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a b s t r a c t

The point spread function (PSF) plays an important role in electron beam (e-beam) lithography, e.g., esti-
mation of resist profile, proximity effect correction, etc. One of the essential tasks is how to estimate the
PSF with accuracy and efficiency. Conventional approaches include estimation of PSF’s based on certain
functions or through a Monte Carlo simulation. A new approach to estimating PSF’s based on experimen-
tal data is proposed to provide an alternative to the conventional approaches. It utilizes the relationship
between a PSF and a line spread function (LSF), and that between a LSF and the remaining resist profile.
Since effects of all phenomena and processes involved in the exposure step are reflected in experimental
results, the proposed approach has a good potential to generate realistic PSF’s for any substrates and e-
beam tools as long as experiments can be carried out. In this paper, the implementation of the new
approach for estimation of the forward scattering part of PSF is described along with the simulation
and experiment results.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

The electron-beam (e-beam) lithographic process consists of
exposing resist by e-beam and subsequently developing the resist
for pattern transfer. For applications such as the proximity effect
correction [1–6] and the estimation of remaining resist profiles
[7–10], both steps are often simulated. The exposure (energy depos-
ited in the resist) distribution essential in such applications is
computed by the convolution between a circuit pattern (dose distri-
bution) and a point spread function (PSF) which is radially symmetric
and shows how the electron energy is distributed throughout the re-
sist when a single point is exposed. Therefore, high accuracy of a PSF
is crucial in the above-mentioned applications.

The PSF estimation schemes developed previously may be clas-
sified into two groups: Gaussian function fitting and Monte Carlo
simulation. Chang used a double-Gaussian function to fit PSF’s
[11], where one Gaussian function models the deposited energy
due to the forward-scattering of electrons and the other Gaussian
function that due to the backscattering of electrons. The parame-
ter a in the model represents the forward-scattering range, the
parameter b the backscattering range, and the parameter g the
ratio of the backscattered energy level to the forward-scattered

energy level. One problem of this double-Gaussian model is its
inability to model the transition between the forward-scattering
and backscattering regions. To enhance the accuracy of the model,
more complicated forms of functions were proposed, such as the
triple-Gaussian function, the quadruple-Gaussian function, and
the double Gaussian function plus an exponential term [12–15].
A drawback of the curve fitting approaches is the difficulty in
accurately determining the parameters. Based on the model of a
double-Gaussian function plus an exponential term, Fastenau uti-
lized the confocal scanning laser microscope to determine the
parameters in an accurate way [16], however, the lateral develop-
ment of resist was not considered. Instead of using the energy
merit function to minimize the sum of energy deviations, Fretwell
adopted a LOG merit function to determine the parameters of a
normalized triple-Gaussian function by fitting to Monte Carlo
data, which was well approximated in the transition region [17].
However, the LOG merit function was later reported to work well
only for certain substrates such as gold [14]. Rooks proposed an
experiment-based method for determining the optimal value of
the parameter a for a double-Gaussian model of PSF [18].

The Monte Carlo simulation is another widely-used approach to
deriving PSF’s. It traces individual electrons following the paths
stochastically determined based on the phenomena and effects
theoretically modeled. The accuracy of the PSF’s generated by such
a simulation depends on the theoretical model employed and the
number of electrons traced. As long as the number of electrons is

0167-9317/$ - see front matter � 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.mee.2011.05.019

⇑ Corresponding author. Fax: +1 334 844 1809.
E-mail address: leesooy@eng.auburn.edu (S.-Y. Lee).

Microelectronic Engineering 88 (2011) 3054–3061

Contents lists available at ScienceDirect

Microelectronic Engineering

journal homepage: www.elsevier .com/locate /mee



Author's personal copy

sufficiently large and all or most of the major phenomena and ef-
fects are modeled, the PSF’s are considered to be accurate. The pro-
grams based on the Monte Carlo simulation include SEEL [19] and
CASINO [20].

