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Abstract

A system for measurement of deprotection reaction parameters for use with chemicaly
amplified (CA) resists was developed by incorporating baking equipment into a FT-IR
spectrometer. Using this system, studies were conducted of a new mode based on
previous deprotection reaction models, but including the effects of deprotection reaction
delay and the presence of a quencher. Used in these studies were a t-BOC/PHS resist for
KrF excimer laser exposure, and a TBMAg33-IBMAg33-MMA 33 copolymer resin resist
for ArF excimer laser exposure. Deprotection reaction parameters for this model were
measured for these two resists. The resulting parameters were then used with the
PROLITH/2 lithography simulator for profile calculations, which were compared with
SEM observation results. Though the simulation results were not in complete agreement
with the SEM observations, general tendencies agreed quite well. This finding indicates
that the present model may be reasonably applied to CA resists intended for KrF and ArF
excimer laser exposure, and confirms the usefulness of the system described for
deprotection reaction parameter measurement.
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1. Introduction

In the development of advanced lithographic technology, such as studies of new resist materials
[1], resist processing variations [2], and phase-shifting mask methods [3], lithography simulation has
proven to be a useful technique. In the post-exposure baking (PEB) of chemically amplified (CA) resists,
diffusion of the acid generated by exposure and decomposition of protection groups (the deprotection
reaction) occur simultaneously, and ultimately the concentration of the protection groups determines
solubility in the developing fluid. Hence, in conducting simulations of lithography for CA resists, the
simulation parameters involved in the deprotection reaction have a considerable effect on the smulation
accuracy.

We have incorporated a bake plate in a FT-IR spectrometer for the in situ measurement by
infrared spectroscopy of changes in reaction groups accompanying the deprotection reaction during PEB.
Using this equipment, we have attempted to determine deprotection reaction ssimulation parameters for the
cases of CA resists for use in KrF (248nm) and ArF (193nm) excimer laser exposure. Modeling was
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based on the deprotection reaction analysis due to Petersen et al. [4] and Ohfuji et al. [5], extended to
include deprotection reaction delay and base quenchers. Parameters obtained in this way were input to
the PROLITH/2 lithography simulator [6] to simulate the profiles in a line-space pattern for KrF laser
exposure at 0.25 nm feature sizes and ArF excimer laser exposure at 0.15 mm. The results were
compared with SEM images of actua transfer patterns, and the validity of the system described was
corroborated.

2. Hardware Configuration and M easurement Techniques

Figure 1 is an externa view of the hardware. The FT-IR spectrometer was a model FTS-135
manufactured by Bio-Rad Corp. A 110 mm diameter bake plate with a 10 mm hole in the center was
installed normal to the light path in the FT-IR measurement chamber. The wafer temperature uniformity
was measured using a specia instrumented wafer with five thermocouples. With the hotplate temperature
set at 100°C, the wafer temperature was 98.0 £ 0.2°C. No irregularities were observed in the temperature
distribution over the 10 mm diameter hole. FT-IR measurements were performed in transmission mode.
The IR measurement light penetrates the sample wafer (the measurement area is approximately 5 mm
diameter), passes through the hole in the center of the bake plate, and enters the detector. The wafer is
fixed in place by a vacuum clamp on a transport shuttle, and when the start button is pressed, is
transported within 0.5 second to the bake plate. Proximity baking at a distance of approximately 0.2 mm
was used. The in situ measurements are begun simultaneously with the initiation of baking. IR
measurements were performed over the range 2000 to 500 cm™ with a wavenumber resolution of 4 cm™.
The number of cumulative measurement scans was set to one and sampling was performed every two
seconds.

The IR signal was monitored at a wavelength properly chosen for each resist. Figure 2 shows
the structural formulas of the resist materials used in these measurements and Figure 3 shows the
protection group dissociation reactions thought to occur.  The two resists used were: a)
polyhydroxystyrene (PHS) with tertiary-butoxycarbonyl (t-BOC) and acetal as protecting groups, for use
in KrF excimer laser exposure; and b) a tertiary copolymer resin (TBMAgs3-IBMAg33-MMA(33)
consisting of tertiary butyl methacrylate (TBMA), isobornyl methacrylate (IBMA), and methyl
methacrylate (MMA) for ArF laser exposure. The photoacid generator used for both resists was triphenyl
sulphonium triflate (TPS) and an aniline derivative was used as the quencher. The solvent was PGMEA
in both cases. Figure 4 shows the infrared absorption spectrum for wavenumbers from 2000 to 500 cm™
as a function of PEB time for these resists. We see that as the PEB time elapses (i.e., the deprotection
reaction proceeds), there is a decrease in the strength of the absorption peak for the C-O (ether) bond
between the protection groups and the resin, which occurs at 1150 cm™ for the KrF resist and at 1144 cm™
for the ArF resist. Deprotection reactions were then monitored by following the changes with PEB time
in the infrared absorption spectrum at 1150 cm™* for the KrF resist and at 1144 cm™ for the ArF resist.

