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An existing FT-IR spectrometer system incorporating a bake plate for in situ observation
of protection group removal reactions (de-protection reactions) of chemically amplified
resists is modified, leading to the development of a new de-protection reaction model.
Modifications to the FT-IR spectrometer system are made to ensure full contact between a
wafer and the bake plate, as is the case in actual PEB systems. Processes during initial
wafer heating are found to be different to the previous equipment, in which a gap of 0.2
mm existed between the wafer and baking plate. Because the results of the improved
system disagree with a previous model, a new model which fits the observed data much
more consistently is proposed. The new de-protection reaction model incorporates the
effects of acid evaporation, which are found to be significant.
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1. Introduction
Chemically amplified resists employing acid
catalysts were first researched in 1987 by Ito and
coworkers [1], and have since become
indispensable in the manufacture of semiconductor
devices having design rules of under one-half
micron. During this period, a variety of research has
been conducted with aims such as increasing the
resolution of chemically amplified resists and
enhancing stability over a wider range of
environments [2-4]. Positive tone chemically
amplified resists generate acid from photo-acid
generators (hereafter "PAG") through
photochemical reactions, and in the heating process
performed following exposure (post-exposure bake,
hereafter "PEB") these acids act as catalysts in the
removal of protection groups [1]. Consequently, an
accurate grasp of de-protection reactions is essential
in efforts to develop resists and optimize fabrication
processes. In light of this, the authors have
conducted studies on methods for analyzing de-
protection reactions during PEB[5-8].
The FT-IR spectrometer with bake plate
system described previously is improved by
modifying the contact-baking apparatus so as to

2. Hardware Modifications

more closely reproduce conditions in commercial
PEB systems. In addition, a new de-protection
reaction model is studied. In the previous system, a
gap of approx. 0.2 mm was maintained between the
wafer and bake plate when positioning the wafer on
the bake plate [5]. In actual PEB equipment,
however, baking is performed with the wafer and
substrate in contact, so that in the de-protection
reaction analysis equipment of the previous report
(hereafter "the previous equipment™), increases in
wafer temperature during baking differ from those
in the actual baking process. The experimental
system was therefore improved by changing the
construction so that the wafer is pressed onto the
bake plate by a wafer-restraining rod as it is
inserted, to ensure good physical contact.
Temperature increases similar to those found in
actual PEB processes could then be reproduced.
However, this also revealed that the de-protection
reaction model described in the previous report [5]
does not adequately represent the true de-protection
reaction during PEB. A new de-protection reaction
model that includes the effects of acid evaporation
is proposed.

Figure 1 shows a schematic of the baking
components of the previous equipment and of the
improved experimental setup. In the previous
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Fig. 1 The comparison of conventional bake system
and new method.

equipment, a gap of approximately 0.2 mm existed
between the back surface of the wafer and the
baking surface while a wafer was being moved onto
the bake plate using the wafer shuttle. In addition,
this gap was not uniform over the wafer surface.
The setup is thus improved by using a wafer-
restraining rod to ensure contact between the baking
plate and the wafer as the wafer is inserted,
allowing contact baking to take place. Figure 2
shows photos of the improved experimental setup.
The photo on
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Fig. 2 External view of FT-IR and exposure bake
system.

the right is an enlargement to show the wafer-
restraining rod. To investigate reactions during
exposure, light from a high-voltage mercury lamp
(full width at half maximum of 12 nm, illuminance
at the wafer surface of 1.0 mW/cm?) was passed
through a 248 nm filter before irradiating the wafer
surface. A comparison of the change in wafer
surface temperature with time between the previous
and improved setups is shown in Figure 3 for a
bake plate temperature of 110°C. In the previous
equipment, wafer surface temperature did not reach
100°C until 15 seconds after the start of baking,
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Fig. 3 Comparison of increase in temperature profile
at conventional and new method.

3. Problems with the Previous Model and Study
of the Spence Model
3.1 Problems with the Previous Model
De-protection reaction measurements were
performed at 110°C employing positive tone
chemically amplified resist based on 1-ethoxyethyl
(ethyl acetal) protection groups using the improved
experimental setup with the results shown in Figure
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Fig. 4 Comparison of observed data and fitting result
when de-protection reaction model using equation (1).

reaction model proposed previously [5], which is

expressed as
m(t -T, )j} z':| 1)
T m

[P]= exp{— Kep [H + ]m {1— exp(—
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[H*|=1-exp(-C+E)-Q ()

where [P] is the normalized protection ratio of
protection groups, Kg, is the de-protection reaction
constant in PEB (s%), m is the de-protection
reaction order in PEB, t is the PEB duration (s), [H]
is the normalized acid concentration, C is the PAG
reaction constant during exposure (cm?mJ), E is the
exposure energy (mJ/cm?®), Q is the quenching
constant, Ty is the reaction lag constant in PEB (s),
and t is the average acid lifetime in PEB (s™).

