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Abstract. The acid-catalyzed deprotection of glassy poly(4-hydroxystyrene-co-tertbutyl acrylate) films was
studied with infrared absorbance spectroscopy and stochastic simulations. Experimental data were interpreted
with a simple description of subdiffusive acid transport coupled to second-order acid loss. This model predicts
key attributes of observed deprotection rates, such as fast reaction at short times, slow reaction at long times,
and a nonlinear dependence on acid loading. Fickian diffusion is approached by increasing the postexposure
bake temperature or adding plasticizing agents to the polymer resin. These findings demonstrate that acid mobil-
ity and overall deprotection kinetics are coupled to glassy matrix dynamics. To complement the analysis of bulk
kinetics, acid diffusion lengths were calculated from the anomalous transport model and compared with nano-
pattern line widths. The consistent scaling between experiments and simulations suggests that the anomalous
diffusion model could be further developed into a predictive lithography tool. © 2014 Society of Photo-Optical Instrumentation
Engineers (SPIE) [DOI: 10.1117/1.JMM.13.4.043017]
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1 Introduction
Chemically amplified resists are essential for high-through-
put projection lithography. The intrinsic resolution of these
materials is limited by the diffusion length of the acid cata-
lyst in the polymer resin. As feature sizes approach 10 nm,
there is significant demand for models that predict spatial
extent-of-reaction with nanoscale resolution. It is difficult
to construct and validate lithography models because there
are few experimental techniques that can visualize acid trans-
port in a reacting photoresist.1 Instead, several indirect meth-
ods have been developed to predict acid diffusion rates at
industrially relevant temperatures (i.e., below the photore-
sist’s glass transition). These techniques detect a “signal”
that is controlled by diffusion, such as deprotection
kinetics2,3 or the bulk ionic conductivity.4 However, when
extracting acid diffusivities from indirect measurements,
the outcome will depend on the type of transport model
that is selected for data analysis.

A common indirect approach to evaluate acid diffusion is
based on a bilayer experiment, where an acid “feeder layer”
is placed in contact with a photoresist film. When the bilayer
is heated, the acid can diffuse from the feeder layer into the
photoresist and catalyze the deprotection reaction. The aver-
age extent-of-deprotection is measured with infrared absorb-
ance spectroscopy as a function of time, and these data
are employed to determine appropriate parameters for mod-
els or simulations that describe the coupled reaction-diffu-
sion process at the macroscopic3,5 or mesoscopic2 level.
For glassy ESCAP (environmentally stable chemical

amplification photoresist)6 and APEX6 photoresists, the
best-fit model parameters predict acid diffusivities on the
order of 10−14 and 10−16 cm2∕s in protected2,3,5,7 and depro-
tected2,8 resins, respectively, assuming an underlying Fickian
transport process. A related approach employs a trilayer sam-
ple, where a film of inert deprotected photoresist is sand-
wiched between an acid feeder layer and a reactive
detector layer. When the system is heated, the acid diffuses
through the deprotected photoresist to the detector and cata-
lyzes a reaction that is monitored with time-resolved infrared
absorbance spectroscopy. Therefore, the acid arrival time in
the detector layer is controlled by acid diffusivity and the
photoresist layer thickness. The trilayer platform has not
been applied at industrially relevant temperatures because
acid diffusivities in deprotected photoresist are very low,
and with the typical experimental time scales and film thick-
nesses, the acid arrival time might be too long to be
detected.9 It is also possible that the acid catalyst is trapped
by secondary interactions with the polar-deprotected poly-
mer.3 However, when the deprotected photoresist is heated
above its glass transition temperature, then acid arrival is
detected and the estimated diffusivities are on the order of
10−12 cm2∕s.10 Much like the bilayers, the data are analyzed
with the assumption of Fickian transport.

