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ABSTRACT

As the feature size continues to decrease, a high level of accuracy in achieving the feature boundary (“edge”) as designed becomes more
essential. One of the reasons for any deviation in the feature-edge location is the proximity effect due to electron scattering in the resist.
However, even with a perfect proximity effect correction (PEC), the nonideal process of resist development can still lead to a deviation in
the edge location. In general, a higher exposure contrast over the feature edge leads to a smaller deviation in the edge location. In this study,
an analytic model is employed in understanding the effects of the lithographic and pattern parameters on the deviation in the edge location
due to the uncertainty in the lithographic process. Specifically, the closed-form mathematical expression of the deviation is derived in terms
of the parameters that determine the exposure contrast. The results reported in this paper should be helpful in understanding better the
deviation in the edge location without time-consuming repetitive simulation and developing a PEC method that enhances the stability of
the feature boundaries in the written pattern, improving the process latitude.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0004017

I. INTRODUCTION

Electron-beam (e-beam) lithography is widely used in writing
a pattern of fine features on a substrate.1–5 The dimensional accu-
racy of written features is the most crucial metric of lithographic
performance. The electron scattering in the resist during the
process of exposing features often makes the size of a written
feature deviate from the target dimension, i.e., the designed critical
dimension (CD). This proximity effect has been a major issue in
e-beam lithography, which puts a fundamental limit on the
minimum feature size and pattern density that can be achieved.
However, various methods of proximity effect correction (PEC)
have been developed, which are successful in reducing the CD
error significantly in many cases.6–10 Another issue that has not
received much attention is the variation in CD due to the stochastic
nature of the e-beam lithographic process. This stochastic variation
is analyzed in this study. For clarity of presentation, the two terms,
dose and exposure, are defined as follows.11 The dose refers to the

energy (or amount of charge) given to a point on the surface of
resist and the exposure the energy deposited at a point in the resist.

Uncertainty exists in the dose and exposure (especially the
latter), the developing time, the concentration and spatial distri-
bution of developer, etc., which makes the lithographic result sto-
chastic. That is, even without the proximity effect, the size of a
written feature may vary from location to location within a
pattern and from experiment to experiment. This variation is to
be minimized to produce consistent written patterns and achieve
a high yield of working devices. The size of a feature is deter-
mined by its boundary consisting of edges. Fundamentally, the
variation in edge location due to the randomness of the e-beam
lithographic process needs to be minimized for writing a pattern
with high consistency.

The outcome from the e-beam lithographic process heavily
depends on the spatial distribution of exposure (“exposure distribu-
tion” hereafter) in a pattern. The exposure distribution in the edge
region of a feature mostly determines where the feature edge would
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be after the development of resist. In particular, the exposure con-
trast over the feature edge has a direct effect on the stability of edge
location. The higher the exposure contrast is, the smaller the varia-
tion in edge location due to the uncertainty in the e-beam
lithographic process. The exposure contrast is affected by the litho-
graphic and pattern parameters such as the electron-scattering
ranges, the feature width, the reduction of feature width (often used
for the PEC), etc. Hence, it is worthwhile to analyze the depend-
ency of the stability of edge location on the parameters. A simula-
tion approach to this analysis is very time-consuming since the
simulation is computationally intensive and needs to be repeated
for each individual case.

In a recent study,12 an analytic approach, instead of simula-
tion, was taken to the analysis of the exposure contrast. That is,
the closed-form mathematical expressions of the exposure con-
trast have been derived in terms of the lithographic and pattern
parameters. The expressions allow one to see the behaviors of the
exposure contrast explicitly and avoid the time-consuming simu-
lation. In this study, based on the analytic results of the exposure
contrast, the stability of edge location is investigated analytically
without resorting to simulation. Specifically, the deviation in the
edge location caused by the stochastic lithographic process is
derived in a closed-form expression with the double-Gaussian
model of line spread function (LSF) and under the assumption
that the exposure varies only in the lateral dimension and also lin-
early in the region close to the target edge. With the expression,
one is able to analyze the effects of the lithographic and pattern
parameters on the stability of feature edge easily without any sim-
ulation as will be demonstrated in this paper.