3. Calculation Model and Data Analysis

In order to analyze the kinetics of the deprotection reaction, the measured IR absorbance is
converted into a normalized protection group concentration by comparing the change in absorbance after

Advances in Resist Technology and Processing XVI, SPIE Vol. 3678 (1999)



a given bake time to the maximum possible change (i.e., from no deprotection to complete deprotection).
This relative concentration of protected sites was then measured as a function of bake time for many
exposure energies. By applying Petersen’s and Ohfuji’s deprotection reaction model (equation (1) below
[4,5]) to this result, the best fit values for the deprotection reaction rate constant Ky, the deprotection
reaction order m, the PAG exposure rate constant C, and the acid lifetime t, can be determined (see Figure
5).

o

where [P] is the relative concentration of protected sites, E is the exposure energy, and t is the bake time.
This model assumes a uniform exposure through the resist so that acid diffusion can be neglected. Note
that if the resist is significantly absorbing this assumption could become quite inaccurate. Also, this
model assumes that there is no room temperature deprotection so that [P] always begins at 1.0 for t = 0.
The acid lifetime t is related to the bulk acid loss rate constant ki.ss used by PROLITH/2 [6] by the
expression
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We have adopted a new model equation, which adds to the previous model the effect of
deprotection reaction initiation delay and the effect of acid capture by a quencher. The deprotection
reaction delay effect occurs because several seconds (roughly 10 to 20 seconds) are required for the wafer
to rise to the prescribed temperature when it is moved to the bake-plate and PEB is started in proximity
mode. This delay in temperature increase appears as a delay in the onset of the deprotection reaction.
This effect is readily studied through in situ measurements. This deprotection delay effect can be
approximated by a simple delay time before the initiation of the deprotection reaction, Ty4. Further, when
a quencher exists in the resist, this quencher captures acid generated by exposure. This effect, in which
the quencher causes a decrease in the acid concentration, is expressed by Q, the quencher concentration
relative to the initial PAG concentration. Equation (3) is the expression for the new model.
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where [H] = 1- exp(- CE)- Q
and where [H] is the acid concentration relative to the initial PAG concentration.

4. Experimental Procedure and Results

The resist samples previously described were used in an attempt to confirm the accuracy of the
model of the preceding section and to calculate their simulation parameters for PEB. The sample
processing conditions were as follows.
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KrF Resist: ArF Resist:

Prebake: 90°C for 60 sec Prebake: 120°C for 60 sec

Exposure: 0 — 100 m¥cm? Exposure: 0 — 100 m¥cm?

PEB: 100°C — 130°C for 90 sec PEB: 100°C — 130°C for 90 sec

PAG: 5wt% of resin PAG: 2wt% of resin

Quencher: 0.1 wt% of resin (Q = 0.02) Quencher: 0.1 wt% of resin (Q = 0.05)
Film thickness: 0.7 nm Film thickness: 0.5 nm

For the KrF exposure, a simplified exposure system for experimental use, the UVES-2000, was
used. For ArF exposure, the ArFES-3000 exposure system for photochemical analysis was used [7].
Figure 6 shows the relation between deprotection rate and PEB time at different PEB temperatures (100,
110, 120, 130°C) for the two resists. Here the exposure doses were 20 mJcm? for KrF exposure (Egz at
0.25 nm L/S for PEB at 100°C) and 20 mJ¥cm’ for ArF exposure (Esz at 0.15 nm L/S for PEB at 120°C).
The wavy lines indicate the measured values, solid lines show the results of fitting to the equation. Good
fits to the data were obtained in both cases.

5. Discussion of Results
5.1 Basic parameter extraction

In Figure 6 the data for the deprotection rate for different PEB temperatures are given for the
KrF and ArF resists at one exposure.  Simultaneous fitting of this data and data for other exposures to
equation (3) alows al of the model parameters to be extracted at each PEB temperature. The exposure
doses used were 0, 2, 4, 6, 8, 10, 20, 40, and 100mJcm? for both resists. Tables | and Il show the
deprotection reaction parameters for both resists and Figure 7 plots the resulting basic model parameters
as a function of temperature. The exposure rate constant C, the quencher concentration Q, and the
deprotection reaction order m do not vary appreciably with temperature, as expected. These parameters
can be assumed to be constants for a given resist material. In addition, m is approximately 1.0 for both
resists, indicating that a smple first order deprotection reaction is likely. The fitted quencher
concentration matches the stoichiometric value quite well, indicating that the quencher used in these
resists is not lost during the PEB and is 100% effective at quenching the acid. The variation of Ky, with
temperature follows a classical Arrhenius behavior with an activation energy of 24.57 Kcal/mol (In(Ar) =
29.82) for the KrF resist and 34.47 Kcal/mol (In(Ar) = 43.26) for the ArF resist.

