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A technique to determine the efficiency of the decomposition of photoacid generators to
produce photoacid and the concentration of acid necessary to image chemically amplified
photoresists was designed, implemented, and validated. The technique is analogous to a
standard addition experiment; known concentrations of a base quencher are added to a series
of otherwise identical resist formulations. To produce the same free acid concentration within
the resist films after neutralization, the concentration of photogenerated acid must increase
by an amount equal to the known concentration of added base. The increase in exposure
dose required to create this additional acid is indirectly determined as a function of base
loading using resist dissolution behavior (contrast curves). The main assumptions implicit
in the model to extract the Dill C parameter (a parameter proportional to the quantum
yield) from experiments were validated using X-ray exposure and a positive tone photoresist
system consisting of poly(p-t-butoxycarbonyloxystyrene-co-p-hydroxystyrene) as the base
resin, norbornene dicarboximidyl triflate as the photoacid generator, and 1-piperidineethanol
as the base quencher. Resin deprotection monitored by FTIR and dissolution rate measure-
ments provided independent evidence that the bulk dissolution rate, the dissolution induction
time, and the extent of deprotection as a function of the free acid concentration remained
the same for resists with and without base.

Introduction

Lithographic patterning is the limiting techology for
semiconductor device manufacturing. Since the 1970s,
the resolution of optical lithography has continuously
improved. The smallest printable feature into photore-
sist by an optical exposure system is directly propor-
tional to the wavelength of light used in the exposure
tool.1 The primary means of improving pattern resolu-
tion has been to decrease the wavelength of the exposure
source. Features with quarter micron dimensions, for
example, can be patterned using 365 nm (I-line) tools.
Devices with critical dimensions less than 150 nm are
now printed with state-of-the-art tools using 193 nm
light.2 As a consequence of moving to shorter wave-
length radiation, photoresist materials must be rede-
signed for every generation of exposure tools. One of the
major challenges in the design of resist materials is the
incorporation of chemical mechanisms to make them
light sensitive; photochemical reactions must be ac-
complished at low exposure doses to produce significant
changes in the resist dissolution rate. The transition
from 365 to 248 nm exposure sources required the
invention of a new paradigm in resist chemistry. Since
early deep ultraviolet exposure sources were of low
intensity, manufacturing throughput would have been
severely hindered by the long exposure times required

by conventional resists. The concept of chemical ampli-
fication, described below, was introduced to increase
sensitivity.3,4 The majority of all advanced resist ma-
terials for future generations of optical lithography at
193 and 157 nm are based on chemical amplification.
Likewise, chemically amplified resist technology is
readily applied to so-called next generation lithography,
in which the exposure sources are high-energy, ionizing
forms of radiation, such as electron beams, X-rays, and
extreme ultraviolet radiation.

The general chemical mechanisms of chemical am-
plification within resist films are identical for all forms
of exposure. A chemically amplified resist contains a
photoacid generator (PAG) dispersed within a polymeric
resin. Upon exposure to some form of radiation, an acid
catalyst is created by photolysis or radiolysis of the PAG.
By heating the film during a postexposure bake (PEB),
the acid diffuses through the matrix resin and catalyzes
reactions that ultimately alter the dissolution properties
of the exposed regions. In the case of positive tone resists
examined in this work, the acid catalyst acts to remove
protecting groups from the backbone of the resin
polymer, changing its chemistry and increasing its
dissolution rate in a developer solution. The dissolution
rate is a highly nonlinear function of the extent of
deprotection. Amplification is derived from the fact that
each molecule of acid catalyzes many reactions. The
process is extremely sensitive to radiation since only a
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very small concentration of acid must be generated by
exposure, and PAG molecules that efficiently produce
acid upon exposure are selected for the resist. The
extent of chemical change to the resin polymer is
controlled by the time and temperature of the PEB. The
difference in the dissolution rates of the exposed and
unexposed regions is then exploited during development
to produce resist patterns.