While such approaches are widely used, it is not rare that sim-
ulation results are substantially different from experimental re-
sults. A possible reason is that in the real system, there may be
deviations from the system specifications, e.g., beam diameter,
etc. Also, certain effects may not be known, or may not be easy
to model. Note that experimental results reflect all phenomena/ef-
fects and actual parameters. Therefore, the motivation of this re-
search is to develop a new method for PSF estimation based on
experimental results, which is not constrained by a curve-fitting
function and does not require a time-consuming simulation. The
method is to provide an alternative or complementary approach
to the conventional ones. As a first step of this research effort, fea-
sibility of the method has been examined in this study.

The proposed method employs a single-line test pattern to esti-
mate the forward-scattering part of PSF. The estimation is carried
out through two steps. In the first step, the remaining resist profile
of the test pattern is related to the line spread function, LSF, which is
the exposure distribution when a long line is exposed. The profile
is experimentally obtained and therefore realistically reflects the
phenomena and parameters involved in the exposing process.
The PSF (and therefore LSF) varies rapidly within the forward-scat-
tering range. Therefore, the remaining resist profile of a single line
is utilized in estimation of the forward-scattering part of LSF. Be-
yond the forward-scattering range, the PSF varies very slowly and
its magnitude is orders of magnitude lower than in the forward-
scattering range. Hence, the depth differences among lines in the
multi-line profile may be utilized in estimating the backscattering
part of LSF. In the second step, linear equations relating the PSF to
the LSF are solved to obtain the PSF from the LSF. In this paper, a
complete description of the proposed method for estimating the
forward-scattering part is presented with the simulation and
experimental results. In a future paper, the estimation of the back-
scattering part will be presented.

The rest of the paper is organized as follows. The relationships be-
tween the PSF, LSF, and LRF (line response function) are explained in
Section 2. The two steps for estimating the forward-scattering part
of PSF, i.e., deriving the LSF from the LRF, and the PSF from the LSF,
are described in Section 3. Simulation and experimental results are
presented in Section 4, followed by a summary in Section 5.

2. PSF, LSF, and LRF

The LSF is defined as the exposure distribution in the cross-sec-
tion plane of resist when an infinitely long line is exposed (refer to
Fig. 1). In practice, assuming a Gaussian beam, a line is written as a
sequence of exposed points on a single straight path. The length of
line just needs to be longer than the diameter of the electron-scat-
tering domain. Then, the exposure distribution at the center of the
line is the LSF. After development, the depth of the remaining resist
profile in the cross-section plane is measured at each point as illus-
trated in Fig. 2. The depth distribution (profile) is defined as line re-
sponse function, LRF. That is, the LSF is obtained through the
convolution between the PSF and a long line, and the LSF goes
through the resist development process to yield the LRF. The dose
and developing time must be selected such that the line is not fully
developed at any point, in order to extract the information on the
developing rate. The relationships among the PSF, LSF, and LRF are
depicted in Fig. 3.

One may attempt to derive a PSF directly from the remaining re-
sist profile (i.e., point response function (PRF)) obtained when a sin-
gle point is exposed, as illustrated in Fig. 4. However, it is

extremely difficult to measure the depth profile in the cross-sec-
tion passing through the exposed point, due to the tiny domain
of developed region, making this approach impractical. Therefore,
in this study, a two-step procedure is developed to derive the PSF
from the LRF through the LSF. Note that it is much easier to mea-
sure the LRF since any cross-section away from both ends of line
may be used. Also, the width of LRF is significantly larger than that
of PRF, as illustrated in Fig. 4.

In a pattern of multiple features, e.g., lines, the resist profile
of a feature is determined by not only its exposure but also

Fig. 1. Line spread function (LSF) which depicts the exposure distribution in the
cross-section plane perpendicular to the line exposed. The line needs to be longer
than twice the electron scattering range.