The significance of the results from this work includes the fol-
lowing: (1) They enable the fast analysis of the variation in edge
location without simulation, (2) they may be used with both ana-
lytic and numeric forms of LSF, and (3) they can be utilized in
developing a PEC scheme with an emphasis on the edge stability of
written features.

The rest of the paper is organized as follows. The model for
the analytic study is depicted in Sec. II. The exposure contrast and
its analytic expression are briefly reviewed in Sec. III. The closed-
form expression of the deviation in the edge location is derived in
Sec. IV. Several examples of analyzing the stability of edge location
using the expression are provided in Sec. V. The results and their
validity and significance are summarized in Sec. VI.

II. ANALYTIC MODEL

The exposure distribution in the resist when a point is
exposed with a unit dose is described by a point spread function
(PSF). The double-Gaussian model of PSF is assumed though the
outcomes from this study are still valid for other models of PSF,
analytic or numeric.12 Also, the exposure is assumed not to vary
along the resist-depth dimension (note that the exposure variation
with the depth is small for a thin resist or a high beam energy).
Then, the PSF may be expressed as in Eq. (1),

psf (x, y) ¼ 1
π(1þ η)

1
α2

e
�(x2þy2)

α2 þ η

β2
e
�(x2þy2)

β2

� �
, (1)

where α, β, and η are the forward-scattering and backscattering
ranges and the ratio of the backscattered energy to the forward-
scattered energy, respectively.

A vertically long rectangular feature with width W and length
L illustrated in Fig. 1 is considered where X and Y axes correspond
to the horizontal and vertical dimensions, respectively.

Suppose that the feature is exposed with a uniform dose D0.
The exposure distribution cross the middle of the feature can be
expressed as a function of x only,12 e(x), since the exposure does
not vary with y when the feature is sufficiently long, i.e., L � β.
That is,

e(x) ¼ D0

ðW
0
h(x � x0)dx0, (2)

where h(x) is the LSF that is defined as

h(x) ¼
ð1
�1

psf (x, y)dy

¼ 1ffiffiffi
π

p
(1þ η)

1
α
e
�x2

α2 þ η

β
e
�x2

β2

� �
: (3)

The LSF, h(x), in Eq. (3) describes the exposure distribution
when a long line of points along the Y-axis is exposed with a
uniform dose of 1. In this study where a long rectangular feature is
considered, the LSF is employed instead of the PSF. Note that the
LSF is equivalent to the 1D PSF.

In Fig. 2, the dose and exposure distributions, and the cross-
section of the remaining resist profile, along the X-axis through
the middle of a rectangular feature are illustrated. In the plot of
exposure, the exposure contrast that is the slope of e(x) at a point

FIG. 1. Rectangular feature with width W and length L, which is long along the
Y dimension.
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is also shown for x ¼ 0. As indicated in the resist profile in Fig. 2,
this study assumes that the resist is developed only in the vertical
direction.

III. EXPOSURE CONTRAST

In this section, the previous study on the exposure contrast12

is briefly reviewed for the case of a single feature to provide a basis
for the investigation on the stability of edge location.

The exposure contrast is defined as the rate at which the expo-
sure changes and may be quantified as the slope of the exposure
curve e(x) at x, i.e., de(x)

dx or e0(x) (see Fig. 2). In most cases, the
exposure contrast is highest at the edge of an exposed region, not
necessarily the target or designed edge. As discussed in the previ-
ous paper,12 the location of the maximum exposure contrast is
affected by the lithographic and pattern parameters.