Common PAGs, like sulfonium and iodonium salts,
have been formulated with many different resin poly-
mers and exposed to numerous forms of radiation (248
nm, 193 nm, 157 nm, 13.4 nm, X-ray, e-beam, etc.).5-10

The selection of PAG affects the final resist pattern in
several ways. First, the extent of conversion of PAG to
acid during exposure impacts the resist sensitivity. To
minimize exposure time, it is favorable to use PAGs that
undergo efficient conversion to acid. Dissipation and
transfer of energy in condensed media complicate the
photochemical reactions in a resist film.11,12 For a given
PAG, the efficiency of the photochemical reaction de-
pends on both the type of radiation and the chemical
environment. Therefore, photoacid generation must be
characterized for a given PAG/resin combination. Sec-
ond, the composition of the acid generated from the PAG
determines its catalytic and mass transport properties
that affect the resist chemistry. Acid strength, volatility,
and its diffusive behavior all affect the chemical reac-
tions during the PEB that ultimately determine the
resolution and contrast of the resist pattern.13,14 Fur-
thermore, the PAG may act as a dissolution inhibitor;
i.e., the dissolution rate of the unexposed resist is
decreased by the addition of PAG.15 Dissolution inhibi-
tion alters the minimum and maximum dissolution
rates of the resist and influences the resist contrast.

To optimize photoresist formulation and to provide
essential information for modeling the image formation
process, it is necessary to quantify the decomposition
of photoacid generators upon exposure and the concen-
tration of photoacid in the resist film. Techniques to
measure acid concentrations directly must be extremely
sensitive since the amount of acid generated at litho-
graphic doses is very small (micromoles of acid per
grams of resist). Also, film-based techniques are likewise
complicated by the diminutive amount of material

present in the film. Most PAGs do not exhibit a change
in absorbance after exposure, eliminating spectroscopic
absorption techniques as a means to monitor PAG
concentration in films.16 The most common method
employed to measure the concentration of acid in
exposed resist is the spectrophotometric titration of
extracted resist films using an acid-sensitive indicator
dye.17-19 Calibration and measurement procedures for
this method are cumbersome and require large exposed
areas, a consequence that excludes the use of small field
exposure systems, such as electron beams. Film-based
techniques that monitor the absorbance or fluorescence
of acid-sensitive dyes within resist films offer improve-
ment over spectrophotometric titration;20-25 however,
these techniques also require extensive calibration, and
fluorescence spectrophotometers are not common to
many laboratories. Additionally, any film-based tech-
nique must verify that the addition of the dye does not
alter the resist photochemistry in any way, whether by
sensitization, increasing absorption, or the presence of
side reactions.

To make quantification of photoacid generation easier
and allow for comparisons across exposure platforms,
we have developed a method that relies on resist
dissolution as an analytical tool. The technique is based
on an in situ neutralization of photogenerated acid by
a base quencher that is added to the resist formulation.
Analogous to a standard addition experiment, a series
of resist solutions are prepared with compositions
differing only in the concentration of the base additive.
The addition of base to the resist neutralizes a stoichio-
metric quantity of acid generated during exposure.
Increasing the concentration of base increases the
exposure dose necessary to generate additional acid to
overcome neutralization and obtain an equivalent con-
centration of free acid within the film. Under conditions
where the free acid concentration is the same for each
resist film, the dissolution rate of the film is assumed
to remain constant if all processing conditions are
identical (post-apply bake, PEB, film thickness, develop-
ment time, etc.). This allows resist dissolution to be used
as a type of analytical detector for determining states
of an equivalent free acid concentration. Under such
conditions we have developed a model to predict the Dill
C parameter (a parameter that is proportional to the
quantum yield) for photoacid generation. Once the C
parameter has been determined, the concentration of
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acid generated by exposure can be calculated for any
exposure dose as a function of depth into the resist film.

Previously, this standard addition technique was used
to qualitatively illustrate that photoacid generation
under deep ultraviolet exposure differs from that of the
vacuum-ultraviolet and ionizing forms of radiation.26-28

Additionally, this technique was compared to spectro-
photometric titration with tetrabromophenol blue so-
dium salt and Rhodamine B base upon deep ultraviolet
exposure.29 Results acquired by the standard addition
technique were within the variation between the results
obtained using the two dyes. The technique as used in
the previous studies was limited in two respects. First,
the original model proposed for the technique incorpo-
rated a linear approximation for the exponential de-
pendence of acid generated during exposure. This
approximation is only valid at very small conversions
of PAG to acid. Second, the concentration range of base
quencher added to the resist was only 10% of the initial
PAG concentration. Because of this small range, the
model parameter estimates contained significant un-
certainty as was evident by poor confidence intervals
for the results.

