC3l values for the

4Multiplication by two accounts for the two possible locations of the 2-line
structure, occupying either first two channels or last two channels.

case of estimated overlay components in Table III (worst-case
variation), we plot in Fig. 10(a) interconnect �RC of a path as
a function of congestion for the case of positive process. This
is performed for different splits of line segments in the path
between worsened and relieved RC, namely, 50 to 100% of
lines with worsened RC with 10% intervals and the remaining
fraction of lines having a relieved RC. When assuming all
line segments in the path have a worsened RC (i.e., most
pessimistic worst-case split), interconnect worst-case �RC is
at most 5.9% (for 72% congestion) and is less than 4.7% for
highly congested layouts (90% and more). When assuming a
50-50% split of lines between worsened and relieved RC (i.e.,
most optimistic best-case split), interconnect worst-case �RC

is at most 2.8%, which occurs at a 100% congestion.
The same plots are reproduced in Fig. 10(b) for the case

of negative process. Here, if all line segments in the path are
assumed to have a worsened RC (i.e., most pessimistic worst-
case split), interconnect worst-case �RC increases monoton-
ically to reach 18.6% at 100% congestion. When assuming a
50-50% split of lines between worsened and relieved RC (i.e.,
most optimistic best-case split), interconnect worst-case �RC

increases monotonically to reach 2.8% at 100% congestion.
In Fig. 10(a) and (b), we assume an overlay budget equal

to 20% of half-pitch, i.e., ITRS projected overlay budget for
single patterning. In Fig. 11, we repeat the same experiments
with an overlay budget of equal to 7% of half-pitch, which
corresponds to ITRS projected CD budget for single pattern-
ing. In this case, overlay impact is small indicating that having
a double patterning overlay budget equal to single patterning
CD budget is certainly too conservative.

Congestion benefit can be exploited to reduce �RC in
positive process. This is achieved by dummy fill insertion,
which is also used to improve planarity.

D. Overlay Impact on Crosstalk Noise

Adjacent lines are susceptible to crosstalk noise, which can
lead to signal integrity issues when the noise amplitude ex-
ceeds some threshold for a duration long enough to cause a bit
flip. A widely used measure of crosstalk noise is the maximum
voltage change (a.k.a. peak crosstalk voltage) of the victim
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Fig. 10. Plot of path interconnect worst-case �RC versus congestion for different line splits between worsened and relieved RC variation in (a) positive
DPL process, and (b) negative DPL process. The plots assume an overlay budget equal to 20% of half-pitch.

Fig. 11. Plot of path interconnect worst-case �RC versus congestion for different line splits between worsened and relieved RC variation in (a) positive
DPL process, and (b) negative DPL process. The plots assume an overlay budget equal to 7% of half-pitch.

Fig. 12. Peak crosstalk noise versus interconnect length in positive DPL
process.

line. Using a simplified lumped RC model, the peak crosstalk
voltage is determined using the following model [26], [27]:

Vp =
Vdd

RvCLL,2l

tf
(1 − e−(tf )/RvC) for2 − linestruct

Vdd
RvCLL,3l

tf
(1 − e−(tf )/RvC) for3 − linestruct

(17)

where Vdd is the supply voltage, Rv is the resistance of the
victim line, tf is the rise time at the aggressor line, and C is
the total capacitance of the victim line.

In Fig. 12, we plot the peak crosstalk voltage as a function of
the length of adjacent lines for the 2-line and 3-line structures
in 32 nm half-pitch for positive single and double patterning
processes. Here, we assume a clock frequency of 2 GHz, tf
equal to 1/8 of the clock period (i.e., 62 ps), and effective
resistivity of 48.3�-nm and effective dielectric constant of 2.6
that are the values projected by ITRS. Compared to single
patterning, Vp in the case of double patterning is slightly
higher by at most 0.05 of Vdd (e.g., 50 mV for Vdd =1-V) in
the 2-line structure and is less than 0.01 of Vdd (e.g., <10 mV

Fig. 13. Peak crosstalk noise versus interconnect length in negative DPL
process.

for Vdd =1-V) in the 3-line structure. The same study is
repeated for negative DPL process and plots are reproduced in
Fig. 13. For the 2-line structure, we observe the same results
as in the case of positive process; however, results for the 3-
line structure are substantially different. Compared to single
patterning, Vp in the case of double patterning is slightly
higher by at most 0.05 of Vdd (e.g., 50 mV for Vdd =1-V). This
disparity between the results in positive and negative processes
is attributed to the �C cancellation effect for the 3-line struc-
ture in positive process, which is absent in negative process.

E. Estimation of Overlay Requirement

Reduction of overlay budget requires challenging and ex-
pensive overlay control and alignment strategies. In some
cases, this might even necessitate the replacement of scanners
by newer ones with better alignment accuracy. As a result,
determining how much overlay is “really” required can avoid
unnecessarily tight and costly overlay control.