As can be seen in Figure 4, the reaction
model deviates from the experimental data. This
seems to be because the improved experimental
setup produces faster temperature rises during the
initial baking period, promoting a de-protection
reaction that proceeds so rapidly that non-linearities
are introduced. The reaction model does not
adequately take nonlinear reaction characteristics

into account, and so cannot fit the experimental data.

3.2 The Model of Spence, et al.

In 1990, C.A. Spence and coworkers categorized
photochemical reactions of chemically amplified
resists into acid generation reactions, de-protection
reactions and acid deactivation reactions [9-
11].Acid generation reactions are described as :

PAG +hv — H™ +Products (3)
H'X"+Q >HQ"X" (@)

H,,]=1-exp(-CeE) (5

pag
lHqJ:alagJ_q (6)

where [Hp,g] is the normalized concentration of acid
generated through exposure, [H] is the acid
concentration after deactivation by a quencher, C is
a constant relating acid generation to exposure
(cm?/mJ), E is the exposure energy (mJ/cm?), and g
is the amount of quencher added (molar ratio with
respect to PAG).

De-protection reactions are described as:

Ph-OP +H* — Ph—OH +Products + H "

()

%z_de '[P]°[H+]m €))

[P]=P, oexp(— Kep oto[H +]m)(9)

where [P] is the normalized protection group
concentration, [Po] is the protection group
concentration after exposure, [H'] is the normalized
acid concentration, Kg, is the de-protection reaction
constant in PEB (s™*), m is the de-protection
reaction order, and t is PEB duration (5).

Acid deactivation reactions are described as:

H'Ki,  (10)
e o]

[H +]: H, oexp(- K ot)  (12)

where [H*] is the normalized acid concentration,
Kioss IS the acid deactivation reaction constant (s™),
and t is PEB duration (s).

The sharp bend in the de-protection curve that
occurred during the initial period of PEB could not
be explained using our previous reaction model.
The bend in the de-protection curve represents a
sharp drop in de-protection reactions in the initial
PEB period, and is thought to suggest that sudden
deactivation of acid occurs during the beginning of
the de-protection reaction. Hence, an attempt was
made to fit the data to the model of Spence et al., in
which acid deactivation is represented by an acid
deactivation reaction.

4. Experiments and Results

De-protection reactions at different PEB
temperatures were studied using the model of
Spence et al. Experimental conditions are listed in
Table 1. The resist used in experiments was a

Table 1 Experimental conditions

Resist KrF CA (EA)resist

Base polymer PHS

Protection Group  1-Ethoxyethyl(Ethylaetal)

PAG
bis(cyclohexylsulfonyl)diazomethane(BCHSDM)
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Pre-bake 110 ,90s
Thickness 700nm
Exposure 30mJfem?

positive tone chemically amplified resist for KrF
excimer lasers that uses 1-ethoxyethyl (ethyl acetal)
protection groups (hereafter this resist is referred to
as "EA resist"). Experimentally, the reaction
constant C was determined by placing unexposed
resist in the equipment and observing dissolution of
PAG by UV exposure at room temperature (23°C).
The level of de-protection during exposure was also
observed, and the protection group concentration Pqy
after exposure was determined using Eq. (7). The
sample was then exposed to a dose of 30 mJ/cm?
(the nominal E,, of this resist for 110°C PEB), and
the de-protection reaction observed at a number of
different PEB temperatures.

4.1 Reaction during Exposure

Figure 5 shows the reaction scheme of the de-
protection reactions that occurred during PAG
reaction, exposure and PEB over the course of
exposure of the resist.
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Fig. 5 Chemical structure of a chemical amplified
positive resist.

(a) Chemical reaction depend on exposure and (b)
De-protection reaction depend on PEB.

Bis(cyclohexylsulfonyl)diazomethane (BCHSDM),
which is the PAG used in these experiments,
decomposes under UV exposure and by reaction
with water in the resist, generating N,. FT-IR can
be used to investigate absorption changes in azo
bonds (=N,) at 2150 cm™ and to observe acid
generation reactions caused by exposure. In de-
protection reactions, however, during PEB and UV
exposure, protection groups decompose through

heating under acid catalysis into methanol and
acetaldehyde. By using FT-IR to study absorption
changes in the alkanes (H-C-H) at 2980 cm™ or in
ester bonds (C-O) at 950 cm™, the de-protection
reaction can be observed indirectly [12]. The de-
protection reaction is examined by observing
absorption changes in ester bonds, as these exhibit
relatively large changes in absorption. Figure 6
shows a comparison of IR absorption spectra before
and after exposure to a dose of 600 mJ/cm?. Both
the absorption peak of azo bonds at 2150 cm™ and
the absorption peak of ester bonds at 950 cm™ were
found to disappear. Figure 7 shows normalized acid
concentration as a function of exposure, as
determined from changes
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Fig. 7 Relationship between acid concentration [H*]
and exposure dose.