In this work, we have improved both the model and
the experimental method for quantifying photoacid
generation by this technique. Herein we derive the
relationship between the quantum yield of the photo-
chemical reaction and the resist C parameter. The
improved model is not limited by a linear approximation
and includes the effects of strong absorption. Using the
model, the resist C parameter was calculated for a resist
system consisting of the PAG norbornene dicarboximidyl
triflate (ND-Tf) in a poly(p-t-butoxycarbonyloxystyrene-
co-p-hydroxystyrene) (APEX-type) resin under X-ray
exposure. Significant improvement was obtained in the
confidence intervals for the parameter estimates by
increasing the range of base quencher to 25% of the
initial PAG concentration. We tested the major assump-
tions involved in using resist dissolution as our analyti-
cal detection device. Through a combination of infrared
and dissolution rate analysis we proved that the bulk
dissolution rate dependence on the extent of deprotec-
tion of the resin polymer remains constant for base
loadings as large as 25% of the initial PAG concentra-
tion. The induction effects during dissolution were also
shown to be identical for resists with and without base
quencher. We further justified the assumption the same
extent of polymer deprotection occurs when the free acid
concentration is the same for resists containing base.
On the basis of these results, the standard addition
technique successfully applies resist dissolution as an
indirect method for quantifying photoacid generation in
chemically amplified resist.

Experimental Section

A. Materials. An APEX-type resin polymer, composed of
poly(p-hydroxystyrene) partially blocked with tert-butoxycar-
bonyl (tBOC) protecting groups, was obtained from Shipley
Company. The photoacid generator, norbornene dicarboximidyl
triflate (ND-Tf), was also obtained from Shipley Company. The
base quencher, 1-piperidineethanol, was purchased from Al-
drich Chemical Co. and used as received. Photoresist solutions
were formulated by weight from solutions of individual
components in propylene glycol monomethyl ether acetate
(PGMEA). The concentration of PAG was 80 µmol of PAG/g of
solids for each resist solution. A dilute solution of base quench-
er was added to solutions containing PAG and polymer to
generate a series of resists containing base quencher in the
range 0-25% of the molar concentration of PAG (0 to 0.25 base
to PAG molar ratio). The solvent content was controlled
to bring each solution in the series to a solids content of 18
wt %.

B. Sample Preparation. For all experiments except in-
frared analysis, 4 in. silicon wafers were primed with hexa-
methyldisilazane (HMDS) in a vacuum oven (Yield Engineer-
ing Systems) before resist application. Photoresist films for
FTIR analysis were coated on 4 in., high-resistivity (undoped)
silicon wafers without HMDS priming. Resist films were spin-
cast from solution on a resist spinner (Solitec) and baked on a
vacuum hot plate (Silicon Valley Group 8600 track) at 90 °C
for 60 s. All resist films were prepared within 4 h of formula-
tion to avoid possible changes in the resist performance over
time. Film thickness was measured using a Nanospec AFT 215
(Nanometrics) microscope. The initial thickness of all the resist
films was 800 ( 15 nm.

Exposure to X-rays was performed using the ES-1 beamline
on the Aladdin electron storage ring at the Synchrotron
Radiation Center at the University of Wisconsin. The X-ray
spectra through the beamline and 75 µm beryllium filter was
calculated to have an average energy of 2516 eV using the
TRANSMIT software application offered by the Center for
NanoTechnology.30 All exposures were performed in a vacuum
at less than 30 mTorr of nitrogen and without a mask (open
frame). Exposure times were automatically corrected for
attenuation of the beam current in the ring and converted to
exposure dose values (mJ/cm2) using flux constants determined
by calorimetry. After exposure, resist wafers were baked on a
vacuum hot plate (Silicon Valley Group 8600 track) at 90 °C
for 90 s. The delay from exposure to the bake was minimized
to less than 7 min. Samples were developed with LDD26W
developer (Shipley Company, 0.26 N aqueous tetramethylam-
monium hydroxide) in a crystallizing dish or the dissolution
rate monitor.

C. Dissolution Rates of Exposed Photoresist Films.
Exposed resist samples were prepared for dissolution rate
analysis by exposing 2-5 regions across the axis of a wafer,
such as could be simultaneously measured with the dissolution
rate monitor 5900 (Perkin-Elmer) during immersion in
LDD26W developer solution. The DREAMS software was used
to calculate resist thickness as a function of development time.
The bulk dissolution rate was taken by a linear fit to the data
at half thickness. The induction time was taken at the break
between the initial slow dissolution and bulk dissolution
behavior.

