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A three-dimensional (3-D) remaining resist profile often needs to be estimated and examined especially
for nanoscale feature. However, conventional methods, such as the cell removal method and fast march-
ing method, require intensive computation, and therefore are too time-consuming to be employed for
large patterns such as a mask or an iterative procedure such as proximity effect correction (PEC). In this
paper, a new method for 3-D resist development simulation has been developed for fast and accurate
simulation of simple patterns such as lines and rectangles. It employs the concept of ‘‘development
paths’’ to model the development process. In order to reduce the simulation time, each path is examined
individually without a time-consuming iterative procedure which is adopted by conventional methods.
An adaptive scheme has also been incorporated into the proposed simulation method, which further
reduces the simulation time without sacrificing simulation accuracy substantially. The simulation results
show that the proposed method achieves resist profiles well matched with those by conventional meth-
ods, even for more general patterns, but reducing simulation time by orders of magnitude, and the speed-
up is larger for a larger pattern. Also, the accuracy of the proposed method has been verified
experimentally.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

In a lithographic process involving resist such as electron-beam
(e-beam) and optical lithographies, it is often necessary to examine
the remaining resist profile after resist development. It is highly
likely that the resist profile varies along the resist depth dimen-
sion. For nanoscale features, the variation is significant compared
to the feature size and therefore cannot be ignored [1]. Hence, a
3-D (rather than 2-D) resist profile needs to be examined in order
to take the variation into account. Also, in the case of grayscale
lithography [2–4], the resist profile to be examined has to be of
3-D. In obtaining the remaining resist profile of a feature or pat-
tern, a simulation approach is widely used, which follows the resist
development process given an exposure distribution in the resist
layer.

The importance of the development simulation method has
been well recognized and several 2-D/3-D methods were devel-
oped. A simulator for ZEP520A in cold development was developed
by Okada et al. [5]. In their model, resist dissolution is assumed
only in the vertical direction, and thus it may not be accurate to
simulate thicker resists or complex features due to the isotropic
property of the resist development process. Stepanova et al. [6]
introduced a kinetic model for resist development based on appro-
priate initial and boundary conditions. A numeric solution of the
general mean-field equations that predict dissolution of exposed
PMMA is derived as a function of time. However, the accuracy of
this method heavily relies on the unknown parameters to be
assumed. Two dissolution algorithms were discussed by Patsis
et al. [7]. The dynamic dissolution algorithm is able to simulate
the developer diffusion process explicitly, but requiring a great
deal of computation. Schnattinger et al. [8] developed a stable
method for discrete molecular-level mesoscopic resist simulation
using an event-based dissolution algorithm. However, it is time-
consuming due to its iterative procedure. Cell removal methods
are widely used [9–11] because those methods have been proved
to be more stable and robust, and easier to implement. The fast
marching method, which efficiently implements the level set
method proposed by Sethian et al. [12], is also widely used for its
high accuracy in the front advancing problems [13]. The iterative
simulation procedures employed in these two methods make their
computational requirement high, especially for development sim-
ulation of 3-D resist profile.

There are many applications where it is not practical to employ
a time-consuming simulation method for obtaining resist profiles.
One example is estimation of the 3-D resist profile of a large
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Fig. 1. Illustration of the substrate system where H is the initial thickness of resist.
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pattern which would be a necessary step in optimizing the litho-
graphic process before actual fabrication of the large pattern, such
as photomask or imprint lithography mold, using e-beam lithogra-
phy. Another is the proximity correction, e-beam or optical, where
the resist development simulation needs to be carried out in each
iteration of an iterative correction procedure [3,4,14–19]. Note that
for true 3-D correction of nanoscale features, the critical dimension
such as line width needs to be measured at each layer of resist. This
layer-by-layer analysis of resist profile would not be needed in a
conventional 2-D correction. Therefore, there exists a practical
need for a fast and accurate method to simulate resist development
process for obtaining 3-D resist profiles. Also, it is often sufficient
to examine the cross-section of resist profile for simple features
in order to measure the critical dimension of feature such as line
width without paying much attention to fine detail.