in azo bond absorption. A fit of Eq. (5) to the
results is also shown, from which the reaction
constant C due to resist exposure is found to be

Observed

"y,

| BT TR 101



Vol.16-2-2003 Journal of Photopolymer science and technology

0.003778 (cm?mJ). Initial protection ratio as a
function of exposure is shown in Figure 8, as

Fig. 8 Relationship between initial protection ratio
[Po] and exposure dose.

determined from changes in ester bond absorption.
The de-protection reaction constant during exposure
was calculated from the relation between exposure
amount and protection group concentration after
exposure, given by:

1
[Po]: TTEY (13)
[1+ Jb
a

where [Po] is the initial normalized concentration of
protection groups after exposure, E is the exposure
dose (mJ/cm?), and a and b are constants.

The values of the constants were found by fitting to
give a=206.55 and b=3.095, thus resulting in an
initial normalized protection ratio after exposure of
[Pg]=0.98 for the dose of 30 mJ/cm? that was used
in experiments. Therefore, almost no de-protection
was found to occur during exposure at the exposure
dose used in this study.

4.2 De-protection Reaction during PEB
Observations of the de-protection reaction during
PEB were performed by examining the 950 cm™
ester bond absorption, as used in earlier
measurements. Figure 9 shows IR spectra data for

Acetal 950cm™

Time (s)

Fig. 9 Typical FT-IR difference showing de-rotection
reaction as function of PEB time.

110°C PEB. It is seen that the de-protection
reaction causes a gradual decrease in absorption by
ester bonds with PEB duration. The relationship
between PEB time and protection ratio is shown in
Figure °C _to
110°CResults of fitting to the model of Spence &t

B

PEB time is)

Fig. 10 Relationship between protection ratio [P] and
PEB time for different PEB temperature when de-
protection reaction model using equation (2).

shown. The agreement is good at relatively low
temperatures from 34°C to 60°C, but in the high-
temperature region of 71°C to 110°C, deviations
immediately after baking begins become evident.

5. Proposal of a New De-protection Reaction
Model and Analysis of De-protection Reactions
Although the results of fitting using the model of
Spence et al. [10] were in good agreement at the
comparatively low temperatures of 34°C to 60°C, in
the high-temperature range of 71°C to 110°C
deviations from the experimental results become
prominent, particularly immediately following the
commencement of baking. In the initial baking
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period, the wafer temperature is believed to rise
rapidly so that the de-protection reaction occurs
suddenly, with acid deactivation and acid
evaporation also abruptly beginning at the same
time. This tendency is found to become more
pronounced at higher temperatures. Although the
effect of acid deactivation is taken into account in
the model of Spence et al., acid deactivation
reactions are known to be effected in complex ways
by the decrease in acid levels accompanying the
thermal diffusion of quenchers, the lifetime of the
acid itself, and the effects of acid evaporation. The
acid generated from the PAG used in these
experiments is sulfonic acid, and evaporates
comparatively easily. Such easily evaporated acid is
expected to evaporate particularly abruptly during
the initials baking stages due to the rapid rise in the
wafer temperature, with the behavior of the reaction
expected to be markedly different to acid lifetime or
other effects. Acid deactivation components in the
model of Spence and coworkers were thus divided
into an acid evaporation components and an acid
deactivation component, and a new model
constructed. The new model (called the LTJ model)
is as follows:

H

[H +]: {Kloss .t .eXp(q_ Keva .t)+1} (

14)

where [H'] is the normalized acid concentration,
Kiess IS the acid deactivation reaction constant (s™),
Keva IS the acid evaporation reaction constant (s'l),
and t is PEB duration (s).

Figure 11 shows the results of fitting to the LTJ
model. A very good fit was obtained over the entire
temperature range. Table 2 shows fitting parameters
of the LTJ model along with RMS deviation values.

34
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Fig. 11 Relationship between protection ratio [P] and
PEB time for different PEB temperature when de-
protection reaction model using equation (3).

Table-2 Fitting result of LTJ model.