5.2 Effect of acid lifetime

The datain Figure 6 for the KrF resist indicates that as the PEB time increases, the deprotection
curve changes in a linear fashion (on the logarithmic scale), but there is a large bend in the curve a a
protection ratio of about 0.01. This suggests that when the protection ratio reaches a certain level, acid
ceases to act as a catalyst and the deprotection reaction no longer proceeds. On the other hand, in the ArF
resist the deprotection reaction curve is linear to the end, suggesting that in the range of practical PEB
temperatures the acid lifetime in the deprotection reaction is sufficiently long.
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Figure 8 shows the relation between PEB temperature and the extracted acid lifetimet. For the
KrF resist, as the PEB temperature increases we see that the acid lifetime is shortened. But in the ArF
resist, the acid lifetime was found to be sufficiently long so that bulk acid loss is not contributing to the
kinetics of deprotection. The two resists use the same PAG, thus, although the acid generated in the two
is the same, differences in the polymer structure (including differences in the protecting groups) were
found to give rise to differences in the acid lifetime. For the KrF resist, the variation of acid lifetime with
temperature is well described by an Arrhenius behavior of ks with an activation energy of 15.21
Kcal/mol and In(Ar) = 15.88 (1/sec).

5.3 Effect of reaction initiation delay

On examining Figures 6 (a) and (b), it was found that the deprotection reaction tends to start
sowly, then after a short time increase to its normal rate. For example, when PEB is at 110°C, the
deprotection reaction in the ArF resist begins only after a holding time of about 20 seconds has elapsed.
This suggests that if the resist has not heated sufficiently and the acid has not been activated, the
deprotection reaction does not begin.

Figure 9 shows the relation between PEB temperature and the reaction delay time. In the ArF
resist, asthe PEB temperature increases the reaction delay is shortened. But in the KrF resist, the reaction
delay time is unchanged regardless of the PEB temperature. More work is needed to clarify the reasons
for this phenomenon.

6. Comparison of Experiment and Simulation

It was confirmed that the deprotection model adopted in this work is valid for KrF and ArF
chemically amplified resists. The parameters obtained relating to the deprotection reaction were then
input to the PROLITH/2 lithography modeling system, and simulations were conducted. In addition, KrF
and ArF steppers were used to transfer patterns to resist, and SEM images of the results were compared
with the simulation results. Exposure dose was calibrated between the steppers and the UVES-2000 and
ArFES-3000 exposure tools using the resist dose to clear.

Conditions of KrF resist exposure: Conditions of ArF resist exposure:
Exposure wavelength: 248 nm Exposure wavelength: 193 nm
NA: 0.57 NA: 0.60
Coherence factor: 0.60 Coherence factor: 0.70
Lines and spaces. 0.25mm Lines and spaces. 0.15mm
Development: NDM-3 (2.38%), 60 sec Development: NDM-3 (2.38%), 60 sec
BARC: 110 nm, n=1.75, k=0.32 BARC: 80 nm, n=1.80, k=0.37
Substrate: Silicon Substrate: Silicon

An ABC-Analyzer [8] was used to measure the Dill absorption parameters A and B. The RDA-
790 Resist Development Analyzer [9] was used in measurements of development parameters. The DPC-
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Software analysis system [10] was used to calculate the PAG diffusion constant D, development surface
inhibition depth d, and relative surface rate Ry. All dissolution rate measurements used a 110°C, 90
second PEB. The simulation parameters were as follows.

KrF resist parameters: ArF resist parameters:
Original Mack model Original Mack model
Riax = 218 nm/s Riax = 198 nm/s
Rmin = 0.13 nm/s Rumin = 0.003 nm/s
n=6.38 n=14.6
M =0.7 M =0.7

Acid diffusivity D = 47.5 nm/s
Inhibition depth d = 83 nm
Relative surface rate Ry = 0.64
Dill Parameter A =-0.07 nm*
Dill Parameter B = 0.56 mm™

Acid diffusivity D = 50.3 nm’/s
Inhibition depth d = 122 nm
Relative surfacerate Ry = 0.72
Dill Parameter A =-0.66 nm’*
Dill Parameter B = 1.29 mm™

Figure 10 (a) compares SEM images with simulation results for 0.25 mm line-space patterns
obtained using KrF resist at different PEB temperatures. Though the exposure doses are not in complete
agreement, the tendency for the sensitivity to rise with the PEB temperature is identical. In addition, the
profiles yielded in simulations are in good agreement with the SEM observation results.

