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Abstract

A fast simulator for electron beam lithography, called SELID™, is applied for the simulation and prediction of the
resist profile of high-resolution patterns in the case of homogeneous and multilayer substrates. For exposure simulation,
an analytical solution based on the Boltzmann transport equation (where all important scattering phenomena have been
taken into account) for a wide range of e-beam energies is used. The case of substrates consisting of more than one layer
(multilayer) is considered in depth as it is of great importance in e-beam patterning. By combining the energy deposition
data from simulation with analytical functions describing the resist development (for the conventional positive-resist
PMMA), complete simulation of dense layouts in the sub-quarter-micron range has been carried out. Additionally, the
simulation results are compared with experimental ones for dense patterns in the sub-quarter-micron region. By using
SELID™, forecast of resist profile with considerable accuracy for a wide range of resists, substrates and energies is
possible, reducing in that way the cost of process development. Additionally, proximity effect parameters are extracted
easily for use in any proximity correction package. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

During the last decades electron beam lithogra-
phy has been used intensively for the development
of prototype devices and for the exploration of
future devices (nanotechnology). Additionally,
since the device critical dimensions for high-perfor-
mance integrated circuits (ICs) nowadays are in the
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sub-0.25um range, electron beam lithography
plays an important role also in mask making pro-
cesses for these ICs. In the future, the use of electron
beam lithography is expected to increase through
the application of e-beam lithography tools in mass
production in mix and match lithography schemes
[1] (direct write using raster, shaped and projec-
tion e-beam lithography tools e.g. PREVAIL [2],
SCALPEL [3]) and in nanotechnology. Therefore,
the understanding of electron beam interactions
with matter and the physicochemical changes
associated with these interactions are of vital
importance for the optimization of the whole litho-
graphic process.
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Lithography modeling has been proven an
adaptable tool in the efforts for the improvement of
optical and e-beam lithography over the last years.
However, since the resolution required in mask
making was not so challenging in the past, the main
target of electron beam lithography simulation
tools was the correction of the so-called proximity
effect.

In the current work, simulation results for thin
resist layers on homogeneous and multilayer sub-
strates for a wide range of e-beam energies using
a novel electron beam lithography simulator
are presented (SELID™ [4] commercialized by
SIGMA-C, Germany). The simulation results ob-
tained from this simulation tool are compared with
experiment. The comparison is carried out for
high-resolution conditions e.g. high e-beam energy
(50keV), thin resist films (0.4-0.8 um) and appropri-
ate resist for high-resolution (conventional positive
tone, PMMA). It is shown that, SELID™ is
capable of simulation of dense patterns with critical
dimension in the sub-quarter-micron range.

2. Structure of the simulation tool

This simulation tool is structured in three
modules (Fig. 1). In the first module the energy
deposition EDF(r) in the resist film due to a “point”
beam electron source is calculated using an analyti-
cal model based on a solution of the Boltzmann
transport equation’ [5-7]. EDF(r) is the funda-
mental quantity for e-beam lithography simulation
since it is independent of the layout to be exposed,
the beam properties (viz. shape, dimensions) and
exposure strategy (raster or vector). Thus, the
energy deposition of the first module can be used in
all simulation cases where the beam energy and the
composition of the resist and substrate films (in
terms of materials and thickness) are the same.

The second module actually consists of two
parts. In the first, the beam shape and dimensions
are taken into account (single pixel exposure,

! Recently, the application of the Boltzmann transport equa-
tion has been extended to low e-beam energies with promising
results [8].
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Fig. 1. SELID simulation flow chart. In the case of chemically
amplified resists, an additional step for the evaluation of acid
concentration is required. In all cases, results from previous
simulation runs can be used in order to decrease the required
CPU time.