In this study, in order to meet the above-mentioned need, a fast
path-based method for 3-D resist development simulation of
simple patterns such as lines and rectangles, which avoids the
time-consuming computation without sacrificing the simulation
accuracy, has been developed. The key idea of the proposed
method is that the development process can be modeled by ‘‘devel-
opment paths,’’ i.e., paths starting from the top surface of resist
toward the boundaries of the final resist profile. Given a developing
time, all possible paths are individually examined without any iter-
ative procedure and a set of the paths reaching the farthest points
on individual layers of resist determines the resist profile.
Although the actual development paths may not be the same as
those in the path-based method, consideration of all possible paths
starting from (all points on) the resist surface (and the boundary of
resist profile is determined by the set of square paths reaching the
farthest points) tends to compensate for the potential discrepancy
between the simulated paths and actual paths. Through an exten-
sive simulation, the proposed path-based method is compared
with the cell removal and fast marching methods in terms of sim-
ulation time and accuracy. It turns out that the resist profiles
obtained by the proposed path-based method are well matched
with those by the cell removal and fast marching methods, even
in more general shapes of patterns (than lines and rectangles),
and the simulation time can be reduced by orders of magnitude,
a larger reduction for a larger pattern. Also, the cross-section of
resist profile of a line obtained through an experiment is shown
to be very close to the one by the path-based method.

The rest of the paper is organized as follows. The related model
is briefly described in Section 2. The conventional methods (cell
removal and fast marching methods) are briefly discussed in Sec-
tion 3. The proposed path-based method is described in Section 4.
The adaptive procedure for optimizing the tradeoff between simu-
lation accuracy and time is described in Section 5. Simulation
results are discussed in Section 6, followed by a summary in
Section 7.

2. Model

2.1. Exposure model

In a typical substrate system employed in this study, a resist
layer with initial thickness of H is on top of the substrate, as illus-
trated in Fig. 1 where the X–Y plane corresponds to the top surface
of resist and the resist depth is along the Z-dimension. The 3-D PSF
is denoted by psfðx; y; zÞ which describes the distribution of energy
deposited (exposure) in the resist when a single point is exposed.
Let dðx; y;0Þ represent the e-beam dose given to the point ðx; y;0Þ
on the surface of the resist for writing a circuit feature or pattern
(refer to Fig. 1). For example, in the case of a uniform dose
distribution,
dðx; y;0Þ ¼
D if ðx; y;0Þ is within a feature
0 otherwise

�
ð1Þ

where D is a constant dose.
Let us denote the exposure at the point ðx; y; zÞ in the resist by

eðx; y; zÞ. Then, the 3-D spatial distribution of exposure can be
expressed by the following convolution:

eðx; y; zÞ ¼
ZZ

dðx� x0; y� y0;0Þpsfðx0; y0; zÞdx0dy0: ð2Þ

From Eq. 2, it can be seen that the exposure distribution at a certain
depth z0 can be computed by the 2-D convolution between dðx; y;0Þ
and psfðx; y; z0Þ in the corresponding plane z ¼ z0, i.e., eðx; y; zÞ may
be estimated layer by layer. Note that the PSF, psfðx; y; zÞ, reflects all
the phenomena affecting energy deposition including the e-beam
blur.

2.2. Exposure-to-rate conversion formula

During the writing process on a PMMA resist, the electrons
come across the resist and deposit energy (exposure) which ionizes
the phenol groups in the polymer. Each initially blocked (pro-
tected) phenol group in the polymer has a chance to be ionized.
If the number of ionized phenol groups exceeds the critical frac-
tion, the polymer becomes soluble [20]. The probability of a given
phenol group being ionized is directly related to the exposure
deposited in that group, and thus the developing rate at each point
in the resist can be subsequently derived from the exposure at that
point. The developing rate is also related to many other factors
such as molecular weight and pH of the developer. Most resists
are nonlinear in nature when exposed by the e-beam, i.e., the
developing rate is not linearly proportional to the exposure. There-
fore, the developing rate rðx; y; zÞ at each point in the resist is cal-
culated from its corresponding exposure eðx; y; zÞ through a
nonlinear exposure-to-rate conversion formula F½�� which may be
derived experimentally.

