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ABSTRACT

In electron-beam (e-beam) lithography, the location of a feature edge may vary with experiment due to the stochastic nature of the e-beam
exposure and resist-development processes. From the viewpoint of consistent reproducibility of a circuit pattern, it is essential to enhance
the stability of a feature edge in the e-beam lithographic process. A fundamental metric affecting the stability is the exposure contrast over
the feature edge, and therefore, it is important to understand the dependency of exposure contrast on significant parameters. However, the
computer simulation for the dependency analysis is time-consuming and needs to be repeated. In this study, a new method has been devel-
oped by deriving closed-form mathematical expressions of exposure contrast for the cases of a single feature and a uniform pattern of multi-
ple features. The mathematical expressions enable the fast analysis of exposure contrast without simulation, and therefore, can serve as a
useful tool in e-beam lithography.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0003029

I. INTRODUCTION

Electron-beam (e-beam) lithography has been one of the
popular choices for transferring a pattern of fine features onto a
substrate.1–6 As the feature size continues to decrease, the accuracy
of feature dimensions, such as critical dimension (CD), after the
pattern transfer becomes even more important. The feature dimen-
sions are measured according to the feature boundaries or edge
locations. A source of CD error is the proximity effect due to the
electron scattering in the resist, and a great deal of research effort
has been put on the proximity effect correction (PEC). There are a
number of effective PEC methods developed for e-beam
lithography.7–11 However, even with the optimal PEC result, the
location of a feature edge may vary from experiment to experiment.
This variation of edge location may be caused by the randomness
in both e-beam exposure and resist-development processes; i.e.,
they are stochastic processes. An important metric directly related
to the stability of edge location is the exposure contrast (EC) over
the feature edge where the exposure refers to the e-beam energy
deposited at a point in the resist.

In computational lithography, the spatial distribution of exposure
( just exposure distribution hereafter) is computed point-by-point

through the convolution between the dose distribution for a feature or
a pattern and the point spread function (PSF) where the dose refers to
the e-beam energy incident on a point on the top surface of resist and
the PSF describes the exposure distribution within the resist when a
point on the resist surface is exposed.12 While this approach is flexible,
one needs to carry out the time-consuming simulation (convolution)
whenever any parameter is changed. Also, one cannot see an explicit
relationship between the EC and a parameter until the simulation is
repeated many times with the parameter varied.

The main objective of this study is to develop a new way to
analyze the EC by deriving the mathematical expressions of EC,
which allow one to avoid the shortcomings of the simulation-based
approach. Such an analytic approach was not taken in any previous
work, and a closed-form expression of EC is not currently available.
For the simplicity of derivation, a double-Gaussian approximation
of PSF is employed, and a long rectangular feature and a uniform
pattern of such features, e.g., line/space (L/S) patterns, are assumed.
However, as will be discussed later in Sec. VII, the double-Gaussian
model of PSF is not a requirement for the results of this study to
be valid. This paper describes in detail the derivation of a closed-
form expression of EC as a function of lithographic and pattern

ARTICLE pubs.aip.org/avs/jvb

J. Vac. Sci. Technol. B 41(6) Nov/Dec 2023; doi: 10.1116/6.0003029 41, 062606-1

Published under an exclusive license by the AVS

 27 D
ecem

ber 2023 17:23:26

https://doi.org/10.1116/6.0003029
https://doi.org/10.1116/6.0003029
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1116/6.0003029
http://crossmark.crossref.org/dialog/?doi=10.1116/6.0003029&domain=pdf&date_stamp=2023-12-21
https://orcid.org/0009-0002-0337-3243
mailto:leesooy@auburn.edu
https://doi.org/10.1116/6.0003029
https://pubs.aip.org/avs/jvb


parameters for a single feature and then that for a pattern based on
the single-feature result. The parameters considered include the
forward-scattering and backscattering ranges, the ratio of the back-
scattered energy to the forward-scattered energy, edge location,
feature-width reduction (for PEC), the number of line features in a
pattern, etc. Also, examples of analyzing the dependency of EC on
a parameter using the expressions for various cases are provided.

