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We have made significant improvements in the development of a fast, convenient
fluorescence imaging technique for evaluating the acid generation efficiency of photoacids
in chemically amplified photoresists. A pH sensitive fluorescent molecule, coumarin 6 (C6),
is doped into a 193-nm commercial resist system for imaging. For the 193-nm resist systems
studied here, the Ka of C6 lies within the range of acid concentrations that can be
photogenerated, making it a suitable probe of the acid generation efficiency of various
photoacid generators (PAGs). Resist formulations, each containing a candidate PAG, are
doped with C6. The resist is spin coated onto wafers and patterned with 5-µm features,
with each feature at a different exposure dose. Each wafer is then spectroscopically imaged
with an epi-fluorescence microscope. The spectroscopic content of each feature in the dose
ramp is determined and the resulting data are analyzed using a two-level optical titration
model. The relative quantum yields of acid generation for several PAGs have been measured
multiple times over the span of several months and are shown to be reproducible.
Furthermore, we have compared the on-wafer fluorescence imaging technique with two
nonindicator based (C-parameter and P-parameter) methods. Our results demonstrate an
excellent agreement among the three techniques.

Introduction

The drive to reduce the size of features printed in
photoresist has pushed the lithographic process to
increasingly shorter wavelengths. As the exposure
wavelength decreases, the photon flux of light sources
in modern microlithography tools decreases dramati-
cally resulting in increased processing time. Chemically
amplified resists (CARs)1 are becoming more important
throughout the semiconductor industry due to the need
for high throughput using these at shorter exposure
wavelengths. CARs contain a photoacid generator (PAG)
within a polymer-resist. Photolytic decomposition of
PAG compounds2 during exposure generates a strong
acid in the resist. This acid acts as a catalyst for many
cross-linking reactions between polymer chains. Thus,
one incident photon can be responsible for many chemi-

cal events. The efficiency of a PAG is quantified by the
amount of photoacid created per exposure dose of
radiation and depends on its particular properties, such
as chemical structure and molecular weight. Under-
standing the mechanism and efficiency of acid genera-
tion is of immense importance for their potential use in
the design of more efficient photoinitiators. Because the
PAG is an essential component of CARs, evaluation of
the quantum yields of photoacid generation of PAGs is
an important parameter for resist design. Acid quanti-
fication is typically accomplished by spectrophotometric
or spectrofluorometric titration of pH indicator dyes.3-5

The optical titration techniques that are commonly used
are destructive and time-consuming because they are
performed by dissolution of the exposed resist films,
typically with one dose per wafer.
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Several studies have demonstrated in situ quantifica-
tion of photoacid in exposed films.6,7 The advantages of
on-wafer techniques are (1) they are nondestructive, (2)
they allow measurements to be performed in situ, and
(3) they obviate much of the labor-intensive wet chem-
istry. A potential drawback is that the presence of the
indicator can alter the absorbance of the resist at the
lithographic wavelength as well as promote PAG de-
composition through sensitization during the optical
measurement. However, high-sensitivity fluorescence
detection permits the use of extremely lower indicator
concentrations, thereby minimizing any perturbation of
the resist system. In situ studies have typically involved
serial measurements (i.e., one acid concentration per
measurement event).8-10

In earlier publications,11,12 we have reported the ex-
tension of the in situ technique to parallel data acquisi-
tion, which is accomplished by spectroscopic imaging of
wafers exposed with a dose ramp. The convenience and
speed of the parallel scheme is especially relevant in
the context of screening many candidate PAGs.12 Un-
fortunately, due to relatively high background fluores-
cence endemic to previous experimental realizations of
this technique,12 a significant correction factor was
necessary in the data analysis that turned out to
dominate the subsequent error analysis. Furthermore,
film and signal heterogeneity over the entire wafer
required an additional signal normalization and de-
creased the achieved reproducibility of the technique.
In this paper, we present an improvement of our
previously reported parallel in situ acid quantification
technique12 to evaluate the quantum yields of candidate
PAGs. The dose array area has been reduced to a 100
× 100 µm2 image with individual feature sizes of only
5 µm. This makes it possible to image the entire sample
as a single image in an epi-fluorescence microscope,
dramatically reducing the influence of background
fluorescence and the effect of long-range film heteroge-
neity. The previous systematic errors reported in evalu-
ating acid generation curves12 have been eliminated
with the present experimental set up.

There already exist two industrially relevant methods
of obtaining information about the acid concentration
in CARs, neither of which use indicator dyes during film
formation. The C-parameter method was developed by
Szmanda et al.13 In this method, the photogenerated
acid is titrated against increasing amounts of base.