The conversion formula may be derived experimentally as fol-
lows. A single line is exposed with a spatially-uniform dose, and
after resist development, the depth in the cross-section of remain-
ing resist profile is measured at the center of line. This process is
repeated with different dose levels. Note that the resist is devel-
oped only vertically at the center of line when the dose is spatially
uniform. The resist profile can also be obtained through simulation
by computing the exposure distribution in the resist and convert-
ing exposure into developing rate. The relationship between expo-
sure and developing rate (i.e., conversion formula), which
minimizes the difference between the measured and simulated
depths, is obtained. The following conversion formula F½�� was
derived (also refer to Fig. 2) using the experimental results where
substrate system is composed of 300 nm PMMA on Si:
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Fig. 2. The experiment-based nonlinear exposure-to-rate conversion formula F½��.
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rðx; y; zÞ ¼ F½eðx; y; zÞ�

¼ 4000 � e�
eðx;y;zÞ�1:0e11

5:8e10ð Þ2 þ 50 � e�
eðx;y;zÞ�7:0e9

1:0e10ð Þ2 � 235; ð3Þ

where rðx; y; zÞ is in nm/min and eðx; y; zÞ in eV=lm2. The validity of
this conversion formula was verified in our previous work [21].
3. Existing methods

In this section, two of the existing methods widely used are
described, to which the proposed path-based method is compared.

3.1. Cell removal method

A standard cell removal method is implemented for comparison
in this study. In the 3-D version of the cell removal method, the
resist layer is partitioned into cubic cells as shown in Fig. 3, and
the exposure in each cell is computed and converted into the
developing rate. The developing process is started from the top
surface. In each iteration of the simulation, the surface (sides) of
a cell that is in contact with the developer is determined and each
side is adjusted based on the developing rate. If a cell is fully devel-
oped, the states of its neighbors are updated, i.e., mores sides are
considered to be exposed to the developer or the undeveloped cells
start to be developed. Given a specified developing time, the
Fig. 3. Illustration of the cell removal method where the dashed curve represents a
cross-section of resist profile.
remaining resist profile can by derived from the boundary between
the developed and undeveloped cells.

3.2. Fast marching method

A fast marching level set method is initially proposed to handle
monotonically advancing fronts problems by solving the Eikonal
equation. It is based on level set methods which are numerical
techniques for computing the position of propagating fronts. It
relies on an initial value partial differential equation for propagat-
ing a level set function and uses techniques borrowed from hyper-
bolic conservation laws [12].

In the beginning of the fast marching method, the developing
times of the source points (on the resist surface) are set to be 0,
and they are marked as developed points whereas all other points
are set as undeveloped points. In each iteration, the neighbors of
the developed points are added into the front list, and their devel-
oping times are derived by solving the Eikonal equation. Only the
point with the smallest developing time is marked as developed
and its undeveloped neighbors are added into the front list for
the next iteration. After deriving the developing times of all points,
the remaining resist profile can be derived from a specified devel-
oping time.
4. Proposed path-based method

In this study, a novel method for 3-D resist development simu-
lation has been proposed in order to reduce the simulation time of
an iterative method such as the cell removal method. The proposed
method employs the concept of ‘‘development paths,’’ which start
from the top surface of resist toward the boundaries of the final
resist profile, to model the development process.

The resist development process is isotropic as the resist is
developed in all possible directions. However, in the proposed
method, the development process is modeled by two orthogonal
processes, i.e., vertical development and lateral development, in
order to simplify the simulation procedure. Accordingly, each
development path (just path hereafter) consists of two orthogonal
path segments, i.e., vertical (to depict vertical development) and
lateral (to depict lateral development) path segments (refer to
Fig. 4). More specifically, each path has one vertical path segment
Fig. 4. Illustration of the path-based method where the dashed curve represents a
cross-section of resist profile.
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(along the Z-dimension) and may have one or more lateral path
segments (along the X-dimension or Y-dimension). Note that the
vertical path segment only would not lead to an accurate resist
profile since the lateral development is not taken into account
(refer to Fig. 5).

Each path is ‘‘computed’’ (followed) individually, i.e., finding out
the farthest point in the resist a path can reach given a developing
time T. The computation of a path starts by considering its vertical
path segment, followed by its lateral path segments. A path makes
a turn when it switches from a vertical path segment to a lateral
path segment or a lateral path segment to another lateral path seg-
ment. Whether and in what direction a path is to be turned at a
point depends on the relative developing rates of adjacent points
in the X–Y (horizontal) plane. When a point has a higher develop-
ing rate than its neighboring point, it is developed faster leading to
lateral development toward the neighboring point. The larger the
difference of developing rate is, the larger the lateral development
is. Therefore, the turn of a path is always from a point with a higher
developing rate to its neighboring point(s) with a lower developing
rate in the X–Y plane.