The significance of the results from this work includes: (1)
They enable the fast analysis of EC without simulation, (2) they
may be used with both analytic and numeric forms of PSF, 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 and EC are intro-
duced in Sec. III. The closed-form expression of EC for a single
feature is derived in Sec. IV. The derivation of an EC expression for a
pattern of multiple features is described in Sec. V. Several examples of
analyzing the EC using the expressions are provided in Sec. VI. The
results and their validity and significance are summarized in Sec. VII.

II. MODEL

When an e-beam is incident on a point on the resist surface,
electrons from the beam travel through the resist being scattered
and depositing their energy in the resist. The exposure distribution
from exposing a single point is quantitatively described by the PSF.
In this paper, for the simplicity of expression, the PSF is modeled
with two 2D Gaussian functions as follows:

psf (x, y) ¼ 1
π(1þ η)

1
α2

e
�ðx2þy2Þ

α2 þ η

β2
e
�ðx2þy2Þ

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.

In Fig. 1, a schematic diagram of PSF is provided. The overall
shape of PSF is determined by the three parameters, α, β, and η,
which depend on various factors, such as the beam energy, the
beam diameter, the resist thickness, the substrate composition, etc.
The exposure distribution due to the forward scattering of electrons
is characterized by α and that due to the backscattering by β. The
ratio of the exposure level of backscattering to that of forward scat-
tering is denoted by η.

The variation of PSF along the resist depth dimension (Z) is
not considered. Note that the variation is small in the case of thin
resist. When the PSF does vary with Z, i.e., the resist layer, the EC
can be derived for each layer, following the derivation procedure
described in this paper.

In general, the exposure distribution e(x, y) can be computed as

e(x, y) ¼
ð ð

psf (x � x0, y � y0)D(x0, y0)dx0dy0, (2)

where D(x, y) describes the dose distribution for a feature or a
pattern.

Consider a rectangular feature with width W and length L as
illustrated in Fig. 2. Assume that the feature is sufficiently long in
the Y dimension, e.g., L � α. In such a case, the exposure depends
only on x except in the regions close to the four corners of the
feature. Then, the exposure distribution can be expressed as e(x)
along the X axis passing through the center of feature (see Fig. 2).
Specifically, assuming that the dose does not vary with y, i.e., the
uniform dose within the feature, e(x) can be computed as

e(x) ¼
ð
h(x � x0)D(x0)dx0, (3)

FIG. 1. Schematic diagram of PSF: the shapes of the forward-scattering and
backscattering components are represented by the parameters α and β, respec-
tively, as can be seen in Eq. (1).

FIG. 2. Rectangular feature with width W and length L, which is long along the
Y dimension.

ARTICLE pubs.aip.org/avs/jvb

J. Vac. Sci. Technol. B 41(6) Nov/Dec 2023; doi: 10.1116/6.0003029 41, 062606-2

Published under an exclusive license by the AVS

 27 D
ecem

ber 2023 17:23:26

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


where h(x) is the line spread function (LSF) and D(x) is the dose
distribution over the feature width.

The line spread function 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

� �
: (4)

That is, the LSF, h(x), describes the exposure distribution
when a long line of points is exposed with a uniform dose. In this
study where long rectangular features, i.e., lines, are considered, the
LSF is employed instead of the PSF. Note that the LSF is equivalent
to the 1D PSF.

A pattern to be considered in this study consists of multiple
long features or lines where the width of each line is W and the
space between two adjacent lines is S as shown in Fig. 3. The
period P is defined as W þ S, which is fixed for a given pattern.
The number of lines in a pattern is denoted by N where N is
assumed to be odd. For simplicity, it is assumed that every feature
is exposed with a uniform dose D0, i.e., D(x) ¼ D0 within the
exposed area and D(x) ¼ 0 outside the exposed area. However,
the results of this study are still applicable even in the cases where
the dose varies within a feature (refer to Sec. VII) or among fea-
tures in a pattern (refer to Sec. V).

It is worthwhile to point out that though a single Gaussian
beam is implied as indicated in Eq. (1), the results from this study
are still applicable to a shaped-beam of a rectangular aperture.
Note that the exposure distribution from a rectangle-shaped beam
is equivalent to that of a rectangular feature exposed by a single
Gaussian beam.

