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Measurement of Parameters for Simulation of 193 nm Lithography

Using Fourier Transform Infrared Baking System
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By incorporating baking equipment into a Fourier transform infrared (FT-IR) spectrometer, a deprotection reaction parameter
measurement system that can be used with chemically amplified resists has been developed. This system allows us to study
new models for chemically amplified (CA) resists by including into a conventional deprotection reaction model an initial delay
effect and a quencher effect. This model is also used to measure deprotection reaction parameters. The parameters thus obtained
are inputted into a lithography simulator PROLITH/2 to perform profile simulations. The results are compared with those of
scanning electron microscope (SEM) observations. Although the simulation results and SEM observations are not in complete
agreement, the general trends observed are in adequate agreement. These results confirm the applicability of the proposed
model to CA resists for ArF excimer laser lithography and verify the usefulness of the measurement system.
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1. Introduction

In ArF excimer laser lithography, polyhydroxystyrene
(PHS), which is used in the conventional KrF excimer laser
process, cannot be used due to the extremely intense absorp-
tion at the exposure wavelength (193 nm)." Therefore, ArF
excimer laser processes require the development of new resist
materials. In general, lithography simulation is a useful tool
to aid the development of new materials.”> During the post-
exposure bake (PEB) of a chemically amplified (CA) resist,
the acid generated by the exposure diffuses, and the deprotec-
tion reaction occurs. Since the concentration of the protection
groups determines the solubility of the resist in the developer,
the simulation parameters related to the deprotection reaction
have significant influence on the accuracy of profile simula-
tions of CA resists.

By incorporating baking equipment into a Fourier trans-
form infrared (FT-IR) spectrometer, we developed a system
that performs in situ infrared spectral analysis of changes in
the deprotection reaction during PEB. Using this system, we
have successfully determined the simulation parameters as-
sociated with the deprotection reaction: the deprotection re-
action rate constant Kgp, the deprotection reaction order m,
the photoacid generator (PAG) reaction constant C (Dill’s C),
the parameter related to quencher concentration B, and the
deprotection initial delay constant Ty. The deprotection reac-
tion model® developed by Ohfuji e al. and his colleagues was
used as the basis of the modeling. The parameters obtained
were inputted into a lithography simulator PROLITH/2Y to
calculate the profiles of 0.15 ;m line-and-space features. The
simulation results were compared with the SEM observations
of actual, printed patterns to verify the effectiveness of the
analysis system and the modeling.

2. Hardware Configuration

Figure 1 shows the appearance of the hardware system that
was used in this study. The FT-IR spectrometer used was the
FTS-135 made by Bio-Rad Corporation. A bake plate, with
a 10-mm-diameter hole located at the center to let IR light
through, was attached perpendicular to the light path in the
measurement chamber of the FT-IR spectrometer. Measure-
ments were performed in the transmission mode. The area of

the measurement was approximately 5 mm in diameter.

The wafer was fixed to the transfer shuttle unit by vacuum
suction, and the wafer was moved to the bake plate within
0.5 s after the start button was pressed. Proximity baking with
a gap of about 0.2 mm was employed. When the baking was
started, in situ IR measurement was started simultaneously.
The baking temperature was controlled within £0.3°C on the
wafer surface. The existence of a 10-mm-diameter hole did
not cause any detectable nonuniformity in the temperature
distribution.

IR measurements were conducted with a wave number res-
olution of 4 cm™! over a range of 500 to 2000 cm™'. Mea-
surement scan was carried out once, and sampling was done
every 2.

3. Calculation Model

Figure 2 shows the structural formulae for the resist mate-
rials that were used in the study. The resist resin was a ter-
polymer composed of tertiary butyl methacrylate (TBMA),
isobornyl methacrylate (IBMA), and methyl methacrylate
(MMA). The photoacid generator was triphenylsulphonium
triflate (TPS). A t-butyl group was used as the protection
group. Figure 3 shows the assumed deprotection reaction of
the protection group. Figure 4 shows an infrared absorption
spectrum vs PEB time at wave numbers 500-2000 cm™". The
absorption peak at 1144 cm™! for the C—O bond (ester bond)
between the protection group and the resin decreases in size
as a function of PEB time.