For the proximity effect correction, the width of a long feature
is often reduced by ΔW (where ΔW is to be optimized) on each
side, 2ΔW in total, i.e., the target width is W and the width to be
exposed is W � 2ΔW. Then, referring to Eq. (2), the exposure con-
trast e0(x) can be computed as follows:

e0(x) ¼ de(x)
dx

¼ D0

ðW�ΔW

ΔW

dh(x � x0)
dx

dx0

¼ D0[h(x � ΔW)� h(x �W þ ΔW)]: (4)

For investigating the stability of edge location, the left target
edge at x ¼ 0 of rectangular feature (see Figs. 1 and 2) is consid-
ered in this paper, and hence, the exposure contrast e0(0) is derived.
By incorporating Eq. (3) into Eq. (4) for x ¼ 0,

e0(0) ¼ D0ffiffiffi
π

p
(1þ η)

1
α

e
�ΔW2

α2 � e
�(W�ΔW)2

α2

� �
þ η

β
e
�ΔW2

β2 � e
�(W�ΔW)2

β2

� �� �
:

(5)

Equation (5) explicitly shows the dependency of the exposure
contrast on the lithographic (α, β, and η) and pattern (W and ΔW)
parameters. The exposure contrast at the right target edge, e0(W),
can be derived similarly, which has the same absolute value but
with the opposite sign as that at the left target edge. Note that the
exposure contrast is positive at the left edge of a feature while nega-
tive at the right edge.

IV. STABILITY OF EDGE LOCATION

A. Developing rate

This study focuses on a small-scale deviation in the edge
location due to the stochastic variation in the lithographic process,
i.e., the edge region is the area of interest. The exposure distribution
in the region close to the target edge (x ¼ 0) may be modeled by a
linear function of x as illustrated in Fig. 3, i.e.,

e(x) ¼ kex þ e0, (6)

where ke is the slope of the linear function that is the exposure con-
trast at x ¼ 0, i.e., ke ¼ e0(0) [refer to Eq. (5)], and e0 is the expo-
sure level at x ¼ 0, i.e., e0 ¼ e(0).

From Eq. (2), e(0) with the feature-width reduced by ΔW on
each side can be derived as follows:

FIG. 3. Exposure distribution in the edge region may be modeled to be linear.
The illustration is for the left edge at x ¼ 0 of a feature.

FIG. 2. Dose and exposure distributions and remaining resist profile of a rectan-
gular feature with width W .

ARTICLE pubs.aip.org/avs/jvb

J. Vac. Sci. Technol. B 42(6) Nov/Dec 2024; doi: 10.1116/6.0004017 42, 062604-3

Published under an exclusive license by the AVS

 11 N
ovem

ber 2024 17:00:23

https://pubs.aip.org/avs/jvb


e(0) ¼ D0

ðW�ΔW

ΔW
h(� x0)dx0 ¼ D0ffiffiffi

π
p

(1þ η)

ðW�ΔW

ΔW

1
α
e
�x02
α2 þ η

β
e
�x02
β2

� �
dx0

¼ D0

2(1þ η)
erf

W � ΔW
α

� �
� erf

ΔW
α

� �
þ η erf

W � ΔW
β

� �
� erf

ΔW
β

� �� �� �
, (7)

where erf() is the error function.
For the analysis not to be affected by the exposure level at the

feature edge, only ke is varied with e0 fixed as illustrated in Fig. 4.
For this purpose, the dose is adjusted such that e0 is maintained at
the same level [see Eq. (7)] as the parameters such as α are
changed.

The developing rate of resist is a monotonically increasing
function of the exposure where the function may be determined
from experimental results.13 As the exposure increases, the develop-
ing rate increases slow in the region of low exposure, then increases
rapidly, and finally levels out to its maximum for the exposure
larger than a certain level (refer to the e-to-r mapping curve in
Fig. 5). In the region of the rapid increase, the relationship between
the exposure and developing rate can be approximated to be linear.
Let kre denote the slope of this linear part of the function. Then,
the exposure can be mapped onto the developing rate as follows:

r(x) ¼ kre(e(x)� e0)þ r0, (8)

where r0 corresponding to e0 is the developing rate at the target
edge.