Since the dose to clear (E0) decreases linearly with the
concentration of base, it is possible to infer the amount
of acid generated by each exposure and thus ascertain
the C-parameter. This method does not measure the
photoacid directly but rather is an indirect measure-
ment method relying on a lithographic response (E0) for
acid quantification. The principal advantage of this
method is that it is efficient and relatively easy to
implement requiring only simple E0 determination for
a few resists at various base/PAG ratios. For this reason,
this method finds considerable utility in quantifying
acid generation for chemically amplified resists under
a wide variety of exposure conditions ranging from
optical to non-optical exposures: 248-nm, 193-nm, 157-
nm, E-beam, EUV, X-ray, and ion projection lithogra-
phy.5,13

The second method was developed by Pohlers et al.14

and is called the P-parameter method. The P-parameter
quantifies the photospeed of the sample as if the PAG
were the only absorber at the excitation wavelength.
This technique introduces a great simplification over
other methods in that it does not require samples be
specially prepared for the measurement. The P-param-
eter is very useful from the lithographer’s point of view,
as it expresses the efficiency of a PAG in terms of a
photospeed rather than as a quantum yield. Here, we
present a comparison of our improved on-wafer fluores-
cence technique with both the C-parameter and P-
parameter methods for various photoacid generators in
193-nm photoresists.

Experimental Section

Commercially available Coumarin 6 (C6) (Aldrich) was
recrystallized from CH3OH/CH2Cl2. The neutral-monocation
protonation equilibrium of C6 is shown in Scheme 1. The PAGs
triphenylsulfonium triflate (TPSOTf), di[(4-tery-butyl)phenyl]-
iodonium triflate (DTBPIOTf), and N-(trifluoromethanesulfo-
nyloxy)-5-norborene-2,3-dicarboximide (MDOTf) were synthe-
sized at Shipley Company Inc. and their structures are shown
in Scheme 2. Each of these PAGs generates trifluoromethane-
sulfonic acid (TFA). The structure of 193-nm positive tone
resist obtained from Shipley is shown in Scheme 3.

Three 193-nm resist formulations were prepared, each
containing a different PAG (TPSOTf, DTBPIOTf, MDOTf) and
doped with 0.05 wt % (vs solid content) C6. The PAG loading
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Scheme 1. Protonation Equilibrium of Coumarin 6
(C6)

Scheme 2. Chemical Structure of Photoacid
Generators
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in all formulations was such that the films all exhibited
equivalent absorbance at 193 nm. The formulations were spin-
coated to a thickness of ∼400 nm onto 8-in. bare silicon wafers
and received a postapplication bake (PAB) at 120 °C for 60 s.
Each wafer was exposed at 193 nm using an ISI microstepper
and a mask with a single 5 × 5 µm square. Using a raster
scan pattern, a 10 × 10 array of squares was generated with
a linear dose ramp from 0.1 to 49.6 mJ/cm2. The exposure doses
for two consecutive squares differ by 0.5 mJ/cm2. The exposed
wafers were placed in separate containers and sealed in plastic
bags and kept in dry ice before the measurement in the epi-
fluorescence microscope. During the course of the experiments
presented here significant airborne base contamination was
not observed, which would be manifested as a change in the
relative signals in each fluorescence channel.

In general, the absorption and fluorescence spectra of C6
depend on the chemical composition of the surrounding matrix.
We have performed absorption and fluorescence spectroscopy
of the neutral (C6) and protonated (C6+) forms of the fluoro-
phore in the 193-nm resist. Trifluoromethanesulfonic acid
(TFA) was used to protonate the C6 molecule. Spin-coated
films were made on quartz substrates for performing the
absorption and fluorescence measurement. Absorption spectra
were recorded using a Varian CARY 13 spectrophotometer.
The absorption spectrum of C6+ shows a large red-shift
compared to that of C6 and little overlap exists between the
two spectra (Figure 1). Fluorescence spectra were also obtained
from the same samples as shown in Figure 1. It is apparent
from Figure 1 that the red-shift from C6 to C6+ is so large
that the overlap between the two spectra is relatively small.

The apparatus used for acquiring images is based on a Zeiss
Axioskop 50 microscope operated in epi-fluorescence mode, a
schematic representation of which is shown in Figure 2.
Spectroscopic filters were chosen to excite and detect the
neutral and protonated C6 population of the dye. Light from
a 75-W xenon arc lamp is transmitted through a glass diffuser
and an excitation filter, reflected by a long-pass dichroic beam
splitter, and imaged onto the sample with a Zeiss infinity
corrected microscope objective (air, 10×, 0.3 numerical aper-
ture). The fluorescence is imaged onto a liquid-nitrogen-cooled
CCD camera consisting of a 512 × 512 array of 24 × 24 µm
pixels (Roper Scientific). The combination of a microscope tube