D. Infrared Spectra for Exposed Resist Films. Wafers
used for infrared analysis were not developed after the
postexposure bake (PEB). Infrared reflectance spectra were
recorded for each of the 25 exposed regions from 650 to 4000
cm-1 using the Film Expert FTIR reflectometry workstation
(On-Line Technologies) with a background reference to bare,
undoped silicon. Spectra were collected at a resolution of 16
cm-1 and averaged over 128 scans. After spectral acquisition,
each spectrum was analyzed using the Film Expert software
to determine the dielectric function of the resist film. The use
of undoped silicon as a reference and substrate for the infrared
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analysis is imperative to the technique. Since the theoretical
reflectivity of undoped silicon is known, the Film Expert
software can simultaneously calculate the film thickness and
optical constants (n and k) that fit the recorded spectrum. In
this manner, reflectivity spectra were converted into the
dielectric function (absorbance) using a range of Lorentzian
oscillators.

Model Development

A. Description of the Photochemical Reaction.
Under continuous illumination the photolysis of the
PAG, P, in photoresist to generate photoacid, A, is
modeled as a single reaction according to

The quantum yield, φ, for this photochemical reaction
is defined as the number of photoacid molecules gener-
ated per photon absorbed by the PAG. For this reaction,
the rate of disappearance of PAG is equal to the product
of the quantum yield and the photon absorption rate Ia
(mJ/(cm3 s)) as

where P (µmol/g) is the concentration of PAG in the
resist film and t (s) is the exposure time. Since the
reaction occurs within a resist film where absorption of
incident radiation may occur, the concentration of PAG
during exposure is a function of the depth into the film,
x (µm). The intensity of light at any position in the film
is described using the Beer-Lambert law by

where I0 (mW/cm2) is the time invariant source intensity
incident to the surface of the film, Ci(x,t) (mol/cm3) is
the time- and position-dependent concentration of spe-
cies i in the resist film, and εi (cm2/mol) is the molar
absorptivity of each component. The photon absorption
rate is equal to the total number of photons (energy)
absorbed by the PAG per unit volume per unit time.31

Its instantaneous value is determined from the deriva-
tive of the light intensity as

In most chemically amplified resist systems the
absorbance of the resist film does not change during
exposure; i.e., the PAG and other resist components do
not photobleach.16 The attenuation of radiation through
the resist film is then independent of the concentration
of PAG remaining during exposure. The intensity loss
due to the absorption of light by the PAG may then be
simplified using the initial PAG concentration, P0 (µmol/
g), to obtain the rate of photolysis of PAG given by

Equation 5 provides the theoretical basis for determin-
ing the quantum yield for photolysis of PAG in chemi-
cally amplified resist; however, this approach has not
been the traditional route for photoresist modeling.
From the early work by Dill et al., the photochemical
reaction has been described by32

Using the Beer-Lambert law for a constant intensity
source and a nonbleaching resist film, the intensity of
light in the film is described by

where R (µm-1) is the total absorption coefficient for the
film. The quantum yield and the C parameter from eqs
5 and 7 differ in their basis for photon absorption by
the resist. Equation 5 considers only the photons
absorbed directly by the PAG, while the entire intensity
function through the resist is used in eq 7. The C
parameter contains all the fundamental information on
the quantum yield; however, its value is based on the
total energy deposited within the resist film. Matrix
effects in a condensed phase may alter the efficiency of
a photochemical reaction due to complex energy transfer
mechanisms.11,12 Furthermore, under exposure to ion-
izing radiation the radiation chemistry of the resist is
predominantly due to the generation of Auger elec-
trons.33 Since the matrix resin is present in the largest
concentration, the majority of Auger electrons originate
from the resin polymer and not the PAG. For these
reasons it is generally preferred to characterize photo-
acid generation by the C parameter instead of the
quantum yield, and the model derived below follows this
formalization.

B. The Average Acid Concentration for Resists
Containing Base Quenchers. The concentration of
PAG in the resist film after exposure may be written
as

after integration of eq 7. The product of the exposure
time and the intensity of radiation incident to the
surface is equal to the exposure dose, D0 (mJ/cm2), at
the resist surface.34 The use of exposure dose to replace
exposure time is preferred in resist characterization
since it describes the amount of energy applied to the
resist per area. Equation 8 may now be written as
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A + other products (1)

dP(x,t)
dt

) -φIa(x,t) (2)

I(x,t) ) I0 exp[-∑
i)1

n

εi∫0

x
Ci(x′,t′) dx′] (3)

Ia(x,t) ) -
dI(x,t)

dx
) εPP(x,t)I0 exp[-εP∫0

x
P(x′,t′) dx′]

(4)

dP(x,t)
dt

) -φεPP(x,t)I0e
-εPP0x (5)

dP(x,t)
dt

) -CP(x,t) I(x,t) (6)

dP(x,t)
dt

) -CP(x,t)I0e
-Rx (7)

P(x,t) ) P0 exp{-CtI0e
-Rx} (8)

P(x,D0) ) P0 exp{-CD0e
-Rx} (9)
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to relate the photogenerated acid concentration any-
where within the film as a function of the exposure dose
delivered to the surface of the resist.