Fig. 2. Line response function (LRF) which is the depth distribution of remaining
resist profile in the cross-section plane perpendicular to the line exposed. The line
needs to be longer than twice the electron scattering range.

Fig. 3. Relationships among PSF, LSF, and LRF.
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exposure contributions from other features. It would be harder to
extract the forward-scattering part of PSF (which varies rapidly in
space) from experimental results of such patterns. Hence, for
estimating the forward scattering part of PSF, a single line is
employed, which also enables exploitation of the relationship be-
tween the LSF and PSF.

3. Estimation of forward-scattering

The proposed method for estimating the forward-scattering
part of PSF using a single-line pattern consists of two steps, from
LRF to LSF and from LSF to PSF. In this paper, it is assumed that
the effect of backscattering on the LRF is negligible since the
backscattering part of PSF is several orders of magnitude smaller
than the forward-scattering part (especially in a single-feature
pattern). Nevertheless, the effect will be accounted for in the fu-
ture paper which describes the estimation of the backscattering
part of PSF.

In this study, the variation of PSF along the depth dimension is
not considered as in most applications, i.e., 2 D PSF’s are estimated.
The following notations are adopted for the cross-section plane:

d(x): depth distribution (remaining resist profile), LRF
e(x): exposure distribution, LSF
r(x): developing rate distribution
p(x): point spread function, PSF

3.1. From LRF to LSF

The LSF is derived from the LRF by first estimating the develop-
ing rate distribution from the LRF and then converting the rate into
the exposure. Assuming that the line is oriented parallel with the
Y-axis and sufficiently long such that any variation along the Y-axis
can be ignored, only the cross-section of resist perpendicular to the
Y-axis may be considered (refer to Fig. 1). Also, a 2D model is
adopted, i.e., the exposure (and therefore developing rate) is aver-
aged along the resist depth dimension. Then, the developing rate
distribution in the cross-section can be expressed by a function
of x only, i.e., r(x). The remaining resist profile, i.e., LRF, is depicted
by the depth profile d(x). Since the resist developing process is iso-
tropic, d(x) is not linearly proportional to r(x). For a given point xi

(refer to Fig. 5), d(xi) depends on not only r(xi) but also r(x) in the
adjacent regions. Note that xi is a point at which PSF is to be esti-
mated and does not have to be a point exposed. Though the resist
is developed in all possible directions, d(x) may be estimated as a
combination of vertical component dV(x), i.e., the depth due to ver-
tical development, and lateral component dL(x), i.e., the depth due
to lateral development, as illustrated in Fig. 6.

The estimation of the developing rate distribution r(x) is done
through two phases. Let {xi} be the set of points at which the devel-
oping rate is to be estimated where x0 is the point corresponding to
the center of line as illustrated in Fig. 5. In the first phase, only the
vertical development is taken into account. That is, the initial esti-
mate of rate is computed as r(xi) = dV(xi)/T = d(xi)/T where T is the
developing time, as illustrated in Fig. 7. Then, in the second phase,
r(x) is iteratively adjusted to account for the lateral development,
starting from the center of line. For the center point x0, the lateral
development is non-existent, thus r(x0) remains unchanged through
the second phase. For the next point x1,d(x1) includes the lateral
development since r(x1) < r(x0). And the lateral development dL(x1)
may be computed based on r(x0) and r(x1), as illustrated in Fig. 7.
The depth error is computed as Dd(x1) = dV(x1) + dL(x1) � d(x1), and
is used to control Dr(x1), i.e., the increment of r(x1). Then, dV(x1)
and dL(x1) are recomputed using the updated r(x1), generating a
new Dd(x1). The process is repeated until Dd(x1) becomes less than
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Fig. 4. Comparison of (a) point response function (PRF) and (b) line response
function (LRF).