III. EXPOSURE CONTRAST

The exposure contrast EC(x) is defined as the rate at which
the exposure changes at x in the direction of X and may be quanti-
fied by the slope of the exposure curve e(x), i.e., the derivative of
e(x) with respect to x,

EC(x) ¼ de(x)
dx

: (5)

In Fig. 4, the dose, exposure, and EC around the left edge of a
feature are illustrated. It is shown in the figure that the maximum
EC occurs at the middle point in the slope of exposure. This is
usually the case assuming that the feature width is sufficiently large
compared to the scattering ranges of electrons. However, as will be
seen later, a deviation from this can happen in some cases depend-
ing on the values of certain parameters.

To understand the relationship between the EC and the stabil-
ity of a feature-edge location, consider a simple resist-development
model where a point (in the resist) above an exposure threshold is
developed or remains undeveloped otherwise. The location of a
feature edge can be affected by the (unintended) variation of dose,
developing time, developer concentration, etc. All these variations
may be equivalently converted into a variation of the exposure
threshold. As illustrated in Fig. 5, for a higher EC, i.e., a steeper
slope of exposure, the location of a feature edge would be moved
less as the threshold goes up or down. That is, the higher the EC is,
the smaller the variation of a feature-edge location becomes.
Hence, in order to minimize the variation of the edge location, the
EC is to be maximized along the target boundary (edge) of the
feature.

IV. SINGLE FEATURE

Consider a long (line) feature with width W where its left and
right edges are at x ¼ 0 and x ¼ W, respectively. A simple PEC
technique is to reduce the feature width and expose the reduced
feature area with a uniform dose D0, which would result in the
dose distribution illustrated in Fig. 6. Note that the width to be
exposed is reduced by 2ΔW (ΔW on each side of the feature),
while the target width is still W.

FIG. 3. L/S pattern where the width and length of each line are W and L,
respectively, and the space between two adjacent lines is S.

FIG. 4. Dose, exposure, and exposure contrast over the left edge of a feature.
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The exposure distribution over the feature (refer to Fig. 6) can
be computed as

e(x) ¼
ðW
0
h(x � x0)D(x0)dx0 ¼ D0

ðW�ΔW

ΔW
h(x � x0)dx0: (6)

Then, following the definition of EC,

EC(x) ¼ de(x)
dx

¼ D0

ðW�ΔW

ΔW

dh(x � x0)
dx

dx0: (7)

It is not difficult to show that the antiderivative of dh(x�x0)
dx with

respect to x0 is �h(x � x0). Therefore, by completing the integration
in Eq. (7), the following result is obtained:

EC(x) ¼ D0[h(x � ΔW)� h(x �W þ ΔW)]: (8)

Now, substituting the expression in Eq. (4) for h(x) in Eq. (8)
results in

EC(x) ¼ D0ffiffiffi
π

p
(1þ η)

1
α

e
�(x�ΔW)2

α2 � e
�(x�WþΔW)2

α2

� ��

þ η

β
e
�(x�ΔW)2

β2 � e
�(x�WþΔW)2

β2

� ��
: (9)

The result in Eq. (9) explicitly shows the dependency of the
EC on the lithographic (α, β, and η) and pattern (W and ΔW)
parameters.

It is worthwhile to appreciate the result in Eq. (8). Consider the
case of ΔW ¼ 0. It is seen that the EC at the left target edge, EC(0), is
proportional to h(0)� h(�W) ¼ h(0)� h(W) [note that h(x) is
symmetric with respect to x ¼ 0], i.e., determined by the difference
between the two values of LSF at x ¼ 0 and x ¼ W, which corre-
spond to the left and right ends of the exposed region (when the LSF
is centered at x ¼ 0, i.e., the peak of LSF, h(0), is at x ¼ 0), respec-
tively. One can easily see that this interpretation still holds even when
ΔW = 0; i.e., EC(0) ¼ h(� ΔW)� h(�W þ ΔW) ¼ h(ΔW)
�h(W � ΔW). Therefore, in general, EC(0) is smaller for a larger
ΔW as the difference of h(ΔW)� h(W � ΔW) decreases as ΔW
increases [note that h(x) is monotonically decreasing from h(0) in
both directions].