lens and a negative lens provide additional magnification. In
general, the fluorescence measurements depend on the filter
excitation and collection wavelengths. For detection of C6, a
457.9(5-nm filter was used for excitation, and a 490(20-nm
filter was used in series with a 470-nm long-pass filter for
collection and suppression of the small amount of scattered
excitation light from surface contaminants. Fluorescence
spectra (as shown in Figure 1) suggest that C6+ population is
very weakly excited by light at 457.9 nm and is very weakly
fluorescent between 470 and 510 nm. This choice of filters
therefore provides detection of C6 with excellent contrast. For
detection of C6+, a 514.5(1.5-nm filter was used for excitation,
and a 550-nm long-pass filter was used in series with a
514.5(5-nm notch filter for collection and suppression of the
small amount of scattered excitation light from the surface
contaminants. C6 does not fluoresce on excitation with 514.5
nm. Images were acquired using an integration time of 30 s.
Sample heterogeneity and reproducibility were confirmed by
imaging arrays acquired at varying exposed locations on the
wafer (data not shown).

Results and Discussion

The photospeed of resists is determined using wafers
exposed with a dose ramp pattern, as described in the
previous section. The entire dose array (100 µm × 100
µm) has dimensions smaller than the field of view of
our imaging system, which allows us to image the entire
array in a single acquisition. As the array size is several
orders smaller than our previous method,12 we observed
fewer film inhomogeneities across the region of interest,
and as a result data analysis is dramatically simplified.
Furthermore, the use of a light tight microscope nearly
eliminates the contribution of stray background radia-
tion, which plagued our earlier technique, and neces-
sitated the use of relatively large background correction
terms (âΛ1 and âΛ2).12

In the following analysis, we adopt the notation Λ t
{λexcitation, λcollection} to represent filters used for a par-
ticular set of measurements. We define Λ1 t {457.9(5
nm, 490(20 nm} and Λ2 t {514.5(5 nm, >550 nm}.
Representative Λ1 and Λ2 images of the 193 nm-exposed
wafers containing TPSOTf are shown in Figure 3. The
fluorescence intensity of the features in the Λ1 image

Scheme 3. Chemical Structure of 193-nm
Photoresist

Figure 1. Absorption and fluorescence spectra of C6 and C6+

in 193-nm photoresist.

Figure 2. Schematic representation of the experimental
setup.
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are seen to decrease with increasing exposure dose. This
is because the fraction of unprotonated C6 is decreasing.
Inversely, the fluorescence intensity in the Λ2 image
increases with increasing exposure dose. The fluores-
cence intensity from each of the square features in the
dose ramp is measured and an intensity vs exposure
dose curve is obtained as shown in Figure 4, for three
different photoacid generators.

The following optical titration model is used for data
analysis. Acid generation curves12 were found to be well
described by the function

where [H+] is the acid concentration for a given exposure
dose E, [H+]∝ is the acid concentration extrapolated to
infinite exposure dose, and E1/2 is the exposure at which
[H+] ) [H+]∝/2. In general, the signal obtained in each
detection channel in a two-state optical titration is given
by

where [C6] ([C6+]) is the molar concentration of C6 (C6+)
and FC6,Λ (FC6+,Λ) is the fluorescence measured from an
equivalent ensemble with [C6+] ([C6]) equal to zero. The
additive background, bΛ, is related to systematic noise.
This background is normalized by the fluorescence

intensity at each wavelength (Λ1, Λ2) and expressed
as: âΛ1 t bΛ1/FC6,Λ1, âΛ2 t bΛ2/FC6,Λ2. In our current epi-
fluorescence microscope setup, we measure âΛ1 and âΛ2

to be 0.009 ( 0.001. This is a dramatic improvement
from our previous technique where the values of âΛ1 and
âΛ2 were estimated to be 0.05 ( 0.025.

Expressing eq 2 in terms of our two collection wave-
lengths (Λ1, Λ2), and following simplification, we obtain

where P1, P2, P3, P4, and P5 are described in detail in
ref 12. Equations 3 are simultaneously fit to the data
with P1, P2, P3, P4, and P5 as free parameters. The data
and fit curves are shown together in Figure 4.

The mixed dissociation constant, Ka, exhibits a linear
dependence on [C6] and [C6+], typical of a two level
titration. We have previously obtained the value of Ka
for C6 [3.57 ( 0.16 × 10-2 (10-3 mol/cm3)] from in vitro
experiments for this system.12 This value is used in the
analysis of the 193-nm exposure data for which [H+]∝
and E1/2 are unknown (i.e. free parameters). Finally, the
values for [H+]∝ and E1/2 are obtained as

Figure 5 shows acid generation curves for each of the
three candidate PAGs. The three curves in each subplot
of Figure 5, representing three independent measure-
ments, were taken over a period of three months and
demonstrate the reproducibility of our measurement to
be of order 10%.