Even though overlay error translates into CD variation
in DPL, our conjecture is that overlay requirement can be
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Fig. 14. Plots of average and worst case CD and C variations versus
requirement of maximum overlay with 70% congestion in positive and
negative DPL.

Fig. 15. Difference between worst-case interconnect �RC for a path in
positive process and negative process as a function of congestion for different
line splits between worsened and relieved RC variation.

alleviated if electrical variation is the basis for determining
the requirement rather than CD variation, which may lead to
excessively constricted budget [25].

In Fig. 14, absolute worst-case �RC in a single line
and worst-case CD variations in positive and negative DPL
processes are plotted. Even when considering absolute worst-
case electrical variation in a single line, overlay requirement
determined from electrical variation tolerance is significantly
smaller than that determined from CD variation tolerance in
positive process; e.g., 10% electrical variation tolerance in
case of absolute worst-case �RC requires overlay < 4.3 nm,
while the same CD tolerance requires overlay < 3.8 nm; this
consists of a 13% reduction of overlay requirement. Fig. 14
also plots worst-case �RC in a path at 70% congestion (i.e.,
worst-case congestion in positive process) and assuming 70%
of line segments of the path have a worsened RC and the
remaining segments have a relieved RC. In this case, overlay
requirement is greatly alleviated when electrical variation,
instead of CD variation, is used to determine the requirement.
For positive process, overlay requirement determined using
worst-case �RC in a path is 5–9 times smaller than that
determined using absolute worst-case CD variation. Similarly
for negative process, overlay requirement determined using
worst-case �RC in a path is 3–5 times smaller than that
determined using absolute worst-case CD variation.

V. Exploring Processing Options

From the manufacturing perspective, negative dual-trench
process is preferred over positive dual-line process because
it requires less processing steps and the first pattern is better
protected from the processing steps of the second pattern (i.e.,
exposure and etch) in negative process [6].

Positive process yield better patterning quality than negative
process. In particular, positive process has a larger exposure

latitude and smaller Mask Error Enhancement Factor and Line-
End Roughness than negative process [6], [19].

Layout decomposition between first and second exposures
is much more complex in the case of negative process than in
the case of positive process as can be inferred from Fig. 1. The
complication in negative process is attributed to the fact that
the final pattern is formed by trimming unwanted area through
either the first or second patterning steps, which substantially
increases the number of possible decompositions for the same
layout.

From the electrical perspective, experimental results of
Table III and IV show that the absolute worst-case electrical
variation in positive process (�RC for the 2-line structure)
is slightly smaller than that in negative process (�RC for
the 3-line structure), namely, �RC of 16.6% in positive
process and �RC of 18.6% in negative process. Moreover,
the expected worst-case electrical variation for a path is much
smaller for the case of positive process than in the case of
negative process. In Fig. 15, we plot the difference between
this variation for positive process and negative process as
a function of congestion for different line splits between
worsened and relieved RC variation. The difference increases
with the level of congestion and more pessimistic assumption
on the line-split between worsened/relieved RC variation to
reach up to 16% of �RC. This large difference between the
results of positive process and that of negative process is
attributed mainly to the cancellation effect between line-to-
line capacitances in the 3-line structure, which only occur in
positive DPL process.

As for signal integrity issues, we observe identical results
in positive process and negative process if the worst case
crosstalk noise is assumed to occur in the 2-line structure (i.e.,
single aggressors); whereas, if the worst case crosstalk noise is
assumed to occur in the 3-line structure (i.e., two aggressors),
positive process results in a much smaller increase of peak
crosstalk noise compared to negative process as demonstrated
in Section IV-D (less than 0.01 of Vdd versus 0.05 of Vdd).

As a result, positive process is preferred over negative
process from an electrical perspective at 32 nm half-pitch. This
conclusion is expected to remain valid at future technology
nodes independent of scaling as long as s = w as we have
shown in Section IV-A.

VI. Conclusion and Future Work

In this paper, we electrically evaluated overlay impact in
positive and negative DPL processes. Experimental results
show that the expected electrical impact of overlay in a
path is not severe especially when congestion and layout
decomposition effects are considered. On the other hand, the
absolute worst-case electrical impact of overlay in a line
remains a serious problem (up to 16.6% �RC and up to 50 mV
increase of peak crosstalk noise). Many methods are available
for designers to reduce the absolute and expected overlay
impacts, especially in critical paths, including wire spreading
and widening, swizzled decomposition, and dummy fills. As
a result, overlay requirement can be relaxed if electrical
variation, rather than CD variation, is the basis for determining
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the requirement. Furthermore, we analyzed process options for
32 nm half-pitch node and conclude that positive process is the
preferable process option from an electrical perspective. Our
study of the relative importance of different overlay sources
reveals that translation overlay has the largest electrical impact
among all the sources. In addition, overlay in y direction (x
for horizontal metallization) has negligible electrical impact.
Therefore, preferred routing direction should be taken into
account for overlay sampling and alignment strategies. In
future work, we will extend the results to cover front-end-of-
line layers and try to relax overlay requirements by developing
DPL-specific and design-aware alignment strategies.

