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A fundamental task of chemically amplified photoresists is to record the incident radiation by
generating catalyst concentration gradients within the film. In many resists, the catalyst is a strong
Brönsted acid which yields a latent image ofpH within the exposed film. A number of mechanistic
questions remain about acid generator efficiency and its mobility once generated and heated. We
have developed a technique in which apH-dependent fluorophore is incorporated into the resist~an
undyed version of SAL 605 from the Shipley Company and similar formulations!. The localized
acid concentrations generated by exposure to x-rays are analyzed and imaged using fluorescence
spectroscopy and microscopy. Initial experiments, the spectroscopic apparatus, and initial far-field
imaging are reported elsewhere@S. J. Bukofsky, G. D. Feke, Q. Wu, R. D. Grober, P. M. Dentinger,
and J. W. Taylor, Appl. Phys. Lett.73, 3 ~1998!#. In this article, several fluorophores are evaluated,
and various criteria for successful imaging within the photoresist matrix are established. These
criteria include pKa of the fluorophore, photostability, and functional groups that affect the
performance of the acid within the film. The technique is used to show the relative efficiency of two
photoacid generators in otherwise identical matrices, and the method has the potential for rapid
photogenerated acid yield determination among a variety of photoacid generators. This technique
can be used in thin imaging films and, due to the low level of fluorophore required~0.01–0.1 wt. %!,
for photoacid yield determination in optical photoresists without significantly altering the
absorbance characteristics of the film. Initial near-field scanning optical microscopy images are
shown and the potential of the technique for several lithographic applications, including
measurement of the actual spread of the acid distribution during postexposure bake, is discussed.
© 1998 American Vacuum Society.@S0734-211X~98!08406-6#
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I. INTRODUCTION

The performance of the photoacid generator~PAG! dur-
ing exposure and the photogenerated acid during poste
sure bake~PEB! delay as well as the PEB itself is one of th
critical parameters in the success of chemically amplifi
resists. An analytical technique for determining photoa
concentration and distribution in the matrix of the film wou
be a significant addition to our ability to map the response
these chemically amplified resist materials. While spec
photometric titration has been utilized by a number
authors,1–4 and even spectrofluorometric titration5–8 has been
used to quantify the amount of acid, these are destruc
techniques which ultimately are not performed in the sa
matrix as the lithography step. In addition, nearly an en
wafer must be blanketed with radiation in order to gener
enough acid to give the sensitivity needed to perform
analysis. This does not allow measurements to be mad
small exposure field systems and it is difficult with direc
write electron beam exposure. In addition, experimental v
fication of the spatially resolved acid distribution is not po
sible with these titration techniques. One can only determ

a!Present address: Sandia National Laboratories, Livermore, CA.
b!Electronic mail: jwtaylor@xraylith.wisc.edu
c!Present address: IBM Corp., Hopewell Junction, NY.
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the acid concentration versus dose via titration, and then
models of incident dose distribution to correlate initial ac
distribution within the film.

Fluorescent molecules excited within polymers have b
utilized extensively in the biological community. Howeve
biological polymers are often measured at near-neutralpH in
aqueous environments, mimicking biologically relevant co
ditions. It may not be possible to introduce an aqueous e
ronment to practical photoresists and expect the same
sponse of the photoresist as that under lithograp
conditions. For example, airborne water has been identi
as a major contamination source for negative-tone, che
cally amplified resists,9,10 and airborne base contaminatio
on the order of parts per billion has been identified as pr
lematic for positive-tone systems.11 Pohlers et al. have
achieved photoactivated,pH-dependent fluorescent spect
within polymer films.7,8 However,pH-dependent spectra fo
rhodamine B and fluorescein were collected only in films
polymethylmethacrylate~PMMA! as they concluded that th
lactone ring was opened in polyvinylphenol~PVP! for these
dyes. Photoresist materials are defined by imaging per
mance, and an on-wafer acid measurement technique is
ited to the matrix~resist! and conditions under which lithog
raphy occurs.