SEDF(r)) through appropriate convolution of the
energy deposition calculated in first module. In
the second part the SEDF(r) is convolved with the
actual layout to be simulated. This part and conse-
quently the second module is the most CPU time
consuming of the whole simulation procedure,
since the energy deposition to a specific point in
a considered layout depends strongly on the layout
mainly through the contribution of backscattered
electrons. The influence range of the backscattered
electrons depends strongly on the composition of
the substrate and the beam energy. Therefore, the
CPU time required also depends on these para-
meters. The influence range used in simulations
must be selected carefully in order to keep the CPU
time required small without degradation of simula-
tion accuracy (e.g. for 10keV exposure on bulk
PMMA on bulk Si substrate the influence range
must be at least 1 um while, in the 50keV case, at
least 10 pm).

The final energy deposition is used as input for
the simulation of resist development (third module).
In this module, a complete set of development mod-
els is available in the software for selection. By
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applying the development rate of the specific resist,
the final resist profile in two and three dimensions
is calculated for the assumed development condi-
tions.

In the case of chemically amplified resists
the processing requires one more step after the
exposure: the post exposure bake (PEB), where
the chemical changes in the resist film take place.
In SELID™ the simulation of this step takes
place on the EDF(r) even though the PEB step
happens after exposure. This simulation strategy
offers the advantage of small CPU times when
various layouts are under investigation. If the
PEB simulation is done on the final layout then
a huge amount of CPU time is required, since
simulation has to take place on a much larger
matrix (3-D).

3. Energy deposition calculations

The method applied for the calculation of
EDF(r) is based on the Boltzmann transport equa-
tion and it is well documented in the literature
[5-8]. This method has been developed for the
simulation of energy deposition in thin resist films
on homogeneous substrates (i.e. bulk Si) and
extended for substrates consisting of horizontal
layers of different materials (multilayer). The
second case is most usual in IC fabrication since
every device consists of several layers of different
materials (i.e. Si, Siz Ny, SiO,, Al, etc.). Addition-
ally, the mask plate consists of two layers: 0.1 um
Cr on glass. As shown in Fig. 2, the substrate
cross-section affects significantly the energy depos-
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Fig. 2. EDF(r) at the resist/substrate interface for various sub-
strates (homogeneous, multi layer).

ition, so that the substrate composition must be
taken into account in a detailed manner.

Since EDF(r) is calculated using analytical func-
tions the required CPU time is very small allowing
the use of a very fine grid. In Table 1 the CPU times
required for various grid values and e-beam ener-
gies are listed. For the simulation a Pentium III
— 500 MHz (256 MB memory) was used. From this
table it is obvious that the CPU time in all cases is
very small and varies linearly with the range in the
X-axis (axis vertical to the axis of incidence Z-axis).
It must be noted that the CPU time does not
depend on the substrate composition (homogene-
ous or multilayer); this is not the case for the Monte
Carlo method [9-11] where the existence of an
interface implies additional conditional statements
in the code.

CPU times required for various substrate composition and e-beam energies

Resist/substrate Energy (keV) D. (nm) D, (nm) X-range (pixels) CPU time (s)
0.4um PMMA/Si 50 20 10 2000 20
0.4um PMMA/Si 50 20 5 4000 40
0.4 um PMMA/Si 10 20 10 400 9
0.4um PMMA/Si 10 20 5 800 18
0.4pm PMMA/Si 50 10 10 2000 55
0.4um PMMA/0.5 um 50 20 5 4000 60

Au/bulk Si
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Fig. 3. EDF(r) due to “point” e-beam incident on 0.4 um
PMMA on bulk Si, for two widely used e-beam energies.

In Fig. 3 the EDF(r) for 20keV and 50keV
e-beam energy in the case of 0.4 im on bulk Si is
presented. This figure reveals a well-known phe-
nomenon: the higher energy causes a more uniform
backscattering contribution (larger area) while the
contribution from the forward scattered electrons is
localized closer to the Z-axis. Due to this behaviour
the resolution is superior in the case of higher
energies with the accompanied drawback of in-
creased dose required.