References

[1] C. A. Mack, “Seeing double,” IEEE Spectrum, vol. 45, no. 11, pp. 46–
51, Nov. 2008.

[2] C. A. Mack, “How to characterize overlay errors,” Yield Man-
age. Solutions Mag., vol. 8, no. 2, pp. 46–47, 2006 [Online].
Available: http://www.ymsmagazine.com/archive/summer-2006-volume-
8-issue-2.html

[3] International Technology Roadmap for Semiconductors (2007).
Lithography. [Online]. Available: http://www.itrs.net/Links/2007ITRS/
2007 Chapters/2007 Lithography.pdf

[4] W. H. Arnold, “Toward 3 nm overlay and critical dimension uniformity:
An integrated error budget for double patterning lithography,” in Proc.
21st SPIE Opt. Microlithogr., vol. 6924. 2008, p. 692404.

[5] M. Dusa, J. Quaedackers, O. F. A. Larsen, J. Meessen, E. van der
Heijden, G. Dicker, O. Wismans, P. de Haas, K. van Ingen Schenau,
J. Finders, and B. Vleeming “Pitch doubling through dual patterning
lithography challenges in integration and litho budgets,” in Proc. 20th
SPIE Opt. Microlithogr., vol. 6520. 2007, p. 65200G.

[6] W. Arnold, M. Dusa, and J. Finders, “Manufacturing challenges in
double patterning lithography,” in Proc. IEEE Int. Symp. Semicond.
Manufact., Sep. 25–27, 2006, pp. 283–286.

[7] J. Yang and D. Z. Pan, “Overlay aware interconnect and timing variation
modeling for double patterning technology,” in Proc. ICCAD, 2008, pp.
488–493.

[8] E. Y. Chin and A. R. Neureuther, “Variability aware interconnect
timing models for double patterning,” in Proc. SPIE, vol. 7275. 2009,
p. 727513-1.

[9] K. Jeong, A. B. Kahng, and R. O. Topaloglu, “Is overlay error more
important than interconnect variations in double patterning?” in Proc.
SLIP, 2009, pp. 3–10.

[10] R. S. Ghaida and P. Gupta, “Design-overlay interactions in metal double
patterning,” in Proc. SPIE, vol. 7275. 2009, p. 727514.

[11] D. Laidler, P. Leray, K. D’havé, and S. Cheng, “Sources of overlay
error in double patterning integration schemes,” in Proc. 22nd SPIE
Metrology, Inspection, Process Control Microlithogr., vol. 6922. 2008,
p. 69221E.

[12] C. Chien and K. Chang, “Modeling overlay errors and sampling strate-
gies to improve yield,” J. Chin. Inst. Ind. Eng., vol. 18, no. 3, pp. 95–103,
2001.

[13] B. Eichelberger, K. Huang, K. O’Brien, D. Tien, F. Tsai, A. Minvielle,
L. Singh, and J. Schefske, “32 nm overlay improvement capabilities,” in
Proc. 21st SPIE Opt. Microlithogr., vol. 6924. 2008, p. 69244C.

[14] S. Wakamoto, Y. Ishii, K. Yasukawa, A. Sukegawa, S. Maejima, A. Kato,
J. C. Robinson, B. J. Eichelberger, P. Izikson, and M. Adel, “Improved
overlay control through automated high-order compensation,” in Proc.
21st Metrology, Inspection, Process Control Microlithogr., vol. 6518.
2007, p. 65180J.

[15] H. J. Levinson, Principles of Lithography, 2nd ed. Bellingham, WA:
SPIE, 2004, pp. 213–220.

[16] T. Sakurai, “Closed-form expressions for interconnection delay, cou-
pling, and crosstalk in VLSIs,” IEEE Trans. Electron Devices, vol. 40,
no. 1, pp. 118–124, Jan. 1993.

[17] J.-H. Chern, J. Huang, L. Arledge, P.-C. Li, and P. Yang, “Multilevel
metal capacitance models for CAD design synthesis systems,” IEEE
Electron Device Lett., vol. 13, no. 1, pp. 32–34, Jan. 1992.

[18] Raphael Interconnect Analysis Tool v2006, Synopsys, Inc., Mountain
View, CA.