The EC at the right target edge, EC(W), is h(W � ΔW)
�h(ΔW), i.e., the same absolute value but with the opposite sign as
that at the left target edge as expected. Note that the EC is positive
at the left edge while negative at the right edge.

V. PATTERNS OF MULTIPLE FEATURES

The multiple-feature pattern considered in this study is an L/S
pattern where each line is long in the Y dimension (refer to Fig. 3).
As in the case of a single feature, the width of each feature (line) to
be exposed may be reduced for the PEC and a uniform dose D0 is
given to all features in a pattern as illustrated in Fig. 7. Note that
the left edge of the center line is at x ¼ 0.

The exposure at a point can be computed as the sum of expo-
sure contributions from all features in the pattern. Therefore,

e(x) ¼
ð
h(x � x0)D(x0)dx0 ¼ D0

XbN=2c

i¼�bN=2c

ðiPþW�ΔW

iPþΔW
h(x � x0)dx0:

Following the same derivation steps as for the single feature,
one can get the following result:

EC(x) ¼ de(x)
dx

¼ D0

XbN=2c

i¼�bN=2c

ðiPþW�ΔW

iPþΔW

d h(x � x0)
dx

dx0

¼ D0

XbN=2c

i¼�bN=2c
[h(x � iP � ΔW)� h(x � iP �W þ ΔW)]

(10)

FIG. 5. Variation (ΔX ) of the edge location due to a change in the developing
threshold of exposure is smaller for a higher exposure contrast.

FIG. 6. Width of a feature is reduced by 2ΔW for the PEC, and the reduced
feature is exposed with a uniform dose of D0.
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¼ D0ffiffiffi
π

p
(1þ η)

XbN=2c

i¼�bN=2c

1
α

e
�(x�iP�ΔW)2

α2 � e
�(x�iP�WþΔW)2

α2

� ��2
4

þ η

β
e
�(x�iP�ΔW)2

β2 � e
�(x�iP�WþΔW)2

β2

� ���
: (11)

As can be seen in Eqs. (10) and (11), EC(x) consists of the EC
contributions from all features in the pattern. Some of the contri-
butions are positive, while others are negative. For example, for the
center feature, the contributions from the features on its left
(i , 0) are negative, but those on its right (i . 0) are positive
[note that h(x) is smaller for a larger jxj]. Hence, as N increases,
EC(x) may not show monotonic behavior. Nevertheless, the EC at
the left edge of the leftmost feature (which is positive) always
increases as N increases. Similarly, the EC at the right edge of the
rightmost feature (which is negative) always decreases as N
increases. In any case, the exposure level increases as N increases.
Therefore, it would be reasonable to normalize EC(x) by e(x) when
analyzing the EC with N varied.

For the simplicity of equations, it is assumed in the above der-
ivation that the feature-width reduction ΔW and dose are fixed for
all features. When the ΔW or dose needs to be varied with each
feature in a pattern as in a typical PEC result, the feature-
dependent ΔW or dose can be easily incorporated into the deriva-
tion of EC, i.e., into Eqs. (10) and (11).

VI. ANALYSIS

The dependency of EC on the lithographic and pattern param-
eters is examined for several cases to demonstrate the usefulness of
the closed-form expressions derived in this study. That is, in each
case, the EC is computed directly from the expressions without any
simulation.

In Fig. 8, the exposure, EC, and relative EC are plotted over
the left edge of a single feature. The relative EC is defined as the
EC divided by the exposure. As expected, the peak of EC occurs at
the middle of the slope in the exposure curve, which corresponds
to the target edge location. The EC defined in Eq. (5) is the abso-
lute change rate of exposure, i.e., the absolute EC, and would be

larger for a higher exposure level for the same percent change.
Also, when the exposure level is lower, the EC can be smaller,
though the percent change of exposure is larger. Therefore, one
may be interested in the relative EC in addition to the (absolute)
EC. As can be seen in Fig. 8, the peak of the relative EC does not
occur where the EC is highest, but is maximized outside of the
feature (exposed region). It would make sense to consider the
relative EC when comparing two cases with different exposure
levels.