Fig. 5. Depth d(xi) at a given point xi. Note that xi does not have to be a point
exposed.
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a preset threshold. This iterative estimation recursively continues
from the center of line outward for all xi, as illustrated in Fig. 7.

From the developing rate r(xi), the exposure e(xi), i.e., LSF, is
computed point-by-point through an exposure-to-developing-rate

conversion formula which is experimentally determined. The con-
version formula used in this study is given below:

rðxÞ ¼ F½eðxÞ� ¼ 4000 � e�
eðxÞ�1:0e11

5:8e10ð Þ2 þ 50 � e�
eðxÞ�7:0e9

1:0e10ð Þ2 � 235 ð1Þ

where r(x) is in nm/min and e(x) in eV/l2.

3.2. From LSF to PSF

In general, the exposure distribution is computed by the convo-
lution of the dose distribution of a pattern with the PSF. In the def-
inition of LSF, the dose along a line is constant. Therefore, the
exposure at a point only depends on the distance to each of the ex-
posed points, given the constant dose. Let us consider a discrete
domain as illustrated in Fig. 8. Without loss of generality, the coor-
dinates of discrete points are assumed to be integers, i.e., xi = i. The
column vector e represents the set of sampled LSF, i.e.,
(e(0),e(1), . . . ,e(R)) where e(0) is the sample at the center of LSF
and R corresponds to the electron scattering range. Similarly, the
column vector p denotes the set of sampled PSF, i.e.,
(p(0),p(1), . . . ,p(R)). Note that e is defined on the X-axis and the line
exposed is along the Y-axis.

The exposure e(i) is computed by summing up the exposure
contributions from the exposed points on the line as follows:

eðiÞ ¼ pðiÞ þ 2 �
Pb
ffiffiffiffiffiffiffiffiffi
R2�i2
p

c

k¼1
pð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i2 þ k2

p
Þ

¼ pðiÞ þ 2 �
Pb
ffiffiffiffiffiffiffiffiffi
R2�i2
p

c

k¼1
ðblc þ 1� lÞ � pðblcÞ þ ðl� blcÞ � pðblc þ 1Þð Þ

ð2Þ

where l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i2 þ k2

p
.

The discrete convolution to compute e can be expressed in the
form of matrix multiplication:

Fig. 6. The depth profile d(x) may be modeled as a combination of vertical
development dV(x) and lateral development dL(x).

Fig. 7. Estimation of the developing rate distribution: (a) the initial r(xi), (b) after the lateral component for point x1 is estimated, and (c) after the estimation for all points is
completed.
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e ¼ A� p ð3Þ

where the element (i, j) of the matrix A quantifies how much p(j)
affects e(i).

The element A(i, j) can be derived by rearranging the terms in
Eq. (2):

Aði; jÞ ¼

0 for i > j

1þ 2 �
Pk3

k¼k2

ðblc þ 1� lÞ þ 2 �
Pk2

k¼k1

ðl� blcÞ for i ¼ j

2 �
Pk3

k¼k2

ðblc þ 1� lÞ þ 2 �
Pk2

k¼k1

ðl� blcÞ for i < j

8>>>>>><
>>>>>>:

ð4Þ

where k1 ¼ d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðj� 1Þ2 � i2

q
e, k2 ¼ d

ffiffiffiffiffiffiffiffiffiffiffiffiffi
j2 � i2

q
e and

k3 ¼ b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðjþ 1Þ2 � i2

q
c.

As long as the sizes of the vectors p and e are the same, the
square matrix A is invertible since A is an upper triangular matrix.
Then, the PSF can be computed by

p ¼ A�1 � e ð5Þ

The computational requirement in this step can be significant
depending on the sampling interval since the size of A can be very
large. However, this problem can be easily alleviated by employing
non-uniform sampling in order to exploit the fact that the PSF var-
ies fast only for a short range beyond which it changes very slowly.
In the short range, the PSF is sampled sufficiently finely, but the
sampling interval is increased progressively.