[19] C.-M. Lim, S.-M. Kim, Y.-S. Hwang, J.-S. Choi, K.-D. Ban, S.-
Y. Cho, J.-K. Jung, E.-K. Kang, H.-Y. Lim, H.-S. Kim, and S.-C.
Moon, “Positive and negative tone double patterning lithography for
50 nm Flash memory,” in Proc. 19th SPIE Optical Microlithogr., 2006,
pp. 615410-1–615410-8.

[20] R. Kim, T. Wallow, J. Kye, H. J. Levinson, and D. White, “Double
exposure using 193 nm negative tone photoresist,” in Proc. 20th SPIE
Opt. Microlithogr., vol. 6520. 2007, p. 65202M.

[21] U. Iessi, S. Loi, A. Salerno, P. Rigolli, E. De Chiara, C. Turco, R.
Colombo, M. Polli, and A. Mani, “Double patterning overlay and
CD budget for 32 nm technology node,” in Proc. 21st SPIE Opt.
Microlithogr., vol. 6924. 2008, p. 692428.

[22] L. Lecarpentier, V. Vachellerie, E. Kassel, Y. Avrahamov, C.-C. K.
Huang, F. Felten, M. Polli, A. Feneyrou, P. Thony, and S. Guillot, “Over-
lay measurement accuracy verification using CD-SEM and application
to the quantification of WIS caused by BARC,” in Proc. 19th SPIE
Metrology, Inspection, Process Control Microlithogr., vol. 5752, no. 1.
2005, pp. 1413–1423.

[23] P. Gupta and A. B. Kahng, “Wire swizzling to reduce delay uncertainty
due to capacitive coupling,” in Proc. IEEE Intl. Conf. VLSI Design,
2004, pp. 431–436.

[24] M. Gupta, K. Jeong, and A. B. Kahng, “Timing yield-aware color
reassignment and detailed placement perturbation for double patterning
lithography,” in Proc. ACM/IEEE Int. Conf. Comput.-Aided Design,
2009, pp. 607–614.

[25] A. J. Hazelton, S. Wakamoto, S. Hirukawa, M. McCallum, N. Magome,
J. Ishikawa, C. Lapeyre, I. Guilmeau, S. Barnola, and S. Gaugiran
“Double patterning requirements for optical lithography and prospects
for optical extension without double patterning,” in Proc. 21st SPIE Opt.
Microlithogr., vol. 6924. 2008, p. 69240R.

[26] A. Rubio, N. Itazaki, X. Xu, and K. Kinoshita, “An approach to the
analysis and detection of crosstalk faults in digital VLSI circuits,”
IEEE Trans. Comput.-Aided Design Integr. Circuits Syst., vol. 13, no. 3,
pp. 387–395, Mar. 1994.

[27] P. Chen and K. Keutzer, “Toward true crosstalk noise analy-
sis,” in Proc. IEEE/ACM Intl. Conf. Comput.-Aided Design, 1999,
pp. 132–137.

Rani S. Ghaida (S’03) received the Master’s degree
in computer engineering from the University of New
Mexico, Albuquerque, in 2008. He is currently a
Ph.D. Student and Researcher with the Department
of Electrical Engineering, University of California,
Los Angeles.

His research work has been focused on semicon-
ductor design/technology co-optimization, design for
manufacturability, and yield prediction. He has sev-
eral conference and journal publications in the field.

Mr. Ghaida is a student member of the Integrated
Modeling Process and Computation for Technology Research Center, the
Semiconductor Research Corporation, and major professional associations in
his field including ACM and SPIE.

Puneet Gupta (S’02–M’08) received the B.Tech.
degree in electrical engineering from the Indian
Institute of Technology Delhi, New Delhi, India, in
2000, and the Ph.D. degree from the University of
California, San Diego, in 2007.

He is currently a Faculty Member of the De-
partment of Electrical Engineering, University of
California, Los Angeles. He co-founded Blaze DFM,
Inc. (acquired by Tela, Inc.) in 2004 and served as its
Product Architect until 2007. He has authored over
60 papers, eight U.S. patents, and a book chapter.

His research has focused on building high-value bridges between physical
design and semiconductor manufacturing for lowered cost, increased yield,
and improved predictability of integrated circuits.

Dr. Gupta has served on the Technical Program Committee of DAC, ICCAD,
ASPDAC, ISQED, ICCD, SLIP, and VLSIDesign. He served as the Program
Chair of IEEE DFM&Y Workshop in 2009 and 2010, and has received the
NSF CAREER award, ACM/SIGDA Outstanding New Faculty Award, IBM
Ph.D. Fellowship, and European Design Automation Association Outstanding
Dissertation Award.

Authorized licensed use limited to: Univ of Calif Los Angeles. Downloaded on August 14,2010 at 02:13:13 UTC from IEEE Xplore.  Restrictions apply. 