In Fig. 5, the mapping of the exposure onto the developing
rate is schematically shown where the distributions of exposure and
developing rate are for the left edge at x ¼ 0 of a feature. The distri-
bution of the developing rate in terms of x can be obtained by
incorporating the linear expression of e(x) in Eq. (6) into Eq. (8),

r(x) ¼ krekex þ r0 ¼ krx þ r0, (9)

where kr ¼ kreke is the contrast of developing rate over the feature
edge at x ¼ 0.

Since in the edge region, both the exposure-to-developing rate
mapping and exposure are linear, the developing-rate distribution
in the edge region is also linear as illustrated in Fig. 5.

B. Edge deviation

It is assumed in this study that the resist is developed only in
the vertical direction from the top surface to the bottom of resist.
The width of a feature after development is measured at the middle
layer of resist (see Fig. 6). The developing time T0 is set such that
the resist is developed down to the middle layer at the target edge,
i.e., T0 ¼ H

2r0
, where H is the thickness of the resist.

The variation (randomness) in developing time, exposure
level, developer concentration, etc., can all cause the deviation in
the edge location. Nevertheless, their effects are equivalent to each
other. For example, the increased exposure level has the same effect
on the edge location as the increased developing time, and a lower
developer concentration is equivalent to the decreased developing
time. Hence, in this study, only the uncertainty in the developing
time is considered since the edge deviation due to other types of
uncertainty can be derived similarly.

FIG. 4. Exposure level at the edge is fixed and only the exposure contrast is
varied.

FIG. 5. Conversion of exposure e(x) into developing rate r (x) in the edge
region can be done through a linear mapping of the e-to-r curve.
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Let ΔT represent a fluctuation of developing time. Then, the
actual developing time is T0 þ ΔT . The deviation in the edge loca-
tion from the target edge at x ¼ 0 due to the fluctuation, denoted
by ΔX, meets the following condition (see Fig. 7):

(krΔX þ r0)(T0 þ ΔT) ¼ H
2
: (10)

From Eq. (10),

ΔX ¼ r0
kr

1

1þ ΔT
T0

� 1

 !
: (11)

Noting that kr ¼ kreke ¼ kree0(0) and referring to Eq. (5),

ΔX ¼
r0

ffiffiffi
π

p
(1þ η) 1

1þΔT
T0

� 1

� �

kreD0
1
α e

�ΔW2

α2 � e
�(W�ΔW)2

α2

� �
þ η

β e
�ΔW2

β2 � e
�(W�ΔW)2

β2

� �� � : (12)

In Eq. (12), r0 is fixed since e0 is maintained at the same level
by adjusting D0, and kre is determined by the resist type and devel-
oper. In this study, instead of examining the value of ΔX for a
specific case of the e-beam lithographic process, the normalized
deviation in the edge location (“normalized edge deviation” in

short) is considered for general cases since the main objective is to
find the minimum deviation. In analyzing the edge deviation for a
range of certain parameter, the normalized edge deviation is defined
as ΔX

ΔXmin
, where ΔXmin is the minimum value of ΔX in the range.

The normalized edge deviation of 1 corresponds to the minimum
deviation, i.e., when the edge location is most stable against the sto-
chastic variation of the e-beam lithographic process.

V. ANALYSIS

The deviation in the edge location due to the variation in the
developing time is affected by the lithographic and pattern parame-
ters. In this section, to demonstrate the usefulness of the closed-form
expression of the deviation derived in this study, the dependency of
the deviation on each parameter is analyzed in terms of the normal-
ized edge deviation. Note that this analysis can be done readily by
evaluating ΔX in Eq. (12) with a parameter varied. The dependency
is plotted for several cases where the resist thickness and developing
rate at the feature edge are set to 200 nm and 100 nm/min, respec-
tively. In each case, one parameter is varied with all the others fixed.
In this section, “edge deviation” refers to the normalized edge
deviation.

The dependency of the normalized edge deviation on the
forward-scattering range α is shown for 1 nm � α � 5 nm in
Fig. 8. The edge deviation monotonically increases with α. For a
larger α, i.e., a broader LSF, the exposure contrast over the feature
edge is lower,12 leading to a larger edge deviation. As α increases,
the exposure level at the feature edge (e0) decreases, and therefore,
the dose needs to be increased to maintain e0 at a fixed level (refer
to Sec. IV A). Then, this increased exposure level would make the
exposure contrast higher. However, this effect remains negligible
until α becomes comparable to the feature width W.