The measured acid diffusion rates in ESCAP and APEX
photoresists are extremely low, so it is likely that acid trans-
port will control the deprotection kinetics. However, mea-
sured deprotection rates cannot be described with a fast
first-order deprotection reaction coupled to slow Fickian
transport of the acid catalyst, because the observed deprotec-
tion rates are too fast at short times,8,10–12 too slow at long
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times,8,10,12,13 and exhibit a nonlinear dependence on acid
concentration.12,14 It is possible that reaction kinetics are
strongly influenced by the dynamics of a glassy polymer
matrix. For example, several studies suggest that acid diffu-
sivities and deprotection rates are reduced in ultrathin photo-
resist films,15–17 which is consistent with suppressed polymer
dynamics due to confinement.18 Therefore, although Fickian
transport models are commonly applied, their use might not
be justified for these complex materials.

In a recent study, we suggested that acid transport in
glassy photoresists can present with anomalous (non-
Fickian) character. We measured bulk deprotection rates
in a glassy polymer resin (single layer) using time-resolved
infrared absorbance spectroscopy, and we interpreted these
data with spatially resolved stochastic simulations, where
deprotection kinetics was modeled with subdiffusive acid
transport coupled to a phenomenological second-order acid
loss.12 This simple approach captured experimental data at
all time scales and acid concentrations, and the outcomes
were consistent with the extremely slow diffusion rates pre-
dicted from bilayer and trilayer experiments. Anomalous
transport is common in many classes of condensed soft mat-
ter, including examples of probe diffusion in inert polymer
glasses, and such behavior is often attributed to spatial
heterogeneities in dynamics.19,20 The origin of the second-
order acid loss remains unclear, but this mechanism is
able to describe a broad range of data, so it is most likely
associated with the underlying chemistry of these systems.
In fact, a recent study of deprotection kinetics in a 193-
nm photoresist (2-methyl 2-adamantyl protecting groups)
reported a competing reaction pathway (dimerization of
by-products) that is responsible for acid loss.21

The aims of the present work are (1) to examine the role of
polymer dynamics on the anomalous character, and (2) test
the predictive capability of our simple model through pat-
terning experiments. To assess the role of polymer dynamics,
we introduced an inert plasticizer to increase free volume in
the polymer and alter matrix dynamics.22 We anticipated a
reduction in the anomalous diffusion behavior, a hypothesis
first confirmed with the data presented herein. To evaluate
the predictive capability of this model for lithography, we
simulated latent image formation using the bulk transport
parameters, and then compared these trends with measured
line widths in nanopatterned films. The simulated patterning
behavior is consistent with experiments, suggesting that this
model has the potential to predict resolution limits in chemi-
cally amplified resists.

2 Procedures

2.1 Materials

The chemically amplified resists were prepared from the fol-
lowing components: the polymer resin was poly(4-hydrox-
ystyrene-co-tertbutyl acrylate) (PHOST-PTBA), 60%
HOST, supplied by DuPont Electronic Materials. The photo-
acid generator (PAG) was triphenyl sulfonium perfluoro-1-
butanesulfonate (PFBS) purchased from Sigma Aldrich.
Some resist formulas also contained the inert plasticizer
dioctyl phthalate (DOP). The PHOST-PTBA, PFBS, and
DOP were dissolved in propylene glycol monomethyl
ether acetate at the desired concentrations, which are
reported relative to the solvent. Typical concentrations for

PHOST-PTBA and DOP were 10 wt.%. All experiments
used PFBS concentrations of 1, 2, and 4 wt.%. Substrates
were double-side polished p-type silicon wafers (standard
resistivity) and were cleaned with Piranha solution prior
to use. The glass transition temperature of PHOST-PTBA
was measured with spectroscopic ellipsometry, and is
∼140°C irrespective of the PFBS or DOP loading. A similar
invariance of glass transition temperature with additive load-
ing has been observed in other studies.23 The glass transition
temperature of the deprotected polymer is ∼160°C.