3.3. Procedure

The procedures for estimating the forward-scattering part of
PSF’s are summarized below and also depicted in Fig. 9.

Step 0: The developing rate at the center point x0 is computed as
r(x0) = d(x0)/T where T is the developing time and set i to 1.

Step 1: At the point xi, compute the initial developing rate
distribution from a depth profile d(xi), i.e., LRF. That is,
r(xi) = d(xi)/T.

Step 2: Compute the vertical development dV(xi) = r(xi) � T and lat-
eral development dL(xi) = GL[r(xk)jk = 0,1,2, . . . ,i], where
GL[ � ] given in Eq. (6) represents the process of estimating
the lateral development

dLðxiÞ¼GL½rðxkÞ j k¼0;1;2; . . . ; i�

¼
Xi

j¼1

Z rðxj�1Þ�T

rðxjÞ�T
rðxiÞ � T� z

rðxj�1Þ
�
Xi�1

k¼j

WP

rðxkÞ

 !
� dz
ðrðxj�1Þ� rðxjÞÞ �T

ð6Þ

where rðxiÞ � T � z
rðxj�1Þ

�
Pi�1

k¼j
WP

rðxkÞ

� �
is limited between 0 and Wp, and

Wp = xi � xi�1.
Step 3: If the percentage depth error Djd(xi)j = j(dV(xi) +

dL(xi) � d(xi))/d(xi)j is smaller than a certain threshold, go
to Step 4. Otherwise, compute Dr(xi) = GE[r,Dd(xi)] where
GE[ � ] given in Eq. (7) is a function used for controlling
the increment/decrement of r(xi), update r(xi) = r(xi) +
Dr(xi), and go back to Step 2.

DrðxiÞ ¼ GE½rðxiÞ;DdðxiÞ�
¼ rðxiÞ � ð�sgnðDdðxiÞÞ � aÞ

ð7Þ

where a is a preset constant between 0 and 1.
Step 4: If the developing rates at all points have been estimated,

go to Step 5. Otherwise, i = i + 1 and go back to Step 1.
Step 5: Compute the exposure distribution, i.e., LSF, by

e(xi) = F�1[r(xi)], where F[ � ] is the exposure-to-develop-
ing-rate conversion formula given by Eq. (1).

Step 6: For each point at which the LSF is examined, calculate its
distance from each exposed point (refer to Fig. 8). Based
on the distances, generate matrix A according to Eq. (4).

Step 7: Derive the PSF from the LSF by p = A�1 � e which can be
effectively considered as a deconvolution process.

4. Results and discussion

The proposed estimation method has been tested first through
simulation where PSF’s generated by a Monte Carlo method (SEEL
[19]) are employed, in order to examine its feasibility. From a PSF,
the LSF is computed by the convolution, the LRF is obtained
through the developing rate conversion and development

Fig. 8. The exposure at a point in the LSF only depends on the distances (l) to the
exposed points on the line, given a uniform dose.

Fig. 9. Flowchart of the proposed estimation scheme.

Table 1
Difference between the estimated PSF and Monte Carlo simulated PSF.

PSF Difference

PMMA
thickness (nm)

Beam
energy (keV)

Mean percentage
difference (%)

Max percentage
difference (%)

100 5 3.92 9.29
20 2.33 6.83
50 5.85 15.47

300 5 5.92 13.30
20 1.71 5.63
50 2.64 7.25

500 5 4.84 14.89
20 6.65 13.99
50 4.59 7.69
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simulation, and then the proposed estimation scheme is employed
to estimate the PSF from the LRF. The estimated PSF is compared