In the next step, the absorbance at the wave number that
was measured under various conditions was normalized by
the absorbance of the completely reacted material with a suf-
ficient exposure dose to give the protection ratio [P]. By
analyzing data obtained in this fashion (decreases in inten-
sity of the ester absorption band in the IR spectrum) using
a simulator which adopts a stochastic mechanism, Wallraff
et al.” showed that the kinetic parameters can be obtained.
They used TMBA polymer with triphenylsulfonium hexaflu-
oroantimonate (TPS-SbFs) as PAG in deprotection reaction
analyses employing an FT-IR spectrometer (focusing on the
decrease in intensity of the t-butyl infrared absorption band
at 1369 cm~!). The deprotection reaction (acid-catalyzed de-
protection) was treated using a model based on first-order re-
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Fig. 1. External view of the FT-IR and bake system.
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Fig. 2. Chemical structure of a chemically amplified positive resist.
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Fig. 3. The expected deprotection reactions.

action kinetics, and reaction constants were extracted using
a new model which adds a proton transfer step between the
unreacted groups and the reaction products.” The technique
for deprotection reaction analysis described by Wallraff et al.
is a useful method for gaining a qualitative understanding of
the kinetics of the deprotection reaction.

On the other hand, Ohfuji ef al.¥ described a model which
gives a quantitative treatment of the deprotection reaction.
The model of Ohfuji et al. is as follows.

[P] = exp[Kq4p{l — exp(—=CE)}"1] (1)
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Fig. 4. Typical FT-IR difference spectra showing deprotection reaction as
a function pf PEB time.

where:

[P]: Normalized concentration of protection group,
[H*]: Normalized concentration of acid,

Kq4p: Deprotection reaction constant/s™!,

m: Deprotection reaction order,

C: PAG reaction constant/cm> mJ ™!,

E: Exposure dose/mJcm™2,
The purpose of this study was to extract parameters for use in
the quantitative analysis of the deprotection reaction using a
lithography simulator. To this end, we adopted the deprotec-
tion reaction model of Ohfuji et al.

We added an initial delay term for the deprotection reac-
tion and an acid loss term due to the quencher into the Ohfuji
Model [eq. (1)].

The new model is given by [eq. (2)].

[P] = exp{—Kq[H"1" (t — Ty)} )
where:
[H'1=1—exp(—CE) —CEQ

Ty: Initial delay constant for the deprotection reaction/s,
Q: Decrease in acid concentration due to the presence of
base quencher,

After the wafer is set on the bake plate and PEB begins, it
takes 5 to 8 s for the wafer to reach the specified temperature.
The initial delay effect in the deprotection reaction refers to
the phenomenon in which the delay in temperature rise on the
wafer results in a delay in the start of the reaction. This effect
has been observed for the first time in this study as a result of
in sity measurements.

Further more, when a quencher exists in the resist, the
quencher captures the acid generated upon exposure. If
there is no acid generation resulting from exposure, then the
quencher cannot capture the acid. Hence it appears that the
amount of acid captured by the quencher is proportional to
the exposure energy and the PAG reaction constant. Figure 5
shows an example of the curve fitted using eq. (2).

4. Experiment and Results

The following three samples were used to calculate the
simulation parameters and to verify the accuracy of the pro-
posed modeling equation. They were the mixtures of terpoly-
mer resin composed of TBMA, IBMA and MMA (TBMA :
IBMA : MMA = 1:1: 1), and a photoacid generator TPS.
An aniline derivative was used as quencher and PGMEA was
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Fig. 5. A normalized protection ratio calculated from FI-IR spectra as a
function of PEB time. )

used as solvent. The sample compositions were as follow:

Sample 1: PAG, 2 wt% relative to resin, without quencher

Sample 2: PAG, 2wt% relative to resin, with quencher
0.1 wt% relative to resin

Sample 3: PAG, 1wt% relative to rtesin, with quencher
0.1 wt% relative to resin

The film thickness was 0.5 um for all samples. The pre-
bake was carried out at 120°C for 60s. The ArF exposure
system ArFES-3000® was used for the exposure. Figure 6(a)
and 6(b) (dotted lines) show the relationship between the pro-
tection ratio and the PEB time at exposure doses of 0, 2, 4, 6,
10 and 20 mJ/cm? for Samples 1 and 2. In Sample 1, with
no quencher added, the deprotection reaction proceeded at
the dose of 2mJ/cm?. In contrast, there was little deprotec-
tion reaction at the dose of 2mJ/cm? in Sample 2 that con-
tained 0.1 wt% of quencher. At exposure doses higher than
10 mJ /cm?, there was no significant difference in the depro-
tection reaction between the two samples.