Let the distances between adjacent points in the X-dimension,
Y-dimension, and Z-dimension be denoted by Dx;Dy, and Dz,
respectively. A turn is allowed only from one point ðx; y; zÞ with a
higher developing rate to its adjacent points with lower developing
rates, i.e., rðx; y; zÞ > rðxþ Dx; y; zÞ or rðx; y; zÞ > rðx� Dx; y; zÞ or
rðx; y; zÞ > rðx; yþ Dy; zÞ or rðx; y; zÞ > rðx; y� Dy; zÞ. For example, a
path turns into the positive X-direction only at the point ðx; y; zÞ
if rðx; y; zÞ > rðxþ Dx; y; zÞ but rðx; y; zÞ 6 rðx� Dx; y; zÞ, as illus-
trated in Fig. 6(a). But, if rðx; y; zÞ > rðxþ Dx; y; zÞ and rðx; y; zÞ >
rðx� Dx; y; zÞ, it turns into both the positive and negative X-direc-
tions, as illustrated in Fig. 6(b).

In general, the more turns allowed, the more accurate the sim-
ulation result becomes, but the longer the simulation time is. It is
found that in many cases, one turn is sufficient to achieve high
accuracy of simulation, e.g., when one is interested only in cross-
sections of resist profile for a line feature. Even for more general
shapes of feature, two turns are sufficient to obtain accurate 3-D
resist profiles at the expense of a longer simulation time compared
to the case where only one turn is allowed (refer to Fig. 7).
Fig. 5. The difference between the actual resist profile and the resist profile without
considering the lateral development.

(b)
Fig. 6. A path turns to (a) only the positive direction of the X-axis at the point
ðx; y; zÞ if rðx; y; zÞ > rðxþ Dx; y; zÞ but rðx; y; zÞ 6 rðx� Dx; y; zÞ and (b) both the
positive and negative directions of the X-axis at the point ðx; y; zÞ if
rðx; y; zÞ > rðxþ Dx; y; zÞ and rðx; y; zÞ > rðx� Dx; y; zÞ.
The computation of each path terminates when the sum of the
times spent on its path segments is equal to the given developing
time T, which is given by (refer to Fig. 8):

Xz0

z¼0

Dz
rðx0; y0; zÞ

¼ T; ð4Þ

for no-turn (vertical-only) paths,

Xz0

z¼0

Dz
rðx0; y0; zÞ

þ
Xx0

x¼x0

Dx
rðx; y0; z0Þ

¼ T; ð5Þ

for one-turn paths, and

Xz0

z¼0

Dz
rðx0; y0; zÞ

þ
Xx1

x¼x0

Dx
rðx; y0; z0Þ

þ
Xy0

y¼y0

Dy
rðx1; y; z0Þ

¼ T; ð6Þ

for two-turn paths, respectively.



Fig. 7. The development paths with one and two turns where the black and gray
lines are the vertical and lateral path segments, respectively, and the dashed curve
represents a cross-section of resist profile. The Z-axis corresponds to the resist
depth dimension.

Fig. 8. The computation of each path terminates when the sum of the time spent on
its path segments is equal to the given developing time T.
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In order to derive the final resist profile, a mark is used to rep-
resent the status of each point during the resist development sim-
ulation. Initially, all the points in the resist are marked as
‘‘undeveloped.’’ After each path is computed, the points which it
passes through are marked as ‘‘developed.’’ The final resist profile
is determined by tracing the boundaries between the developed
and undeveloped points after all possible paths are computed
(refer to Fig. 9).

The complete procedure of the path-based method is depicted
below (also refer to the flowchart in Fig. 10).

Step 1 : Compute the exposure distribution eðx; y; zÞ, and convert
it into the developing rate distribution rðx; y; zÞ through
the conversion formula F½�� in Eq. 3.

Step 2 : Compute a vertical path segment along the Z-dimension
starting from a point ðx0; y0;0Þ on the top surface of resist
using the developing rate distribution rðx; y; zÞ and the

given developing time T, such that
Pz0

z¼0
Dz

rðx0 ;y0 ;zÞ
¼ T.