For comparison, we chose TPSOTf as the reference
PAG. The relative quantum yield of photoacid genera-
tion of each PAG (assuming the films have equal
absorbance at 193 nm) is given by φgen,rel t [H+]/[H+]ref.
Values of φgen,rel for three different PAGs are given in
Table 1. We infer that the relative quantum yield is
highest for TPSOTf, which would be favored as a

Figure 3. Λ1 and Λ2 images of wafers coated with formulations containing TPSOTf and exposed at 193 nm. The dose ramp is
exposed in a raster pattern beginning at the lower right and ending at the upper left. The doses are from 0.1 to 49.6 mJ/cm2 with
an increase of each exposure dose in each step by 0.5 mJ/cm2.

Figure 4. Λ1 and Λ2 fluorescence vs dose (at 193 nm) for each
of the three PAGs. The lines are fit of eq 3 to the data.
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commercial PAG when compared to the other PAGs
used in this study.

For comparison, we measure the quantum yield and
the photospeed of the PAGs using two independent
methods: the C-Parameter and P-Parameter, respec-
tively. The C-parameter is an indirect method for acid
quantification, which estimates the absolute quantum
yield (ΦH+) of acid generation.13 The P-parameter
method predicts the theoretical photospeed of the
formulation if the PAG were the only absorber at the
excitation wavelength.14

The data for all three methods are compared in Table
2. The relative quantum yields determined with our
method were converted into absolute values by assign-
ing TPSOTf an absolute value of ΦH+ ) 0.121, as
previously determined using the C-parameter method.15

We obtain a value of ΦH+ ) 0.047 for DTBPIOTf, which
is in excellent agreement with that obtained by the
C-parameter method (ΦH+ ) 0.045).15

A comparison with the P values is not as straightfor-
ward, since P is a photospeed rather than efficiency, and
it is not expected to correlate in a linear fashion with
the quantum yield.14 In general, a larger P-parameter
value implies lower relative quantum yield (ΦH+).
However, a comparison between P and the quantum
yields for three PAGs shows that the relative order is
the same, i.e., TPSOTf being the fastest/most efficient
PAG and DTBPIOTf being the slowest/least efficient
PAG.

One advantage of the on-wafer imaging technique as
compared to the P-parameter method is that it does not
depend on the formulation. In addition, all factors that
influence the photospeed also impact the absolute value
of P. This dependency is a direct result of the fact that
the actual amount of acid is not determined and the ob-
served photospeed is a convolution of the amount of acid
and all the factors affecting the deblocking and dissolu-
tion step. It should be pointed out that this dependency
of P on the processing conditions is shared with the
C-parameter and the quantum yields extracted from
them, whereas our on-wafer optical titration method is
independent of both formulation and processing.

Conclusions

We have developed a fast, convenient, and nonde-
structive fluorescence technique for quantitatively mea-
suring the quantum yields of photoacid generation for
193-nm PAGs. Acid-generation curves and relative
quantum yields of PAGs in 193-nm resist systems are
obtained with reduced background and a decreased
sensitivity to film heterogeneity compared to our previ-
ously reported technique.12 A comparison with two
nonindicator-based methods, the well-established C-
parameter method and the P-parameter method, shows
good agreement. Our approach is unique because it
combines the advantage of in vitro, indicator-based
methods with those of on-wafer, E0-based methods.
Specifically, it requires a negligible perturbation of the
resist formulation and enables the absolute determina-
tion of the acid concentration on the wafer. Additionally,
as an in situ method it does not require any wet
chemistry and is extremely fast in comparison with the
other techniques.
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Figure 5. Acid generation curves obtained as a function of
dose for three PAGs. Dotted, dashed, and solid lines in each
subplot are from the different batches of samples with same
resist formulations.

Table 1. Relative Quantum Yields and Acid Generation
Parameters for Three PAGs

PAG
[H+]∝

(10-3 mol/cm3)
E1/2

(mJ/cm2) Φgen, rel

TPSOTf 0.036 12.26 1.00
DTBPIOTf 0.034 33.36 0.39
MDOTf 0.033 18.08 0.55

Table 2. Comparison of Acid Generation Parameters for
P-Parameter, C-Parameter, and On-Wafer Fluorescence

Method for Three Different PAGs

PAG
P-parameter

[mJ/cm2]a
absolute ΦH+

(C-parameter)b
absolute ΦH+

(on-wafer)

TPSOTf 1.10 0.121 0.121
DTBPIOTf 2.86 0.045 0.047
MDOTf 2.47 n/a 0.067

a From ref 14. b From ref 15.
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