This suggests that in the low exposure dose region, the ad-
dition of a quencher results in the inhibition of the deprotec-
tion reaction due to the capture of acid, whereas in the high
exposure dose region, the quencher does not significantly af-
fect the deprotection reaction. In other words, the addition of
the quencher improves the effective resist contrast. The solid
lines show the results of the fitting using the proposed equa-
tion (2). The curves for Sample 1 are in good agreement with
the observed data.

For Sample 2, the effects of the quencher are obvious at
the exposure dose of 2mJ/ cm?. Although there is some de-
viation from the observed data at 2mJ/cm?, the results are
in good agreement at doses greater than 4 mJ/ cm’ when the
quencher constant of B = 0.03016 is used. Figure 6(c) shows
the relationship between the protection ratio and PEB time
for Sample 3 at exposure doses 0, 2, 4, 6, 10 and 20 mJ/ cm?.
As the PAG concentration decreased from 2 wt% to 1wt%,
a deprotection reaction began at 4mJ /cm? at the PAG con-
centration of 2wt%. In contrast, at the PAG concentration
of 1wt%, an exposure dose of 6 mJ /cm? is required for the
deprotection reaction to begin. These results indicate that the
amount of the deprotection reaction decreases as a function of
PAG concentration. The solid lines represent the fitted curves.
With a quencher constant of B = 0.04300, there is a general
agreement between simulated and observed data.

The deprotection reaction model shown in this study gives
an adequate degree of agreement at different PAG concentra-
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Fig. 6. Relationship between [P] and PEB time for different exposure
dose.

tions with and without the quencher. Therefore, the model is
considered valid for the materials used in the study.

Figure 7 shows the relationship between the exposure dose
and the initial delay constant for the deprotection reaction
(“delay constants™) for various samples. The higher the ex-
posure dose is, the smaller the delay constant. This suggests
that an increase in the exposure dose produces a greater num-
ber of HT, causing the deprotection reaction to begin even at
low temperatures.

Figures 8(a), 8(b), and 8(c) show the deprotection reaction
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constant Kgp, the deprotection reaction order m, and the PAG
reaction constant C for Samples 1, 2, and 3 at various PEB
temperatures. All samples indicate that the deprotection re-
action constant Kg, tends to increase (0.2 — 1.2) as a func-
tion of PEB temperature. From this, we concluded that as
the PEB temperature rises, the deprotection reaction proceeds
more efficiently. On the other hand, the deprotection reaction
order m tends to decrease (1.8 — 1.0). This indicates that the
higher the PEB temperature, the more activated is the reaction
in which the acid acts as a catalyst, suggesting that a reaction
similar to an acid-amplified reaction takes place. From this
it is surmised that as the PEB temperature rises, the depro-
tection reaction will proceed still more efficiently. The PAG
reaction constant C depends only on the exposure, and is in-
dependent of the PEB temperature; for this reason, a value of
about 0.0035 was obtained for all samples. The PAG reaction
constant C is approximately constant (about 0.0035).

5. Simulation

To examine the usefulness of the model from the standpoint
of the profile simulation, we used a commercially available
CA resist, PAR-101A4, for which PAG and quencher con-
centrations were optimized. The simulation parameters ob-
tained were inputted into the PROLITH/2 to perform 0.15 um
line-and-space patterns simulations. Then, the results were
compared with SEM observations of resist images that were
printed using a stepper.

The parameters were measured under the following condi-
tions.

5.1 Parameter measurement conditions
Resist: PAR-101A4 (Sumitomo Chemical)
Film thickness: 0.50 um

Prebake: 120°C-60s

PEB: 100, 110, 120 and 130°C
Developer: NMD-3 (TMAH 2.38%) 23°C

Figure 9(a) shows the relationship between the protection
ratio and PEB time at different PEB temperatures. At 100°C,
the deprotection reaction was not completed even after 200 s.
However, at PEB temperatures higher than 110°C, the depro-
tection reaction is completed in 200 s. The solid lines, which
indicate the results of fitting, are in good agreement with the
observed data.