Step 3 : Compute a lateral path segment along the X-dimension
starting from a point ðx0; y0; z0Þ (0 < z0 < z0) on the vertical
path segment obtained in Step 2 (if rðx0; y0; z0Þ >
rðx0 þ Dx; y0; z0Þ or rðx0; y0; z0Þ > rðx0 � Dx; y0; z0Þ) such thatPz0

z¼0
Dz

rðx0 ;y0 ;zÞ
þ
Px0

x¼x0

Dx
rðx;y0 ;z0Þ

¼ T.

Step 4 : Compute a lateral path segment along the Y-dimension
starting from each point ðx1; y0; z0Þ (x0 < x1 < x0) on the
lateral path segment obtained in Step 3 (if
rðx1; y0; z0Þ > rðx1; y0 þ Dy; z0Þ or rðx1; y0; z0Þ > rðx1; y0�
Dy; z0Þ) such that

Pz0
z¼0

Dz
rðx0 ;y0 ;zÞ

þ
Px1

x¼x0

Dx
rðx;y0 ;z0Þ

þPy0

y¼y0

Dy
rðx1 ;y;z0Þ

¼ T .

Step 5 : A path is represented in the form of a vector in the 3-D
space as p ¼ ðpx; py; pzÞ, where px ¼ jx1 � x0j; py ¼
jy08 � y0j, and pz ¼ z0 are the lengths of the three path seg-
ments in the X-dimension, Y-dimension and Z-dimension,
respectively.

Step 6 : Mark the points which the path passes through as ‘‘devel-
oped’’ using p ¼ ðpx; py; pzÞ.

Step 7 : If all the possible paths are computed, proceed to Step 8.
Otherwise, go back to Step 2.

Step 8 : Determine the final resist profile by tracing the bound-
aries between the developed and undeveloped points.

In the conventional methods, the statuses of the points in the
resist exposed to the developer are incrementally updated through
many iterations of small time intervals. That is the main reason
why it is time-consuming. It should be clear that the proposed
path-based method does not require such iterations and incremen-
tal updating. This reduces simulation time greatly, still achieving
high accuracy of simulation.

5. Adaptive procedure

In order to minimize the simulation time while achieving high
accuracy of simulation, an adaptive approach is incorporated into
the simulation procedure. Before the final stage of simulation
(resist development), the resist profile would be usually smooth
without sharp shapes such as corners and junctions. Therefore,
a developing period (time) is partitioned into two phases as
illustrated in Fig. 11. In the first phase (0 < t 6 T0), only one turn
is allowed for fast simulation of the early part of resist develop-
ment, and in the second phase (T0 < t 6 T), two turns are
allowed to enhance the accuracy of corners, edges, and junctions.
The complexity of feature shape is to be considered in determin-
ing T0. In general, the simpler the feature shape is, the larger T0

should be, i.e., closer to the simulation with one turn leading
to faster simulation. This adaptive approach reduces the simula-
tion time greatly without sacrificing simulation accuracy
substantially.

6. Results and discussion

The proposed path-based method for 3-D resist development
simulation has been implemented and its performance has been
compared with the cell removal and fast marching methods in
terms of simulation accuracy and time.

In order to demonstrate that the proposed path-based method
can compensate the actual isotropic development process by using
a vertical path segment followed by lateral path segments, a radi-
ally-symmetric (in the cross-section perpendicular to the length
dimension of the feature) exposure distribution is generated
(assumed) for a long line as shown in Fig. 12(a). Note that such
an exposure distribution would make the difference (if any)
between the simulated (by the path-based method) and actual iso-
tropic paths. Nevertheless, as shown in Fig. 12(b), the remaining
resist profile obtained by the path-based method is very close to
those by the cell removal and fast marching methods.

Eight different test patterns (Patterns I-VIII) including Pattern I
(shown in Fig. 13)(a) and Pattern II (shown in Fig. 13(b)) are con-
sidered in the comparison. The largest size of pattern for simula-
tion is 1 lm by 1 lm.

The PSFs used in the simulation are generated by a Monte Carlo
simulation method, SEEL [22]. The substrate system assumed in



(a) (c)

(b) (d)
Fig. 9. (a) All the points in the resist are marked as ‘‘undeveloped’’ before the resist development simulation. (b) After one path is computed, the points which it passes
through are marked as ‘‘developed’’. (c) After another path is computed, more points are marked as ‘‘developed’’. (d) The final resist profile is determined by tracing the
boundaries between those developed points and those which are not.
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this comparison is composed of 300 nm PMMA on Si. The beam
energy is set to 50 keV with the beam diameter of 5 nm. It is
assumed that the resist is developed in the developing system of
methylisobutyl ketone (MIBK): IPA (isopropyl alcohol) = 1:3 for
60 s and IPA for 40 s at 21 �C.