The preference for higher e-beam energies is ac-
companied with the ability of e-beam lithography
tools to deliver smaller beam diameters at higher
e-beam energies. Even in that case the beam dia-
meter has to be the smallest possible since it affects
seriously the resist resolution. In Fig. 4 the SEDF(r)
for various beam diameters is presented and com-
pared with the EDF(r). The increase in beam dia-
meter produces significant energy deposition in
areas at longer lateral distances from the point of
incidence. Since the total energy deposition does
not depend on the beam characteristics but only on
the exposure dose, it is obvious that at larger beam
diameters the energy deposition at areas close to
the point of incidence is smaller. In the next section
the effect of beam diameter in final resist profile will
be presented.

The EDF(r) and SEDF(r) are also valuable for
proximity effect correction algorithms. The energy
deposition is fitted with a sum of Gaussians. The
coefficients and standard deviations of these
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Fig. 4. Energy deposition spreading at the resist/substrate inter-
face due to beam diameter (for a beam energy of 50keV).

Energy deposition (a.u.)

1.E+00 T T T
0.00 0.01 0.10 1.00 10.00

Distance (um)

Fig. 5. EDF(r) at the resist/substrate interface for various resist
thickness. The e-beam energy used was 50keV.

Gaussians are used as input in the proximity effect
correction software.

In Fig. 5 the effect of resist thickness on the
energy deposition is presented. For thicker resist
films the standard deviation of I; (energy depos-
ition due to forward scattered electrons) increases,
therefore resolution decreases. Thus, from Figs. 3-5
it is obvious that, for the optimum resolution, the
combination of thinner resist film — higher e-beam
energy — best focus beam must be used.

As mentioned above, the use of multilayer
substrates is common in electron beam lithogra-
phy. In Fig. 2, EDF(r) for various substrates at the
same resist thickness and e-beam energy is present-
ed. The highest energy deposition takes place in the
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Fig. 6. T, as a function of e-beam energy for various materials
(with different scattering parameters).

bulk Au substrate due to the higher scattering para-
meters this material has. Additionally, the energy
deposition of backscattered electrons is more local-
ized than in the other two cases (bulk Si, thin Au
film over bulk Si), therefore the correction of prox-
imity effect is more difficult and the resolution is
limited. The multi-layer substrates will be used in
the near future in a very important application: the
fabrication of masks for EUV lithography where
the mask plate consists of numerous thin layers of
suitable reflective materials [ 12]. Therefore, the use
of an accurate simulation tool will decrease the cost
of mask fabrication significantly.

The extent of the intermediate layer effect de-
pends on the material itself and the beam energy,
whereas it is independent of the resist thickness.
For every combination of beam energy and inter-
mediate material (between resist and bulk substra-
te) there is a critical thickness T'., beyond which the
influence on the energy deposition is the same as
that of a bulk substrate [7,13]. The dependence of
T.. on a wide range of e-beam energies for three
different materials is presented in Fig. 6.

4. Resist development

The energy deposition is the most important
quantity for electron beam lithography simulation
in accordance with the importance of the aerial
image in the simulation of optical lithography. The

final energy deposition is used for the prediction of
the resist profile under specific development condi-
tions. The EDF(r) does not depend strongly on the
resist material since almost all organic resists are
polymers of C, H, O at different composition and of
almost the same density. However, the develop-
ment mechanism of each resist is different and
generally it is difficult to develop a simple function
that delineates the development mechanism and
can be used for the prediction of the resist profile
with great accuracy. For example, there are resists
where the developer penetrates the resist film and
causes swelling that decreases the resolution signifi-
cantly, and other materials for which development
time does not affect the resist profile. Therefore, for
effective simulation a great effort must be applied
to the development of such a function.

In the case of PMMA [14] a simple function has
been developed [15] and used successfully for
a long time. In this function the development rate
depends on the local energy deposition and on
some other parameters that can be measured by
experimental techniques. In the current work, the
parameter values needed for the development rate
function have been calculated [16] using an experi-
mental dissolution rate monitor (DRM) [17].
These values have been found to be different from
those mentioned in the literature [16].