In Fig. 9, the EC is plotted for the cases where the feature
width (W ¼ 8 nm) is comparable to the forward-scattering range
(α ¼ 3, 6 nm). It is observed that the peak of EC is shifted to the
left out of the exposed region, i.e., the peak is not at the target
edge. Also, the EC is not symmetric with respect to the target edge.
These are more conspicuous when α ¼ 6 nm than when α ¼ 3 nm.

FIG. 7. Width of each line in an L/S pattern is reduced by 2ΔW for the PEC, and all lines are exposed with a uniform dose of D0. The period (P) of line/space pair is
W þ S.

FIG. 8. Exposure distribution and contrast over the left edge (X= 0) of a single
line: α ¼ 2 nm, β ¼ 100 nm, η ¼ 0:8, W ¼ 20 nm, and ΔW ¼ 0.

ARTICLE pubs.aip.org/avs/jvb

J. Vac. Sci. Technol. B 41(6) Nov/Dec 2023; doi: 10.1116/6.0003029 41, 062606-5

Published under an exclusive license by the AVS

 27 D
ecem

ber 2023 17:23:26

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


In Fig. 10, the EC at the left edge of a single feature is ana-
lyzed as a function of feature-width reduction. As the width of the
feature to be exposed is reduced, the EC decreases. This is a down-
side of the PEC method which shrinks a feature since the instability
of edge location is increased. The decreasing rate of the EC is larger
for a sharper LSF (i.e., a smaller α). For a broader LSF, the exposure
level is maintained well into the unexposed region, which leads to a

higher EC. Note that in the case of a sharper LSF, the exposure
level quickly decreases at the feature edge, which is in the unex-
posed region, as ΔW increases.

In Fig. 11, the EC in the left edge region of a single feature is
plotted for a given reduction of feature width (ΔW ¼ 5 nm). As
expected, the peak of EC moves to the right by ΔW into the
feature; i.e., the EC is not maximum at the feature edge.

FIG. 9. Exposure contrast over the left edge (X ¼ 0) of a single line:
β ¼ 100 nm, η ¼ 0:8, W ¼ 8 nm, and ΔW ¼ 0 (two different
forward-scattering ranges, α, are considered).

FIG. 10. Exposure contrast at the left edge of a single line as a function of line-
width reduction (ΔW on each side) for the shape correction of PEC:
β ¼ 100 nm, η ¼ 0:5, W ¼ 30 nm, and X ¼ 0 nm (two different
forward-scattering ranges, α, are considered).

FIG. 11. Exposure contrast over the left edge (X ¼ 0) of a single line:
β ¼ 100 nm, η ¼ 0:8, W ¼ 20 nm, and ΔW ¼ 5 nm (two different
forward-scattering ranges, α, are considered).

FIG. 12. Exposure contrast at the left edge of a single line: β ¼ 100 nm,
W ¼ 20 nm, ΔW ¼ 0 nm, and X ¼ 0 nm (two different forward-scattering
ranges, α, are considered).
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In Fig. 12, the dependency of EC on the back-scattered energy
ratio (η) is examined at the left edge of a single feature. As η increases,
the contribution of the back-scattered energy, which has a broader dis-
tribution compared to the forward-scattered energy, becomes greater.
This makes the overall shape of LSF broader, leading to a slower-
varying exposure distribution, resulting in a lower EC.

In Fig. 13, the relative EC over the left edge of the center line
in an L/S pattern is plotted for two different pattern sizes

(N ¼ 1, 21). With the same dose given to all lines, the exposure
level is higher in a larger pattern (N ¼ 21) than in a single line
(N ¼ 1), and therefore, the relative EC is considered for a fair com-
parison. Overall, the relative EC is lower for the larger pattern. As
discussed earlier, the EC contributions from other lines tend to
cancel each other or even decrease the EC. In general, for a greater
N , the spatial distribution of exposure gets smoothed out more (rel-
ative to the exposure level), leading to a lower relative EC. The
peaks of the relative EC are outside of the exposed region, i.e., not
at the feature edge, as in the case of a single line.