The resist profiles obtained by the proposed path-based method
(with the adaptive procedure) are compared with those by the cell
removal and fast marching methods with the constraint that the
resolution of the resist profile is the same for all three methods,
which is 1 nm at the sub-pixel level. The (top-view) contours of
resist profiles at the top, middle, and bottom layers, obtained for
Pattern I and Pattern II, are provided in Fig. 14 and Fig. 15. Also,
the cross-sections of resist profiles for Pattern IV are shown in
Fig. 16. In these figures, it can be seen that the resist profiles by
the proposed method are well matched with those by the cell
removal and fast marching methods.

The proposed method is also compared with the cell removal
and fast marching methods quantitatively in terms of the profile
difference.

Profile difference ¼
P

x;yjPðx; yÞ � Cðx; yÞjP
x;yCðx; yÞ � 100%; ð7Þ
where Pðx; yÞ and Cðx; yÞ are the 2-D profile arrays (a layer for a fixed
z, i.e., the top, middle, or bottom layer) of the proposed method and
the cell removal method or fast marching method, respectively. The
value of Pðx; yÞ and Cðx; yÞ can be either 0 (for those marked as
‘‘undeveloped’’) or 1 (for those marked as ‘‘developed’’). The profile
differences between the path-based method and the cell removal
and fast marching methods are provided in Table 1. The same high
accuracy is observed in all of the test patterns.

In Table 2, the simulation time measured on a PC with a
2.53 GHz CPU (Intel Core i5-540M) and 2 GB memory is provided
for the test patterns. It can be seen that the proposed path-based
method takes much less time for simulation, compared to the cell
removal and fast marching methods. As the pattern size increases,
the simulation time increases much faster for the cell removal and
fast marching methods than for the path-based method. Note that
the simulation time of the proposed method is almost linearly pro-
portional to the pattern size. Hence, as can be seen from Table 3,
the speedup by the proposed method over the cell removal and fast
marching methods is significantly larger for a larger pattern.

The accuracy of the proposed method has also been examined
experimentally. A long line with the width of single pixel was
exposed with a dose of 2500 lC=cm2 on 300 nm PMMA on Si using



Fig. 10. Flowchart of the computation of a two-turn path, where Dtx;Dty , and Dtz

(Dtx þ Dty þ Dtz ¼ T) are the time spent on each path segment in the X-dimension,
Y-dimension, and Z-dimension, respectively.

Fig. 11. Illustration of adaptive procedure where the red and blue lines are the
vertical and lateral path segments, respectively. The solid blue lines and dashed
blue lines are the path segments in the first phase and second phase, respectively.
The dashed curve represents a cross-section of resist profile. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

(a)

(b)
Fig. 12. (a) Radially symmetric exposure (developing rate) distribution in the cross-
section (perpendicular to the length dimension of the line) of resist for a long line,
and (b) the remaining resist profiles (in the cross-section) derived by path-based,
fast marching, and cell removal methods.
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Fig. 13. The layouts of (a) Pattern I and (b) Pattern II.
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(a) (b)

(c) (d)

(e) (f)
Fig. 14. The remaining resist profiles (top view) for Pattern I at the (a) top, (c) middle, and (e) bottom layers of resist by the path-based, fast marching, and cell removal
methods, respectively, and the respective zoomed-in details at the (b) top, (d) middle, and (f) bottom layers.
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the ELIONIX ELS-7000 e-beam lithography system. The e-beam
energy was 50 keV and the sample was developed in MIBK:IPA
= 1:2 for 40 s. The cross-section SEM image of the remaining resist
profile was taken, which is shown in Fig. 17 where the simulated
resist profile obtained by the path-based method is overlaid for
comparison. In the simulation, the PSF estimated from the SEM
image is employed. In the figure, it is seen that the simulated pro-
file well matches with the actual profile.