2.2 Deprotection Experiments

The resists were cast into films that were ∼300-nm thick,
and then the films were baked at 130°C for 2 min to remove
residual solvent. The acid catalyst was fully activated
(throughout the depth of the film) by exposing the films
to deep ultraviolet light (254 nm) at a dose of 135 mJ∕cm2.
Each film was postexposure baked (PEB) at a fixed temper-
ature (either 70, 80, or 90°C) for a specified duration of time,
then the changes in chemistry were measured with Brewster
angle Fourier-transform infrared (FTIR) spectroscopy. The
absorbance at 1149 cm−1, corresponding with the C─O─C
stretch of PTBA, was measured for each sample. The absorb-
ance data are used to calculate the deprotection level as a
function of time, where the deprotection level is defined as
the fraction of TBA groups that were cleaved through the acid-
catalyzed deprotection reaction.12 Each data set is composed
of three PFBS concentrations at constant PEB temperature
and fixed DOP loading. To analyze each data set (Sec. 2.3),
the deprotection profiles for all PFBS concentrations were col-
lapsed onto a master curve by re-scaling the time axis accord-
ing to t × ½PFBS�n,12 where n ranges from 1.3 to 1.6.

2.3 Analysis of Deprotection Experiments

Following the methods reported elsewhere,12 simulations of
reaction coupled to non-Fickian acid diffusion were imple-
mented on a three-dimensional (3-D) lattice (1 nm3∕cell).
Acid was uniformly distributed throughout the simulation
volume at concentration levels that correspond with exper-
imental conditions. Acid translations were modeled with a
nonergodic, non-Markovian waiting time distribution with
long-tail kinetics that reproduces subdiffusive behavior.12,24

A key attribute of this effort is the ability to describe the dif-
fusion process with only two parameters, a timescale τ and
an anomalous exponent γ < 1, whose values are determined
through comparison with experimental data. The local
deprotection reaction was assumed to be instantaneous,
because many studies have shown that acid diffusion is
the overall controlling step in these systems.2,3,5,7,10 An
acid annihilation mechanism is needed to fit the experimental
data for long times. This acid loss mechanism follows sec-
ond-order kinetics and is implemented following a simple
rule where two acids in the same cell combine to form
one unit (see Fig. 1). The simulations were fit to each exper-
imental data set (master curve) using a simulated annealing
algorithm with the adjustable parameters τ and γ. Fifty runs
were performed for each data set, and within each run, 200
simulations were performed to evaluate residuals and guide
the optimization process. This feature of the analysis under-
lines the need for numeric models that are rapidly evaluated
to assess the relevant parameters. The best-fit values of γ and
τ can describe all acid loadings and are only a function of
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PEB temperature and DOP loading (i.e., the same parameters
can describe all acid concentrations). The optimization algo-
rithm employed 30 × 30 × 30 cells, while the final simulated
deprotection profiles in Fig. 3 were generated with 50 × 50 ×
50 cells. Error bars represent �1 standard deviation. It is
important to emphasize that more complex mathematical
schemes with additional parameters are straightforward to
implement, but our data suggest that the previously described
methods are sufficient to capture the observed behavior at
industrially relevant length and time scales. Furthermore,
noise in the experimental data hinders reliable application
of more complex models with additional parameters.

2.4 Nanopatterning

Resist films (330 to 370-nm thick) containing 4 wt.% PFBS,
with and without 10 wt.% DOP, were patterned with single-
pass lines using electron beam lithography (EBL). The beam
voltage and current were 50 kVand 100 pA, respectively, and
a 5-nm shot pitch was employed. The dose was varied from
450 to 800 μC∕cm2 in increments of 50 μC∕cm2. The pat-
tern layout was designed to minimize proximity effects: each
patterned region was composed of 20 lines that were 3-μm-
long on a 1.5-μm pitch. Adjacent regions were separated by
15 μm of empty space (along x or y axes). The conditions for
PEB were 90°C and 30 s. Patterns were developed in 0.1-N
tetramethylammonium hydroxide for 30 s, then rinsed in de-
ionized water and dried under nitrogen flow. Patterns were
sputter coated with ∼4 nm of tungsten and imaged with a
scanning electron microscope (SEM) under the following
conditions: accelerating voltage 15 kV, working distance
of 5 mm, and magnifications in the range of 150 to 250 k.
Average line widths were calculated from at least three images
per dose using an edge-detection routine implemented in
MATLAB®. Error bars represent �1 standard deviation.