For every molecule of PAG decomposed during expo-
sure it is assumed that one molecule of acid is gener-
ated. The photogenerated acid concentration, AGen, is
related to the PAG concentration by

Substitution and simplification gives

The average concentration of photogenerated acid is
then determined by

where x0 is thickness of the resist film. By a substitution
of variables for CD0e-Rx the integral in eq 12 may be
solved in terms of the exponential integral function,
defined by

to obtain the solution

To determine the value of the C parameter from eq 14
would require direct measurement of the photogener-
ated acid concentration. These measurements are dif-
ficult and laborious to perform in thin films of resist.
To circumvent this issue, base quenchers are used to
indirectly determine acid concentration in a manner
similar to a standard addition experiment.

For resist films loaded with a uniform concentration
of base quencher, B (µmol/g), the neutralization of
photogenerated acid is assumed to be fast and complete.
Recent development of the proportional neutralization
model has shown that acid is neutralized by a stoichio-
metric amount of base immediately after exposure and
does not depend on the postexposure bake.35,36 After
neutralization has occurred the free acid concentration,
AFree, in the resist film is given by

The development of positive tone photoresist films in
aqueous base is governed by the extent of removal of
blocking groups during the PEB, and that process
depends on the amount of acid within the resist film.

Adding base to the resist requires an increase in the
exposure dose to achieve the same degree of polymer
deprotection since additional acid must be generated to
overcome neutralization by the base. We assume that
the same degree of deprotection is reached for a given
free acid concentration when all processing conditions
remain constant. Since resist dissolution is governed by
the removal of protecting groups, we can further assume
that equal dissolution rates are obtained for resist films
containing the same free acid concentration. These
assumptions have been justified for the resist system
used in this work and will be discussed later.

To implement the technique, resist dissolution is used
as an indirect method for detecting equivalent free acid
concentrations. The exposure dose that produces the
same dissolution rate is experimentally determined for
a series of resist formulations containing base. Although
the acid concentration to achieve this dissolution rate
is not known, we assume that it is the same for each
resist. Equation 16 may then be simultaneously solved
for the free acid concentration and the C parameter
by nonlinear minimization to the experimental data
(D0 vs B).

Results and Discussion

A. Calculation of the C Parameter and Free Acid
Concentration. Resist films were prepared from solu-
tions containing ND-Tf and 1-piperidineethanol in an
APEX-type resin. All processing conditions were identi-
cal for every sample. The molar ratio of 1-piperidine-
ethanol to the initial PAG concentration ranged from 0
to 0.25. Each film was exposed to increasing doses of
X-ray radiation across 25 open field exposure zones.37

After the PEB (90 °C, 90 s), each film was developed in
aqueous base for 20 s. The remaining resist thickness
was measured for each exposure zone and normalized
to the remaining thickness of the unexposed regions.
Figure 1 shows representative contrast curves (normal-
ized remaining thickness (NRT) vs exposure dose) for
various base loadings. As the base quencher concentra-
tion increases, the exposure dose required to develop
the film is pushed to higher values of dose. From each
contrast curve, the dose to completely develop each
resist film (dose to clear) was recorded for each concen-
tration of added base. The initial thickness of all the
resist films was 800 ( 15 nm, and a film absorption
coefficient of 0.022 µm-1 was calculated by atomic
scattering cross sections.38,39

The parameters AFree and C were calculated using eq
16 and a nonlinear fitting routine in Mathmatica
(Wolfram Research). Experimental data and the model
prediction are shown in Figure 2. Error bars represent
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the standard deviation of multiple measurements and
were used for weighting the error during minimization.
For the ND-Tf/APEX system the C parameter is calcu-
lated as 0.000 64 cm2/mJ with a free acid concentration
of 4.4 µmol/g (0.055 acid/PAG0 ratio). The 95% confi-
dence intervals for the calculation are 0.000 59-
0.000 68 cm2/mJ and 3.5-5.3 µmol/g for the C param-
eter and free acid concentration, respectively.