back to the original PSF. Note that the purpose of this simulation
study is to verify the accuracy of the proposed method, i.e., if it
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Fig. 10. Simulation results (300 nm PMMA on Si and 5 keV): (a) LRF generated from Monte Carlo simulated PSF; (b) LSF estimated from LRF; (c) PSF estimated from LSF; (d) PSF
generated by Monte Carlo simulation.
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Fig. 11. Simulation results (300 nm PMMA on Si and 20 keV): (a) LRF generated from Monte Carlo simulated PSF; (b) LSF estimated from LRF; (c) PSF estimated from LSF; (d)
PSF generated by Monte Carlo simulation.
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is able to derive the original PSF from the LRF generated through
the simulated experimental process. The substrate systems

employed in the simulation are composed of PMMA on Si where
the three different PMMA thicknesses, 100, 300, and 500 nm, are
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Fig. 12. Simulation results (300 nm PMMA on Si and 50 keV): (a) LRF generated from Monte Carlo simulated PSF; (b) LSF estimated from LRF; (c) PSF estimated from LSF; (d)
PSF generated by Monte Carlo simulation.
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Fig. 13. Experimental results (300 nm PMMA on Si and 50 keV): (a) LRF measured from the SEM image of resist profile; (b) LSF estimated from LRF; (c) PSF estimated from LSF;
(d) LRF reconstructed from the estimated PSF through simulation.
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considered for each of the three different beam energies 5, 20, and
50 keV. These nine combinations should cover a broad set of differ-
ent shapes of PSF’s. Note that as the beam energy is increased, the
forward-scattering range is reduced and the backscattering range
is increased [21].

The performance of the proposed estimation method is evalu-
ated in terms of the mean and maximum percentage differences,
which are defined as:

Mean percentage difference ¼ 1
n

Xn

i¼1

j PSF 0i � PSFi j
PSFi

� 100% ð8Þ

Max percentage difference ¼max
n

i¼1

j PSF 0i � PSFi j
PSFi

� 100% ð9Þ

where PSF0 i is the ith value of the estimated PSF, PSFi is the ith value
of the original PSF generated by the Monte Carlo simulation [19],
and n is the number of samples in each of the PSF and PSF0.

It can be observed in Table 1 that the mean percentage differ-
ences are very small, i.e., in the range of 1.71–6.65%. The results
for 300 nm PMMA with 5, 20, and 50 keV are plotted in Figs.
10–12, respectively, where it is seen that the estimated PSF’s match
very well with the original PSF’s.

The proposed estimation method has been tested also via
experiment. A Si wafer was spin-coated with 300 nm PMMA and
soft-baked at 160 �C for 1 min. A long line was exposed with a high
dose (2500 lC/cm2) using ELIONIX ELS-7000 e-beam lithography
system (50 keV) and the sample was developed in MIBK:IPA = 1:2
for 40 s. The high dose is to obtain a significant developed depth
while exposing a line. The LRF was measured from the cross-
section SEM image of resist profile (the yellow curve in Fig. 13).1

The LSF (Fig. 13) was estimated from the LRF and then the PSF
(Fig. 13) from the LSF. In order to examine the accuracy of the esti-
mated PSF, the LRF (the yellow curve in Fig. 13) was reconstructed
through simulation using the estimated PSF. The mean percentage
error between the measured and reconstructed LRF’s (remaining
resist profiles) is 7.35%, demonstrating high accuracy of the pro-
posed estimation method.

5. Summary

An experiment-based approach to estimating the forward-
scattering parts of PSF’s is proposed to provide an alternative to
the conventional approaches. The proposed method utilizes the
resist profile of a single line for the estimation of a PSF in the
forward-scattering range. From the resist profile, the LSF is derived

and then the PSF is computed by solving a set of linear equations
formulated based on the mathematical relationship between the
LSF and PSF. The feasibility of the proposed approach has been
examined through simulation and also experiments. The results
indicate that the proposed approach has a good potential to enable
a new PSF-estimation method complementary to the existing ones.
The PSF’s obtained by the proposed method which utilizes data
from experiments are likely to produce simulation results consis-
tent with experimental results. The current research includes
development of the estimation method for the backscattering part
of PSF.
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