2.5 Simulations of Nanopattern Formation

Simulations of nanopattern formation were implemented on
a 3-D lattice of 100 × 100 × 100 cells (1 nm3∕cell). The ini-
tial spatial distribution of the PFBS catalyst (illustrated in
Fig. 2) was selected from a Gaussian probability function
and introduced at the center of the simulation system. The
full-width at half-maximum was fixed at 19 nm, which
was calculated by assuming a 4-nm diameter electron
beam (per instrument manufacturer) broadened by 15 nm
of forward scattering (330-nm-thick resist at 50 kV).25,26

We did not include proximity effects due to low-angle back-
scattering because the line patterns in experiments were
sparse. The number of acid particles assigned to the lattice
was determined by the average PFBS concentration in
experiments (4 wt.%, or 0.05∕nm3). The reaction-diffusion
model was implemented as described in Sec. 2.3. The total

reaction time was set at 30 s, and the transport parameters τ
and γ were fixed based on the best-fit results from analysis of
bulk deprotection data at 90°C.

3 Results and Discussion
The experimental and simulated deprotection levels for
glassy resists without DOP are compared in Figs. 3(a)–3(c)
for PEB conditions of 70°C, 80°C, and 90°C. Each PEB con-
dition includes three PFBS loadings of 1, 2, and 4 wt.%. In
all cases, the deprotection rate quickly rises at short-to-inter-
mediate PEB times, but decelerates at long times. Similar
behavior is observed in experiments by other research
groups, and as discussed in our prior work, these features
are not provided by Fickian diffusion coupled to first-
order deprotection and/or first-order acid trapping reac-
tions.12 Fickian diffusion always under-estimates the depro-
tection level at short times, and first-order acid trapping
cannot describe the long-time behavior for all PFBS concen-
trations. However, the anomalous transport model with acid-
acid annihilation offers near-quantitative agreement with
experimental data, although some deviations persist at
very long PEB times (ca. >2 h). The deviations at long
times may result from slow environmental contamination
that deactivates the acid catalyst, or perhaps a gradual den-
sification of the film that reduces the rates of acid transport.
In any case, the long time limit is not relevant for industrial
applications. Most importantly, the model captures kinetics
for all PFBS concentrations, so outcomes can then be scaled
to higher PFBS loadings that are representative of industrial
formulations.

The effect of PEB temperature on best-fit model param-
eters ðτ; γÞ is summarized in Figs. 4(a) and 4(b). (These val-
ues are slightly different than reported in our previous work
that included experimental data up to 10 wt.% PFBS load-
ing.12 We no longer consider high PAG loadings because the
deprotection rates are too fast for reliable measurement with
our ex-situ FTIR protocol.) First, we note that increasing the
PEB temperature produces a corresponding increase in the
deprotection rate. This behavior is summarized in Fig. 4
(a), which reports the diffusion-controlled reaction rate
(1∕τ) as a function of inverse temperature (1∕T). The scaling
is consistent with Arrhenius kinetics, although more data
points are required to distinguish between Arrhenius kinetics
and the Williams–Landel–Ferry model that is common for
glassy polymers.8,14 Second, we find that γ increases with

Fig. 1 Simulation algorithm illustrated in two-dimensions for clarity.