Figure 9(b) shows the relationship between PEB tempera-
ture, and the deprotection reaction constant Kgp, the depro-
tection reaction order m, and the PAG reaction constant C
(observed values are listed in Table I). The quencher constant
B was 0.00205 for all of other parameters.

The Resist Development Analyzer RDA-7907 was used
to measure the development rate. The ABC-Analyzer® was
used to measure the photoresist absorption parameter Bpj.
The PAG diffusion coefficient D, and the surface dissolution
inhibition parameters § (inhibition depth) and Ry (real surface
rate) were calculated using DPC-Software.”) The measured
parameters other than those related to the deprotection reac-
tion were as follows.

5.2 Results of parameter measurements
Development parameters for the Original Mack model:

Rpax = 198 nm/s
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Fig. 9. Analysis result regarding deprotection reactions of PAR-101A4.
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D = 50.29 nm?/s
Surface dissolution inhibition parameters:
§ =121.8nm
Ry =0.72

Photoresist absorption parameter:
Apim = 0.0 um™!

BDill = 1.2945 ,um_l

5.3 Simulation conditions

Exposure wavelength: 193 nm

NA: 0.60 (assuming a stepper made by ISI Corp.)
Coherence factor: 0.70

Line and space: 0.15 um

T i
140 160 180 200 Development time: 60 s

Substrate: Silicon with an organic antireflective coating
(80nm BARC/n = 1.80, k = 0.37)

Figure 10 shows a comparison between the simulated

0.15 um line-and-space patterns and SEM observations at

18 various PEB temperatures. SEM observations indicate that
16 patterns were not resolved at 100°. Simulation results also
14 clearly show the lack of resolution. At PEB temperatures of

110 and 120°C, good resolution is obtained in both SEM ob-

Table 1. PEB parameters for PAR-101A4 resist with PEB temperature var-

ied.

PEB Temp. (°C) Kap m C Ty
100 0.061 1.280 0.0039 25.29
110 0.106 1.003 0.0046 22.59
120 0.420 1.100 0.0043 15.33
130 1.016 1.185 0.0063 10.35

Pre bake 120°C/60s L/S=0.15pm

PEB 100 °C

110 °C 120 °C 130 °C

SEM

48 6 mJ/cm? 33.9 mJ/cm 19. 8 md/cm? 14. 8 mJ/cm?

Simulation

50 0 mJ/cm?

43.5 mJ/cm? 22.5 mJ/cm? 16.5 md/cm®

Fig. 10. Comparison between simulated profiles and SEM observations.
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servations and simulations.

At 130°C, footers appeared in the actual resist profile. Al-
though the agreement was not perfect, the simulated profile
also showed footers.

The actual resist patterns also showed an increase in sensi-
tivity as a function of PEB temperature. The same trend was
reproduced in the simulations. This suggests that the sensi-
tivity is increased by the increase in the deprotection reac-
tion constant Kg, which is a function of PEB temperature.
Figure 11 shows a comparison between SEM observations
and simulations for the focus range of —0.60 to 4+0.60 um
at 120°C. While the agreement was not very good on the +
defocusing side, the results are in fair agreement on the — de-
focusing side, resulting in a good overall agreement. These
results demonstrate that the deprotection model presented in
this report is applicable to the ArF resist.

6. Conclusion

A baking apparatus was incorporated into an FI-IR system
in order to develop a measurement system for the deprotection
reaction parameters. The system was used to verify the depro-
tection reaction model by using a CA resist for ArF lithogra-
phy. A commercial resist with optimized PAG and quencher
concentrations was used to measure the profile simulation pa-
rameters. Profile simulations were performed by using the
PROLITH/2, and the results were compared with SEM obser-
vations. Although simulation results and SEM observations
were not in complete agreement, the overall trend obtained

Comparison between simulated profiles and SEM observations.

was in adequate agreement. These results confirmed the ap-
plicability of the measurement system to CA resists for ArF
lithography.
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