In previous work, the maximum concentration of base
added to the resist was only 10% of the initial PAG
concentration.26,27,29 By extending the range of the base
quencher to 25% of the PAG concentration, the confi-
dence intervals of the estimated parameters have been
greatly improved. For example, repeating the calcula-
tion in this work including only the data up to 10% of
the PAG concentration yields a C parameter estimate
of 0.000 72 cm2/mJ with a 95% confidence interval of
0.000 54-0.000 89 cm2/mJ. The range of the confidence
interval has been improved from approximately 48% to
14% of the value of the estimated parameter. The

increase in certainty of the parameter estimation is
important for discerning small differences between
similar photoresist systems.

B. Resist Dissolution May Be Used as an Ana-
lytical Detector for Determining Equivalent Free
Acid Concentrations. A key assumption of the stan-
dard addition technique, described and implemented
above, was that the base quencher acted only to
neutralize a stoichiometric amount of acid. It is possible
that the base quencher could also alter resist properties
by plasticization, variation of the deprotection kinetics,
alteration of diffusive properties, further radiation
chemistry, incomplete neutralization, or additional acid-
base chemistry within the resist or during development.
If any of these processes exist, then the validity of the
technique is in question. We were unable to investigate
each possible complication individually, but we were
able to justify the desired end result that resist dissolu-
tion may be used as an analytical tool to indicate
equivalent free acid concentrations in exposed resist
films.

We considered the assumptions that connect resist
dissolution as an analytical detector to the model used
for parameter estimation. Figure 3 graphically illus-
trates these issues. First, we verified that the depen-
dence of the bulk dissolution rate on the extent of
removal of protecting groups remains the same when
base quencher is added to the resist. Next, we showed
that the induction effects present during resist dissolu-
tion are the same for resists with and without base. This
verified that data taken from contrast curves at a given
developed thickness or dose to clear are representative
of equivalent bulk dissolution rates. To connect equiva-
lent dissolution rates to equivalent free acid concentra-
tions required by the model, we demonstrated that the
same free acid concentration produced within each resist
film leads to the same removal of protecting groups from
the resin polymer. By considering these three issues,
we have validated the methodology of the standard
addition technique.

1. Resist Dissolution Dependence on Deprotection
Remains Constant for Increasing Base Concentration.
The following analysis showed that the dissolution rate
of resists containing different amounts of base quencher
depends only on the extent of resin deprotection. The
bulk dissolution rate for exposed resist films loaded with
base quencher is illustrated in Figure 4. The data were
fit to the equation

Figure 1. Typical resist contrast curves for the ND-Tf/APEX
resist system containing increasing concentration of the base
quencher, 1-piperidineethanol. Addition of base increases the
exposure dose required to develop the resist film. From these
curves, the dose to clear the resist film is recorded for each
concentration of base quencher.

Figure 2. Experimental data and model predictions for the
dose to clear dependence on the concentration of base quench-
er. Data points mark the dose to clear value measured from
contrast curves. Error bars are representative of the standard
deviation of multiple measurements and usually are within
the step size of the incremental exposures. Equation 16 is used
for nonlinear minimization to the experimental data to deter-
mine the resist C parameter and free acid concentration.

Figure 3. Schematic representation of the assumptions
behind the application of experimentally measured contrast
curves to estimate parameters that describe the exposure
chemistry of photoresist using the standard addition model.
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using Origin6.1 (OriginLab) software, where A1 and A2
are the minimum and maximum dissolution rates, x0
is the exposure dose at the center of the curvature, and
p is the power dependence. Each set of data was fit
independently using error bar weighting and constrain-
ing the lower bound to a value greater than or equal to
zero. The parameters in eq 17 do not represent a
physical interpretation of the dissolution behavior of
resists and are only used to represent the collected data.
The difference between the curves is consistent with
acid neutralization by the base quencher.

For the same formulations, infrared spectra were
recorded for exposed films. Two bond stretching regions
characteristic of the tBOC protecting group located at
1149 cm-1 (ester, C-O-C) and 1735 cm-1 (carbonyl,
CdO) were monitored to evaluate the relative extent of
polymer deprotection. During our analysis both regions
were analyzed, and both were found to produce nearly
identical results. Figure 5 displays the infrared absor-
bance measured at 1149 cm-1 as a function of exposure
dose. Consistent with other studies, the infrared absor-
bance does not reach zero despite large exposure
doses.40,41 Error bars represent the standard deviation
of multiple measurements at each exposure zone.