SAL 605 was chosen for latent image acid determinati
3767/16 „6…/3767/6/$15.00 ©1998 American Vacuum Society
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This is a negative-tone, e-beam/x-ray resist based on a
volac resin, hexamethoxymethylmelamine~HMMM !, and a
PAG.12 The acid concentration generated upon exposur
x-rays from the ES-5 beam line at the Center for X-ray
thography~CXrL! at the University of Wisconsin–Madiso
has been quantified by spectrophotometric titration,13 and the
processing conditions are well developed at CXrL. The P
delay time stability for this experiment is important becau
the exposures were done at the University of Wisconsin
the fluorescence measurements were done at Yale~New Ha-
ven, CT!. The PEB delay time stability has been measu
by infrared absorption peak height formation by Gams
et al.14 to be roughly 24 h for 1mm thick films, by dose to
size by Fedynyshynet al. for SAL 603 under e-beam expo
sure to be approximately 24~Ref. 15! and approximately 12
h for 0.5mm thick films in an open cleanroom, as measur
by real-time Fourier transform infrared~RT-FTIR!
kinetics.16 However, the source of the delay instability
these novolac-based chemically amplified resists is know
be airborne water contamination, and film life has been
creased to weeks by storing the coated films under
conditions.9,17 Therefore, removing humidity from the sto
age environment should improve the PEB delay stability
longer than 12 h. In addition, if the failure mode is predom
nantly from attack of the melamine crosslinker by water, a
not scavenging of the acid as found in positive-tone syste
we expect that this technique, which measures acid con
tration, may not be particularly susceptible to delay times
least on the order of 24 h.

The essential aspects of near-field scanning optical
croscopy~NSOM! are as follows. Light is guided along
single-mode optical fiber, and exits through an aperture
proximately 70 nm in diameter. The aperture is formed
chemically etching the optical fiber into a sharp tip18 and
metallizing the outer wall by shadow evaporation. The fib
probe acts as a local illumination source, and operate
close proximity~10–50 nm! to the sample. The spatial reso
lution of this system is approximately equivalent to the ne
field aperture diameter, about 70 nm.

In this article, some general aspects of fluorescence f
photoresist films are shown. We show the utility of the o
wafer spectrofluorometric titration technique to evaluate
relative efficiency of PAGs in the matrix of the lithograph
process. In addition, fluorescence imaging is used, and
initial comparison of near-field and far-field imaging is di
cussed. The potential of this technique for accurately de
mining the movement of acid during the PEB is also d
cussed.

II. EXPERIMENT

Fluorescent probes Cl-NERF and Cl2TFF were purchased
from Molecular Probes~Eugene, OR!. The photoacid genera
tors, tetrabromobisphenol A~TBBPA! and tetrachloro-
bisphenol A ~TCBPA!, were obtained from Aldrich~Mil-
waukee, WI!. All were used as received, and the structu
are shown in Fig. 1. Novolac resin was obtained from Sc
nectady International~Schenectady, NY! and the HMMM
o-
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product, Cymel 300~American Cyanamid, Wayne, NJ!, was
obtained and used as received. All wt. % additives are
ported versus solids content of the casting solution. A f
mulation of SAL 605 which did not contain the visual co
trast enhancing dye was graciously donated by The Ship
Co. The molecular probes were added to SAL 605 cas
solution and similar formulations and were spun onto vis
ally transparent soda-lime wafers. These films were p
cessed with a postapply bake of 118 °C, for 72 s. Exposu
were made at the CXrL on the ES-5 beamline connected
Karl Suss XRS 200/2M x-ray stepper, unless stated oth
wise. Blanket exposure doses on this beamline are repo
as to a 2mm silicon nitride membrane. The membrane a
sorbs approximately 50% of the radiation at these wa
lengths. Patterned exposures were through an IBM LT
mask which employs approximately 0.6mm of Au absorber
and absorbs roughly 90% of the radiation at these wa
lengths. When a PEB was applied, the conditions w
108 °C for 60 s. The exposed wafers were placed in a wa
box packed with approximately 10 g of molecular sieves~5 g
each of 5 Å, Union Carbide, Plainfield, NJ, and 4 Å, Math
son Coleman, Norwood, OH!, outgassed with dry nitrogen
and sealed before shipment to Yale University. Typical e
posures were done in the afternoon, and the wafers w
received at Yale by 10:30 am the next day. The delay ti
for the dry storage conditions was thus between 16 and 2
Ultraviolet visible ~UV-vis! spectra were measured at CXr
with a Hewlett-Packard 8452 apparatus. RT-FTIR spectr
copy for kinetics measurements was performed as discu
in a prior publication.19