Fig. 2 Initial spatial distribution of PFBS catalyst for nanopatterning
simulations.
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PEB temperature, meaning the model approaches Fickian
character at higher temperatures (note that γ → 1 reproduces
Fickian transport). This behavior is reported in Fig. 4(b). The
values of γ fall in the range of 0.6 to 0.8, which is consistent
with studies of isothermal probe diffusion in inert polymer
glasses.20,27

The observed anomalous kinetics could be associated
with transient free volume generation,10,28 plasticization from
volatile reaction by-products,10,28 nonisothermal effects,8 and
coupling between acid transport and local heterogeneities in
polymer dynamics.12 Transient free volume and by-product
plasticization were rigorously examined for poly(tertbutox-
ycarbonyl-oxystyrene) resins, and these studies determined
that neither factor is controlling the reaction kinetics.29

Nonisothermal effects may be relevant, as the exothermic
heat of reaction could increase the temperature within the
film and enhance the diffusion rate. Further studies are
underway to examine this hypothesis. In the present study,
we considered the effects of polymer dynamics on reaction
kinetics. We incorporated the plasticizer DOP to increase
free volume in the polymer film, and the impact on depro-
tection rates is seen by comparing Figs. 3(c) and 3(d).
Although these experiments were performed with the same
PEB temperature, the deprotection rates are visibly enhanced
by DOP, suggesting that the acid-counterion pair can diffuse
more rapidly throughout the plasticized polymer film. The
best-fit values of τ and γ for resists with DOP are reported
in Figs. 4(a) and 4(b): the deprotection rate is ∼66% faster
with DOP, and the anomalous exponent γ is increased from

(a) (b)

(c) (d)

1wt. %
2wt. %
3wt. %

1wt. %
2wt. %
4wt. %

1wt. %
2wt. %
4wt. %

1wt. %
2wt. %
4wt. %

Fig. 3 Experimental deprotection levels (symbols) and best-fit simulations (lines) for 1, 2, and 4 wt.% acid
loading. (a) 70°C, (b) 80°C, (c) 90°C, and (d) 90°C with 10 wt.% dioctyl phthalate (DOP).

(a)

(b)

Fig. 4 (a) Deprotection rate 1∕τ as a function of temperature;
(b) anomalous exponent γ as a function of temperature. Note that γ <
1 reproduces subdiffusive transport, while γ ¼ 1 represents Fickian
transport.
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∼0.7 to 0.8. The latter point is particularly interesting,
because the increase in anomalous exponent points to a
shift in the underlying time-dependent diffusion mechanism.
One possible explanation for this behavior is a nonisothermal
effect, where faster diffusion in the plasticized film leads to
increased deprotection rates, and a corresponding increase in
the heat effect then further accelerates the diffusion. An alter-
native explanation is that plasticization by DOP increases the
average diffusion rate and also reduces the coupling between
transport and local heterogeneities. Although we cannot
definitively identify a sole underlying cause of anomalous
kinetics, it is clear that dynamical properties in the polymer
resin play an important role in the reaction-diffusion
mechanism.

A question that remains is whether the parameters
extracted from bulk analysis can predict lithographic proper-
ties. We exposed line patterns in each resist formula using
EBL, and then compared experimental outcomes with sim-
ulations of nanopattern formation. For experiments, resists
with 4 wt.% PFBS (with and without DOP) were patterned
by EBL (sparse, single-pass lines). The postexposure bake
was implemented at 90°C for 30 s, and then patterns were
developed for 30 s to form a relief image of long trenches
(with depths equal to resist thickness). The widths of
these line patterns (trenches) were measured with SEM.
Simulations were devised to match EBL experiments: The
reaction-diffusion model was implemented with the best-
fit values of γ and τ for each resist formula at 90°C,
which are summarized in Fig. 4. The initial spatial distribu-
tion of acid was based on an average 4 wt.% acid loading and
incorporated the forward electron scattering through a 330-
nm-thick resist film. The simulated reaction time was 30 s.