In Fig. 14, the relative EC at the left edge of the center line in
an L/S pattern is observed as a function of N . It decreases quickly
initially and then levels out as N increases. This behavior is related
to the shape of LSF, which decreases fast from the peak and then
becomes almost flat. The EC contribution from other line gets
increasingly smaller as the distance to the line increases. Hence, as
more lines are added, their effects on the relative EC diminish fast.
The diminishing rate is larger for a sharper LSF as can be seen in
the figure.

In Fig. 15, the effect of period (P ¼ W þ S) in an L/S pattern
on the EC at the left edge of the center line is considered with W
fixed. The larger the period is, the longer the distance between
lines is. As P (equivalently S) increases, the negative effects from
other lines on the EC decrease, and therefore, the EC increases.
The increasing rate (and the increase itself ) of EC is larger for a
sharper LSF (a smaller α). For a broader LSF (a larger α), the effect
of a line reaches farther. Hence, the EC still increases for a larger P,
though the total increase is relatively smaller.

VII. SUMMARY

The EC is an important metric in e-beam lithography, which
affects the stability of the feature-edge location. The dependency of

FIG. 13. Relative exposure contrast over the left edge of the center line in an
L/S pattern: α ¼ 2 nm, β ¼ 30 nm, η ¼ 0:8, W ¼ 15 nm, S ¼ 15 nm, and
ΔW ¼ 0 nm.

FIG. 14. Relative exposure contrast at the left edge of the center line in an L/S
pattern: β ¼ 30 nm, η ¼ 0:8, W ¼ 10 nm, S ¼ 10 nm, ΔW ¼ 0 nm, and
X ¼ 0 nm (two different forward-scattering ranges, α, are considered).

FIG. 15. Exposure contrast at the left edge of the center line in an L/S pattern:
β ¼ 30 nm, η ¼ 0:8, W ¼ 10 nm ΔW ¼ 0 nm, N ¼ 50, and X ¼ 0 nm (two
different forward-scattering ranges, α, are considered).
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EC on the lithographic and pattern parameters may be examined
through computer simulation. However, the time-consuming simu-
lation has to be repeated for each individual case. In this study, the
closed-form mathematical expressions of EC have been derived for
the cases of a single feature and L/S patterns to provide a general
method to analyze the EC without any simulation. Also, the useful-
ness of the expressions has been demonstrated by analyzing the
behaviors of EC in terms of various parameters.

In this paper, it is assumed for the simplicity of derivation
that each feature is exposed with a uniform dose. However, it is not
difficult to see that the same derivation method can be employed
for a nonuniform dose distribution. A feature may be partitioned
into regions such that the dose is uniform within each region. A
closed-form expression is derived for each region as in this study,
and then the expressions for all the regions can be combined to get
an expression for the whole feature.

It should be pointed out that the results of this study are still
valid even when the LSF (equivalently PSF) is not modeled by a
double-Gaussian approximation. First, if the LSF includes more
than two Gaussian functions for higher accuracy, the additional
Gaussian terms just need to be included in Eqs. (9) and (11).
Second, the LSF may be modeled with any other types of functions
than Gaussian functions, and the closed-form expressions can be
obtained directly from Eqs. (8) and (10) as derived in this paper.
Third, even when the LSF is given in a numeric format (as in the
cases where the LSF or PSF is generated by Monte Carlo simulation
or from the experimental data), the general expressions in Eqs. (8)
and (10) can be utilized to compute the EC. Therefore, the analytic
results presented in this paper are applicable to any form of LSF
and allow one to avoid the point-by-point convolution (required in
the simulation) in analyzing the EC.

An example of practical application is the development of a
PEC scheme where high stability of a feature-edge location is
required. The equations of EC can be used to determine the
feature-width reduction or dose modulation, which achieves the
maximum or high-enough EC at feature edges, without having to
perform time-consuming simulation.

Considering the novelty of the approach, the generality of the
results, and the applicability in the PEC, it may be said that this

study has made a solid contribution to the field of e-beam
lithography.
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