Temp( ) KgpG™h)  Kis(S?)  Kea><107%s") RMS
34 0.0344  0.0084  0.10 0.01148
42 0.8108  0.0203  0.99 0.01617
52 0.1740  0.0351 218 0.02112
60 0.2893  0.0635  6.57 0.02590
71 0.3332  0.0634  6.49 0.04343
81 0.7060  0.1081 1153 0.04719
91 0.8119  0.1095  22.17 0.08213
100 0.9002 01127  34.02 0.08954
110  1.1719 01263 52.16 0.03881

As an example, reaction constants of the
deprotection, acid deactivation and acid evaporation
reactions are 1.17190 (s), 0.1265 (s*) and 0.0052
(s) at 110°C; the reaction rate of the acid
evaporation reaction is thus only 0.44% of that of
the de-protection reaction. As good fits to the
experimental data were obtained using the model,
an attempt to determine activation energies and acid
diffusion constants was made by plotting the
reaction constants in the Arrhenius plot shown in
Figure 12. Activation energies and acid diffusion
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Fig. 12 Arrhenius plot.
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constants were computed by applying the model of
Jeffrey Byers, John Petersen et al. (the Byers-
Petersen model) [13-16] to both de-protection
reaction rates and the extended form of that model
(Byers-Petersen extended model) to computation of
acid deactivation reaction rates and acid
evaporation reaction rates.

Byers-Petersen Extended Model

De-protection reaction:

o|P
|.8impJ:_de.[H+].[M] (15)
K _ Kamp * Kamp—diff * Damp (16)
@ Kamp + Kamp—diff b Damp

Ea,,
Kamp = Al‘amp e EXP| — RT a7)

K

amp—diff

Ea -
= Ar . eexpl — —_amp-diff 18
amp—diff p( RT J ( )

EaDamp
Damp = ArDamp e exp —? (29)

Acid deactivation reaction:

a[I:)oss]__ olH" e
G—It_ KIoss [H ] [M] (20)

Kean ® Ksan_airr ® Dsan

KIoss = (22)
Kan + Kgan_dgir ® Dyan

Ea,,
Ks’[all = Arstall .exp(_ Ft”j (23)

Kan-dgit = Algan_gitr ® eXp(— MJ (24)
RT
Ea,
DSta" - ArDstaII ° eXp[_ ?ﬁauj (25)

Acid evaporation reaction:

%}KM-[W]-[M] (26)
K _ Kdispa hd Kdispa—diﬁ b Ddispa (27)
- Kdispa + Kdispa—diff hd Ddispa

Eadispa
Kdispa = AIrdispa ® EXp| — RT (28)

Eadis a—diff
K gispa_ditt = Al ispa_dit ’EXp(_+

(29)

Eap,
Dyipa = Alp,, . ®€XP —T" (30)

Table 3 shows the activation energies computed
from Arrhenius plots of each of the reaction
constants, frequency factors and diffusion

Table-3 Active energy and frequency factor of de-
protection reaction for difference reaction rate
constant.

Reaction rate constant ~ Active energy Frequency
factor
Ea(kcal/mol) Ar (s
Kgp High-temp. region. 5.36 7.19
Low-temp. region 14.74 21.03
Kiess High-temp. region. 3.54 2.59
Low-temp. region 15.81 21.13
Keva High-temp. region. 12.49 11.14
Low-temp. region 29.68 37.51

coefficients. Comparison of the activations energies
reveals that reaction rate determining steps for the
different reaction rate constants change at 61°C.
Activation energies are found to be higher in the
low-temperature region than in the high-
temperature region, with rates in the high-
temperature region found to be limited by the acid
diffusion reaction, and those in the low-temperature
region limited by the reaction rate. These results
support the findings of Yamana et al. [17,18].
Activation energies in the high-temperature range
are 5.36 kcal/mol for the de-protection reaction
itself, 3.54 kcal/mol for the acid deactivation
reaction and 12.49 kcal/mol for the acid
evaporation reaction. The acid evaporation reaction
thus has a higher activation energy than the de-
protection reaction.

6. Summary

The FT-IR spectrometer equipment with
integrated bake plate that had previously been
reported by the authors [5-8] was improved by
adding a contact baking construct similar to that
used in actual PEB equipment, and was used to
study a new de-protection model. The equipment
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was modified such that a wafer-restraining rod
holds the wafer firmly against the bake plate during
wafer insertion to give a better reproduction of PEB
conditions. In addition, as the de-protection reaction
model presented in a previous report does not
describe the de-protection reaction adequately, a
new de-protection reaction model in which the
effects of acid evaporation were incorporated was
proposed. This new model, based on the model of
Spence et al., was found to fit experimental data
over a broad range of PEB temperatures. Reaction
rate constants thus obtained were plotted in an
Arrhenius plot, with the Byers-Petersen extended
model applied to the calculation and comparison of
activation energies. From these results, two distinct
temperature ranges were confirmed to exist; a high-
temperature region in which acid deactivation, acid
evaporation and de-protection reaction rates are
limited by acid evaporation, and a low-temperature
region in which the reaction itself is the limiting
factor. In addition, activation energies were found
to be higher for the acid deactivation and acid
evaporation reactions compared to the de-protection
reaction. In future work, the effect of quenchers is
also to be included in a more rigorous model.
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