The decrease in infrared absorption is proportional
to the number of protecting groups removed from the
matrix resin by acid catalysis during the PEB. The
dependence of the resist dissolution rate on the coverage
of protecting groups was obtained by combining both
the dissolution rate and infrared data. For each expo-
sure dose at which an infrared spectrum was recorded,
the dissolution rate was calculated using the fit to eq
17. In this respect, a universal curve for the resist
dissolution rate dependence on the extent of deprotec-

tion was generated, as shown in Figure 6. This universal
curve illustrates that the dependence of the bulk dis-
solution rate on the extent of resin deprotection remains
constant for loadings of 1-piperidineethanol as large as
20 µmol/g.

2. Dissolution Induction Effects are Independent of
Base Addition. The standard addition technique uses
contrast curves as an approximation of the true dis-
solution rate behavior of resist films. For the technique,
we arbitrarily chose a value for thickness loss and
measured the dose required to develop that thickness
of resist. The dose to clear the entire film was used in
this study for simplicity. Resist dissolution is often
accompanied by induction effects near the surface of the
resist film, and the initial dissolution of the film may
be significantly slower than the bulk.42 The magnitude
of these effects is not necessarily constant for a given
resist system and can vary with the amount of exposure

(40) Ito, H.; Sherwood, M. J. Photopolym. Sci. Technol. 1999, 12,
625-636.

(41) Thackeray, J.; Fedynyshyn, T. H.; Kang, D.; Rajaratnam, M.
M.; Wallraff, G.; Opitz, J.; Hofer, D. J. Vac. Sci. Technol., B 1996, 14,
4267-4271.

Figure 4. Bulk dissolution rates for resist films exposed to
X-ray radiation as determined by a dissolution rate monitor.
The bulk dissolution rate is determined at half the resist
thickness. Error bars represent the standard deviation of
multiple measurements. The solid lines are a least-squares
fit of the data to eq 17 using error bar weighting.

y )
A1 - A2

1 + (x/x0)
p

+ A2 (17)

Figure 5. Infrared absorbance at 1149 cm-1 for resist films
exposed to X-ray radiation. Error bars represent the standard
deviation of three measurements in each exposure zone.
Infrared spectra for samples containing base ratios of 0.0 and
0.249 were taken from two independent samples for each base
concentration, indicating excellent reproducibility of the mea-
surements.

Figure 6. Universal curve for resist dissolution rate depen-
dence on the remaining coverage of protecting groups. The data
from Figures 4 and 5 are combined by calculating the dissolu-
tion rate for each exposure dose that an infrared spectrum has
been recorded. Error bars have been included from the infrared
absorbance, but no estimate of error from the calculation was
made.
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delivered to the film, presumably due to the creation of
acid and subsequent deprotection of the resin. Because
of these induction effects, the average dissolution rate
calculated from contrast curves by dividing the devel-
oped thickness by the development time does not
necessarily agree with the bulk dissolution rate of the
film measured by a dissolution rate monitor. Accord-
ingly, these discrepancies are larger for short develop-
ment times and thinner resist films.

As long as the addition of base to the resist does not
alter the induction effects, the substitution of contrast
curves for true dissolution behavior is valid. We mea-
sured the induction time from the raw data obtained
by the dissolution rate monitor. As shown in Figure 7,
the induction time is plotted against the bulk dissolution
rate of the film for systems containing 0.0 and 0.249
ratio of base to initial PAG loading. The induction time
was taken at the break between the initial and bulk
dissolution behavior as shown in the inset of Figure 7.
For conditions at which the bulk dissolution rate is the
same for films with and without base, the induction time
is likewise equal. Since both the induction times and
the bulk dissolution rates are equal, the amount of resist
removed during a timed development will also be equal.
Therefore, contrast curves may be used for this system
to mark equivalent bulk dissolution behavior.

3. Same Deprotection for Equal Free Acid Concentra-
tions. To verify that the same free acid concentration
produced in each resist of the series removed an
equivalent number of protecting groups during the PEB,
we again employed the measurements of infrared ab-
sorbance from Figure 5. Using eq 16 and the C param-
eter determined above, infrared absorbance was plotted
as a function of the calculated free acid concentration
present in the film, as shown in Figure 8. A value of
zero on the x-axis denotes no acid or base present in
the film. Values to the left of zero indicate base remain-
ing in the film, and values to the right of zero represent

the free acid concentration. The shaded region repre-
sents the uncertainty of the calculation for resists
containing a base to PAG ratio of 0 and 0.249 and was
obtained by repeating the calculation using the 95%
confidence interval for the C parameter. The data sets
for these two formulations agree within the confidence
of the parameter estimation.