FIG. 6. The sidewall of the remaining resist profile for a feature with width W is
illustrated. The width of a feature is measured at the middle layer of resist.
When overdeveloped by ΔX on each side at the resist height of H

2, the width
becomes W þ 2ΔX .

FIG. 7. Edge deviation caused by the variation in developing time where ΔT
. 0 and ΔX , 0, i.e., the left edge is shifted to the left widening the feature width.

FIG. 8. Normalized edge deviation as a function of the forward-scattering range
α when the developing time is increased by 5%, i.e., ΔT

T0
¼ 0:05: β ¼ 10 nm,

η ¼ 0:8, W ¼ 20 nm, ΔW ¼ 0 nm, H ¼ 200 nm, and r0 ¼ 100 nm/min.
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In Fig. 9, the dependency of the normalized edge deviation on
the backscattering range β is plotted for β � α. The edge deviation
shows a bitonic behavior as β increases. The backscattering compo-
nent of LSF has a broader distribution than the forward-scattering
component (characterized by α), making the exposure contrast
over the feature edge lower compared to the case where only the
forward-scattering is considered (equivalently β ¼ α). As β increases

starting from α, the exposure contrast quickly decreases due to the
backscattering component where the decreasing rate becomes smaller
for a larger β. Therefore, the edge deviation increases rapidly in the
beginning and then the increase slows down. At the same time, the
exposure contribution by the backscattering becomes smaller for a
larger β. This makes e0 lower so that the dose is increased, leading to
a gradual increase in the exposure contrast and therefore a gradual
decrease in the edge deviation as β continues to increase. Therefore,
the overall behavior of the edge deviation becomes bitonic.

In Fig. 10, the ratio of the backscattered energy to the forward-
scattered energy, η, is varied from 0 to 1 in examining the behavior
of the normalized edge deviation. It is observed that the edge devia-
tion linearly increases with η. As η increases, the relative effect of the

FIG. 9. Normalized edge deviation as a function of the backscattering range β
when the developing time is increased by 5%, i.e., ΔT

T0
¼ 0:05: α ¼ 3 nm,

η ¼ 0:8, W ¼ 20 nm, ΔW ¼ 0 nm, H ¼ 200 nm, and r0 ¼ 100 nm/min.

FIG. 10. Normalized edge deviation as a function of the ratio of the backscat-
tered energy to the forward-scattered energy η when the developing time is
increased by 5%, i.e., ΔT

T0
¼ 0:05: α ¼ 3 nm, β ¼ 20 nm, W ¼ 20 nm,

ΔW ¼ 0 nm, H ¼ 200 nm, and r0 ¼ 100 nm/min.

FIG. 11. Normalized edge deviation as a function of the feature-width reduction
ΔW when the developing time is increased by 5%, i.e., ΔT

T0
¼ 0:05, (a)

α ¼ 3 nm and (b) α ¼ 4 nm: β ¼ 20 nm, η ¼ 0:8, W ¼ 20 nm, H ¼ 200 nm,
and r0 ¼ 100 nm/min.
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backscattering on the exposure distribution increases. Since the back-
scattering component of exposure has a broader distribution, the
exposure contrast decreases with η, and hence, the edge deviation
increases.

In Fig. 11, the dependency of the normalized edge deviation
on the reduction of feature width, ΔW, is examined in two different
cases of α. As ΔW increases (with the dose fixed), the exposure
contrast at the feature edge decreases slower in the beginning and
then faster.12 However, with the feature-width reduced, the dose
needs to be increased to fully develop the feature in a typical PEC
scheme or equivalently to maintain e0 at a fixed level as mentioned
earlier. The increase in exposure contrast due to the increased dose

is initially dominant, and the decrease caused by the feature-width
reduction becomes more influential as the feature width is further
reduced. Hence, as seen in Fig. 11, the edge deviation exhibits a
bitonic behavior, i.e., decreases initially and then increases. For a
smaller α (a sharper LSF), the fast decrease of exposure contrast
(due to the reduction of feature width) starts at a smaller ΔW. This
is the reason why ΔW for achieving the minimum deviation (nor-
malized edge deviation of 1) is smaller for a smaller α [Fig. 11(a)]
than for a larger α [Fig. 11(b)].