Figure 10 (b) similarly compares SEM images with simulation results for 0.15 mm line-space
patterns obtained using ArF resist at different PEB temperatures. The SEM results indicate that at a PEB
temperature of 100°C there is no resolution, and likewise the simulation results also show no resolution.
At PEB temperatures of 110 and 120°C, both the SEM results and simulations indicate good resolution is
obtained. At a PEB temperature of 130°C, however, there is some trailing off of the pattern. The profile
obtained from simulations is not in complete agreement with this, but a similar tendency to trail off is
seen. We see that the senditivity increases with increasing PEB temperature as expected from the
temperature dependence of Kgp.

Discrepancies between simulation and experiment could come from several sources.
Development properties of the resist may vary somewhat with PEB conditions, but were only measured at
one PEB condition. The diffusivity was assumed to be the same for all temperatures, although it most
certainly should increase with increasing PEB temperature. Finaly, different hotplates will exhibit
different effective temperatures and delay times. No effort was made to calibrate the hotplate of the FT-
IR to the hotplates used in the wafer processing fab.

7. Conclusion

Baking equipment was incorporated into a FT-IR spectrometer for measurement of deprotection
reaction parameters. Using this system, a chemically amplified resist for KrF lithography (based on PHS
using t-BOC) and a CA resist for ArF lithography (using atertiary copolymer resin consisting of TBMA-
IBMA-MMA) were used to corroborate the deprotection reaction modeling. Attempts were also made to
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measure deprotection reaction parameters. The parameters obtained were input into the PROLITH/2
lithography simulation system to perform profile calculations, which were compared with actual SEM
observation results. Though perfect agreement between simulations and SEM results was not obtained,
the general trends observed in both were in good agreement. This result confirms the usefulness of the
present measurement system for studying CA resists for use in deep-UV lithography.
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Tablel. Resultsof parameter measurementsfor KrF resist.

Temp Kgo m C t Tq Q
(°C) (s”) (cmmJ) (sec) (sec)
100 0.034 1.01 0.053 95 16.2 0.020
110 0.104 1.08 0.055 58 15.0 0.021
120 0.160 1.14 0.058 51 15.0 0.019
130 0.456 1.08 0.053 18 15.0 0.020

Tablell. Resultsof parameter measurementsfor ArF resist.

Temp Kgo m C t Ty Q
(°C) (s”) (cmmJ) (sec) (sec)
100 0.050 1.08 0.0044 930 30.0 0.050
110 0.098 1.00 0.0044 1080 22.0 0.050
120 0.385 1.20 0.0044 950 15.0 0.052
130 1.500 1.20 0.0040 970 11.0 0.049
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Fig.1l. Externa view of the FT-IR measurement tool with wafer transport and in situ bake system.
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Fig.2. Chemica structure of (a) KrF CA resist (ethyl acetal-PHS-(t-BOC)), (b) ArF CA resist
(TBMAg33-IBMAg33-MMA 33), and (c) the photoacid generator (TPS) used for both.
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Fig.3. The expected deprotection reactions for (a) the KrF resist, and (b) the ArF resist.
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Fig. 4. Typicd FT-IR difference spectra showing deprotection reaction as a function of PEB time for (a)

KrF resist, 110°C PEB temperature, exposed at 10mJcm? and (b) ArF resist, 110°C PEB
temperature, exposed at 40mJcm?.

Advances in Resist Technology and Processing XVI, SPIE Vol. 3678 (1999)



.
f‘. . o\ —®— Observed
1 . Best Fitting
081
25
o 06
T
nd
c
S o4r
8
@]
E 02
00 ——

0 20 40 60 80 100 120 140 160 180 200
PEB time (sec)

Fig. 5. A normalized protection ratio calculated from FT-IR spectra as a function of PEB time (ArF
resist, 110°C PEB temperature, exposed at 40mJcm?).
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Fig. 6. Relationship between [P] and PEB time as a function of PEB temperature for (a) KrF resist, and
(b) ArF resist. Exposure dose was 20 mJcm®.
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Fig. 7. Relationship between Ky, C, mand PEB temperature for (a) KrF resist, and (b) ArF resist.
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Fig. 10. Comparison between simulated profiles and SEM observation for (a) KrF resist (L/S = 0.25mm),
and (b) ArF resist (L/S =0.15nm) for different PEB temperatures at Ege.
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