Representative SEM images of developed line patterns
are reported in Fig. 5(a). Measured line widths are summa-
rized in Fig. 5(b) as a function of DOP loading and electron
beam dose, where each data set (symbols connected by lines)
reflects the outcomes of an individual patterning experiment.
There is scatter among data sets, but it is clear that adding
DOP will increase the line width (by a factor of 1.5 to 3).
This is qualitatively consistent with analysis of bulk experi-
ments, as we observed increased deprotection levels with the
addition of DOP (0.7 compared with 0.5 after 30 s at 90°C).
A higher deprotection level is expected to enhance the dis-
solution kinetics. However, we note that resist solubility dif-
fers for formulas with and without DOP, and the solubility
also controls the dissolution kinetics and ultimate line
widths. Resist solubility was evaluated by immersing bulk
films with varying deprotection levels in the developer for
30 s. The thickness of the film was measured before (ti)
and after (tf) development. Figure 5(c) reports the normal-
ized residual thickness (NRT ¼ tf∕ti) as a function of aver-
age deprotection level. These data demonstrate that DOP, a
nonpolar additive, inhibits dissolution in the polar developer,
but the solubility switch is effected at low deprotection levels
in both formulas. These observations underline the need to
couple simulations of pattern formation with models for dis-
solution that reflect the resist composition, which is a direc-
tion for future work.

The image maps in Fig. 6(a) show simulated deprotection
profiles averaged along the z-axis (through the film thick-
ness). The color scale illustrates the transition from no depro-
tected sites (blue) to a maximum deprotection level of 0.7

(red), and the solid black contour marks an average depro-
tection level of 0.33. The line profiles in Fig. 6(b) report the
initial acid distribution and final deprotection levels averaged
along both z and x axes. The simulations predict image blur
due to acid diffusion in both formulas, but this effect is more
pronounced for resists that include DOP. The simulations
also predict that DOP will generate a higher level of depro-
tection near the center of the line.

The measured line widths are larger than those predicted
by simulations, but there are several reasons why quantitative
agreement is not anticipated at this stage. First, the simula-
tions do not account for proximity effects due to electron
backscatter in EBL. Considering the sparse pattern layout
in experiments, we do not anticipate a large proximity effect.
However, the data in Fig. 5(c) demonstrate that very low
deprotection levels can effect the solubility switch, so
even a small amount of activation due to low-angle backscat-
tering could impact the tails of the latent images. Second, the
resist/developer system offers very poor lithographic contrast
and is, therefore, not a great model for patterning

(a)

(b)

(c)

Fig. 5 (a) Examples of scanning electron microscope measurements
for each formula, exposure dose of 600 μC∕cm2. (b) Line width for
each resist formula as a function of exposure dose. (c) Normalized
residual thickness (NRT) for each resist formula as a function of
deprotection level (30-s development).
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experiments (as evidenced by the large variance in measured
line widths). Third, and most importantly, the simulations do
not include a model for resist dissolution. Experiments dem-
onstrate that DOP reduces the solubility of the polymer in the
developer [Fig. 5(c)], so one might expect slower dissolution
at the “tails” of the latent image (where deprotection levels
are low). However, the model predicts that DOP will increase
the deprotection level (Fig. 6), and this factor might enhance
dissolution rates near the center of the line.

4 Conclusions
The acid-catalyzed deprotection of glassy photoresists was
measured with FTIR spectroscopy as a function of PEB
time, acid loading, and PEB temperature. Data were inter-
preted with a simple and accurate model based on subdiffu-
sive acid transport coupled to a second-order acid loss. The
model can describe experimental data that span a wide range
of time scales and acid concentrations, with only two temper-
ature-dependent fitting parameters: a characteristic time
scale for acid translations (τ), and an anomalous exponent
(γ) that reflects the deviations from Fickian transport (spe-
cifically, the underlying non-Gaussian distribution of acid
hopping times). We demonstrated that anomalous kinetics
are influenced by the dynamical properties of the polymer
resin, which was verified by adding plasticizing agents to
the resist, and we discussed other factors that might be rel-
evant (such an nonisothermal effects). Finally, we presented
patterning data where the measured line widths were in
qualitative agreement with simulated latent images. We con-
clude that lithographic resolution might be predicted from
simple FTIR measurements coupled to spatially resolved
simulations. Future experiments will evaluate bulk deprotec-
tion rates and nanopattern formation in resists with higher
contrast, and simulations will be adapted to incorporate mod-
els for resist dissolution.
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