In Fig. 12, the normalized edge deviation is plotted as a func-
tion of the variation in the developing time. As expected, the edge
deviation monotonically increases with the variation in both
directions, i.e., T0 increases [Fig. 12(a)] or decreases [Fig. 12(b)].
The reason why the two graphs in Fig. 12 are not completely sym-
metric with respect to ΔT ¼ 0 is that the relationship between the
developing rate and time is not linear.

In Fig. 13, the dependency of the normalized edge deviation
on feature width W is examined. When W is smaller than the
forward-scattering range α, the exposure contrast and level at the
feature edge are low. Though the dose is increased to compensate
for the low exposure level (to maintain e0), the exposure contrast is
still low leading to a relatively high edge deviation. As W increases,
the exposure contrast (without the dose compensation) increases,
but the level of dose compensation (increase) is reduced. In the
beginning, the effect of the decreasing dose compensation does not
show up, and therefore, the edge deviation decreases. Beyond a
certain point, the exposure contrast starts to decrease slightly
mainly due to the fact that the dose compensation continues to be
reduced, i.e., the edge deviation starts to increase slow but levels
out close to 1.

FIG. 12. Normalized edge deviation as a function of the percent variation in the
developing time ΔT (a) when ΔT . 0 and (b) when ΔT , 0: α ¼ 3 nm,
β ¼ 20 nm, η ¼ 0:8, W ¼ 20 nm, ΔW ¼ 0 nm, H ¼ 200 nm, and
r0 ¼ 100 nm/min.

FIG. 13. Normalized edge deviation as a function of the feature width W when
the developing time is increased by 5%, i.e., ΔTT0 ¼ 0:05: α ¼ 3 nm, β ¼ 20 nm,
η ¼ 0:8, ΔW ¼ 0 nm, H ¼ 200 nm, and r0 ¼ 100 nm/min.
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VI. SUMMARY

As the feature size continues to decrease, the accuracy of real-
izing the CD as designed becomes increasingly important. The CD
is determined by the locations of feature edges in the written
pattern. The edge location can be deviated (from the target location
or the location that would be achieved otherwise) due to the sto-
chastic uncertainty in the lithographic process. In this study, a
closed-form mathematical expression of the edge deviation has
been derived in terms of the lithographic and pattern parameters in
e-beam lithography. The mathematical expression enables one to
analyze the dependency of the edge deviation on the lithographic
and pattern parameters easily without resorting to simulation.
Specifically, the expression of the normalized edge deviation aims
at finding the optimal point where the deviation is minimal instead
of computing the value of deviation.

In the derivation, it is assumed that the developing rate
(equivalently exposure) varies linearly with X (when a rectangular
feature such as lines is long in the Y dimension) but does not vary
along the resist-depth dimension. These assumptions are justifiable
since the stochastic uncertainty is of small scale so that the devia-
tion of the feature edge would occur within a small edge region
where the linearity and uniformity in the spatial distribution of
developing rate hold.

While the double-Gaussian model of LSF (equivalently PSF) is
employed in this study, the closed-form expression of edge devia-
tion can be readily generalized for other models including an LSF
in the numeric format.12 Hence, the result of this study has a broad
applicability.

The results reported in this paper may be referred to for not
only examining the dependency of edge deviation on the litho-
graphic and pattern parameters but also designing a PEC method
that focuses on both accuracy and stability of feature-edge location
and thereby improves the process latitude.

The future study may include relaxing the assumptions made
in this study, e.g., taking into account the layer-dependent expo-
sure, the lateral development of resist, etc.
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