7. Summary

A fast path-based method for 3-D resist development simula-
tion of simple patterns has been developed. The proposed method
adopts the concept of development paths to simplify the simula-
tion procedure. This allows one to reduce simulation time greatly
while achieving sufficiently high accuracy of simulation. In order
to optimize the simulation procedure further in terms of simula-
tion time and accuracy, an adaptive procedure has been incorpo-
rated into the simulation method, which reduces the simulation
time greatly without sacrificing simulation accuracy substantially.
Through an extensive simulation, it has been shown that the resist
profiles by the proposed method are well matched with those by
the cell removal and fast marching methods, while the proposed
method takes orders of magnitude less time for simulation,
compared to the cell removal and fast marching methods. Also,
the accuracy of the proposed method has been verified by an



Fig. 15. The remaining resist profiles (top view) for Pattern II at the (a) top, (c) middle, and (e) bottom layers of resist by the path-based, fast marching, and cell removal
methods, and the respective zoomed-in details at the (b) top, (d) middle, and (f) bottom layers.

Table 1
Profile difference between the path-based method and each of the cell removal and fast marching methods.

Pattern Difference of cell removal method Difference of fast marching method

ID Size (nm � nm) Top (%) Middle (%) Bottom (%) Top (%) Middle (%) Bottom (%)

I 500 � 500 0.45 0.53 1.19 0.31 0.73 0.98
II 750 � 750 0.42 0.49 1.54 0.27 0.73 0.73
III 1000 � 1000 0.48 0.78 2.89 0.20 0.65 2.46
IV 150 � 1000 0.70 0.78 3.37 0.30 0.69 0.42
V 250 � 1000 0.70 0.84 2.94 0.19 0.42 1.30
VI 350 � 1000 0.69 1.00 3.28 0.30 1.25 0.56
VII 450 � 1000 0.69 0.95 3.08 0.27 0.86 0.82
VIII 550 � 1000 0.69 1.04 2.41 0.24 1.14 0.86
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Fig. 16. The remaining resist profiles (cross-section view) for Pattern IV by the
path-based, fast marching, and cell removal methods.

Table 2
Simulation time of the cell removal and fast marching methods and the path-based method.

Pattern Cell removal method (s) Fast marching method (s) Path-based method (s)

ID Size (nm � nm) One-turn Two-turn Adaptive

I 500 � 500 403.86 169.47 6.96 32.52 18.73
II 750 � 750 1869.36 421.82 19.09 64.55 53.58
III 1000 � 1000 5332.55 843.52 27.01 116.07 88.97
IV 150 � 1000 160.72 94.41 4.89 19.50 12.21
V 250 � 1000 594.32 169.07 10.92 39.48 24.94
VI 350 � 1000 1050.71 247.31 13.92 59.99 38.56
VII 450 � 1000 1902.56 332.49 20.03 84.31 52.30
VIII 550 � 1000 2744.31 421.26 22.48 101.25 66.04

Table 3
Speedup of the path-based method over the cell removal and fast marching methods.

Pattern Speedup over cell removal Speedup over fast marching

ID Size (nm � nm) One-Turn Two-Turn Adaptive One-Turn Two-Turn Adaptive

I 500 � 500 58.03 12.42 21.56 24.35 5.21 9.05
II 750 � 750 97.92 28.96 34.89 22.10 6.53 7.87
III 1000 � 1000 197.43 45.94 59.93 31.23 7.27 9.48
IV 150 � 1000 32.82 8.24 13.16 19.31 4.84 7.73
V 250 � 1000 54.42 15.05 23.83 15.48 4.28 6.68
VI 350 � 1000 75.48 17.51 27.25 17.77 4.12 6.41
VII 450 � 1000 94.99 22.57 36.38 16.60 3.95 6.36
VIII 550 � 1000 122.08 27.11 41.56 18.74 4.16 6.38

Fig. 17. The cross-section SEM image and the simulated remaining resist profile by
the path-based method (white dashed curves) for a long line pattern.
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experimental result for a line pattern. The path-based method with
one turn is accurate enough for many cases where the size of fea-
ture after resist development, e.g., line width, is of main concern. In
most cases, at most two turns allowed in each development path
would be sufficient. Though the path-based method was developed
for simple patterns, it turns out to achieve high accuracy even for
more general (complex) patterns. The percentage reduction of sim-
ulation time is larger for a larger pattern. Therefore, the proposed
path-based method has a good potential to be a practical and effi-
cient alternative to the existing time-consuming methods in appli-
cations where fast simulation of resist development is desirable.
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