Since the extent of resin deprotection is proportional
to the infrared absorbance at 1149 cm-1, Figure 8 shows
how deprotection depends on the free acid concentration
in the film. Resist films containing base seem to exhibit
a small degree of deprotection before complete neutral-
ization of the base (x-axis value of zero). The effect
appears to become more problematic as the base con-
centration increases. It is possible that the neutraliza-
tion reaction does not go to completion before the PEB,
as was assumed by the proportional neutralization
model.35,36 Another possibility is the breakup of the
acid-base complex during baking, releasing some of the
free acid. This small amount of residual acid may
catalyze deprotection reactions during the PEB before
it is quenched by base. The consequence would be an
overestimate of the C parameter, and larger errors
would incur for resist systems or conditions where the
extent of deprotection needed to develop the film is very
small. Although this observation does not support any
definitive conclusions, it may indicate that the propor-
tional neutralization model is limited to a concentration
range of base. In contrast, the confidence intervals
obtained during parameter estimation are improved by
extending the base concentration. For the ND-Tf/APEX/
1-piperidineethanol system, a maximum base ratio of
0.25 appeared to satisfy the tradeoff between these
effects. Within this range of base the dependence of
resist deprotection on the free acid concentration is the

(42) Flanagin, L. W.; Singh, V. K.; Willson, C. G. J. Polym. Sci.,
Part B: Polym. Phys. 1999, 37, 2103-2113.

Figure 7. Dependence of the induction time during resist
dissolution on the bulk dissolution rate. Error bars show the
standard deviation of multiple measurements. Inset: The
induction time is taken at the break between the initial and
bulk dissolution behavior.

Figure 8. Infrared absorbance as a function of the acid and
base concentration within the resist film. The decrease in
infrared absorbance is proportional to the extent of polymer
deprotection. The concentration of acid is calculated using the
C parameter determined from contrast curves for this resist
system. Values to the left of zero indicate that the exposure
has not generated enough acid to neutralize all the base added
to the resist. Values to the right of zero indicate the concentra-
tion of free acid in the film after neutralization. The shaded
region represents the variation in the calculation of the free
acid concentration by implementing the 95% confidence in-
tervals for the C parameter and smoothing the calculated
values.
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same for every resist. Therefore, it is reasonable to
assume that an equivalent removal of blocking groups
occurs from the same free acid concentration.

Conclusions

We have described and validated a technique to
quantify photoacid generation in chemically amplified
photoresist. The standard addition method is essentially
applicable to all chemically amplified resist platforms;
however, the following consideration should be applied
to the selection of the base quencher. The base quencher
must be a strong base, soluble in organic solvents,
miscible and stable in photoresist solutions, and soluble
in aqueous base developer. Bases of low volatility are
also preferable to minimize chance of evaporation dur-
ing thermal processing, and most importantly, the base
quencher should not inhibit the dissolution of the resist
in aqueous base. For the system studied, 1-piperidine-
ethanol appeared to meet all these criteria since the
resist dissolution dependence on the removal of protect-
ing groups remained constant. Other base quenchers
should similarly be characterized before applying them
to the technique.

It is extremely important to maintain constant pro-
cessing conditions for each of the resists in the series.
The post-apply bake, exposure, postexposure bake, and
development conditions must all be performed with
rigorous attention to reproducibility. Likewise, each
resist film must be cast to achieve the same initial film
thickness. As long as each resist film in the series is
processed under identical conditions, all processing
variables are removed from the effects of the radiation
chemistry. Similarly, adjusting the PEB or development
conditions for the entire series should not alter the
determination of the C parameter; however, the value
of the free acid concentration under the new conditions
will not be the same. Further work is required to verify

that the model predicts the same C parameter when
processing conditions are varied.

The standard addition technique is advantageous over
other techniques since it does not require additional
processing equipment or procedures other than those
found in most wafer processing laboratories. Resist films
are processed under realistic conditions generating
results entirely applicable to parameters required in
photoresist simulation packages. In addition, this tech-
nique does not require large areas of exposed resist,
allowing photoacid efficiency to be determined for all
forms of radiation including electron beam writing, for
example, that has previously been excluded by practi-
cality. This new technique offers exciting opportunities
to explore the differences of photoacid generation across
all exposure platforms, increasing our understanding
of resist chemistry and aiding in the development of the
next generation of resists.
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