In Fig. 7a the effect of the beam diameter in the
resist profile is presented by using the beam condi-
tions mentioned in Fig. 4. It is obvious that the
resist profile is completely different for the same
exposure dose and development conditions. In the
larger beam diameter case the linewidth is smaller
than in the smaller beam diameter case. This effect
is due to the wider spread of the same energy
deposition in the large beam diameter case. Gener-
ally the large beam diameter decreases resist resolu-
tion significantly (Fig. 7b). This decrease is more
intense at high beam energies (50-100keV) where
the standard deviation of forward scattering contri-
bution (I;) is small ( ~ 40 nm for 50keV on 0.4 pm
resist).

By using the development rate function men-
tioned above, extensive simulations have been car-
ried out for the PMMA resist at different resist
thicknesses. The layout consists of numerous very
long lines with nominal linewidth (NLW) of 250
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Fig. 7. (a) Resist profile of 0.2 um isolated line (positive resist) produced at 50 keV beam energy with beam of 20 nm diameter (left) and of
50nm (right) for the same exposure/development conditions. (b) linewidth vs. exposure dose for the two different beam diameters.

and 150 nm with spaces 500 and 300 nm, respective- 350

ly. In Fig. 8 the simulation and experimental results 1 $

are compared. The accuracy of simulation in all 300 é 4

cases is satisfactory. The necessary exposures for a ] o
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and the high-resolution patterning were performed g g
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and b the resist thickness is 0.4 pum. In the lower Fig. 8. Comparison of experimental (E) with simulation (S)

dose the energy deposition was insufficient for total
resist removal from the desired areas while at the
higher dose the patterns revealed with larger than

results for 0.4um PMMA on bulk Si (50keV). Pattern con-
sists of 250nm lines/S00 nm spaces and 150nm lines/300 nm
spaces.
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Fig. 9. Comparison of experimental (E) with simulation (S) results (pattern consists of 250 nm lines/500nm spaces) for different
exposures doses and resist thickness (A): 400 uC/cm?, 0.40 pm PMMA, (B) 520 uC/cm?, 0.4 um PMMA (C) 440 uC/cm?, 0.8 um PMMA,
(D) 560 uC/cm?, 0.8 um PMMA.
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Fig. 10. Resist profiles (2-D and 3-D) of 200 nm dots/200 nm spaces (left) and 100 nm dots/100 nm spaces (right) on 0.32 pm initial resist
thickness (PMMA) exposed at 50 keV. The significant thickness loss in unexposed regions in the 100 nm case is evident.

NLW dimensions. In Figs. 9c and d the resist thick-
ness is 0.8 pm. Due to the development mechanism
of PMMA a dose could be enough for complete
removal of the resist in the desirable areas in thin
layers (0.4 um) while the same dose could be proved
inadequate for thicker films (0.8 pm).

In parallel with the above comparisons, simula-
tion has been carried out for another layout con-
sisting of numerous holes (2-D matrix) of 200 and
100nm NLW spaced by 200 and 100 nm, respec-
tively. This type of layout is very useful for novel
applications such as ultrahigh-density data storage
devices, fluorescence study, development of cataly-
sis nanocentres, etc. In Fig. 10, two- and three-
dimensional simulation results are presented for
both layouts. It is possible to pattern the 100 nm
layout (using the specific experimental conditions:
beam energy, pixel size, beam diameter). However
the thickness loss is significant, an effect that makes

difficult further processing (e.g. lift-off). Further
improvement, could be obtained by using a smaller
beam diameter and/or higher energy while the
application of a thinner resist layer will introduce
further problems in pattern transfer.

5. Conclusions

In the current work a fast electron beam lith-
ography simulator (SELID™) has been used for the
simulation of dense patterns in the 100-250 nm
NLW range at high energies using the conventional
positive-resist PMMA. Using that simulation tool
the effects of beam diameter, beam energy and resist
thickness have been studied in depth in order to
extract the necessary values for high-resolution pat-
terning. In order to improve the simulation’s accu-
racy the development rate parameters have been
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measured experimentally and found to be different
from those published in the literature. The validity of
these values has been verified from the simulation,
where the use of literature values produces results far
away from the ones observed experimentally.

Additionally, the simulator has been applied
for a large area pattern consisting of 100, 200 nm
dots spaced by 100, 200 nm for the development of
a technology that can be used in the fabrication of
novel devices.
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