Fluorescence excitation at Yale was performed using
514 nm line of an Ar-ion laser. The photons collected we
those whose wavelengths were greater than 10 nm from
exciting beam. Details of the far-field imaging are in a pri
publication.20 The near-field images were formed by raste
ing the sample through the pump beam provided by the n
field probe, and collecting photons in the far field. Fluore
cence was collected with a 0.8 numerical operature~NA!,
1003microscope objective, and imaged onto an avalan
photodiode~APD!. Two holographic notch filters~Kaiser

FIG. 1. Top: Fluorescent probes investigated in this study. Bottom: Ph
acid generators used in this study.
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Corp.! were used to remove the pump beam from the de
tor. The dark count on the APD was less than 50 count
and the fluorescence during imaging was orders of ma
tude greater than this, allowing high signal to noise ratios
is also important to mention that these NSOM experime
using molecular fluorescence as an imaging source are m
possible by the increased optical throughput of chemic
etched fiber probes.18

III. RESULTS AND DISCUSSION

A. Defining the fluorophore and matrix

Initial experiments were performed to determine the ran
of pH for which a fluorophore incorporated within the SA
605 matrix would need to be sensitive. First, the effectivepH
of the film was estimated by incorporating seve
pH-sensitive dyes into the film and measuring their UV-v
absorption spectra to determine if they were predomina
in their acidic or basic form. Tetrabromophenol blue sodiu
salt, Congo Red, and Bromocresol Green were incorpor
into the film at 1 wt. % and measured. From the result
spectra, and the knownpKa’s of these dyes in water, a
‘‘effective’’ pH of the film was estimated to be approx
mately 4.0–4.5.21 Under x-ray exposure sufficient fo
imaging, this resist generates approximately 5310206

moles H1/cm3.13 If we assume that the acid is complete
dissociated, then thepH drops from approximately 4.3 to
2.3. Thus, one would prefer to have a fluorophore withpKa

of effectively 3.4 in the SAL 605 matrix. There is a varie
of pH-dependent fluorophores that meet this criterion, s
as tetrachloro-tetrabromo fluorescein and tetraiodo fluo
cein. We found that incorporation of brominated dyes in
photoresist matrices will result in a change in absorba
purely from the photolytic decomposition of the dye itself
was shown elsewhere.22 Presumably, the iodinated fluoro
phore would have similar restrictions when using x-ray
diation. It is also important that the sensing dye itself n
interfere with the measurement. UsingpH-sensitive fluoro-
phores likeo-phenylene diamine would cause concern b
cause of the high levels of primary amines incorporated i
the film with this fluorophore, which would presumably alt
the measurement of the activity of the generated acid, as
be discussed in Sec. III D. Nonetheless, use ofo-phenylene
diamine was attempted because of the desirable property
it increases fluorescence with decreasingpH.23 However,
this fluorophore photobleached rapidly and was not us
for analysis. Therefore, the fluorophores shown in Fig
were chosen.

The UV-vis absorption spectra of the two fluorophores
undyed SAL 605 as well as the undyed SAL 605 matrix
shown in Fig. 2. The Cl-NERF fluorophore is a hybrid
fluorescein and rhodamine dyes with the added elect
withdrawing group to lower itspKa to 3.8, and whose
flourescence excitation is quenched with decreasingpH.24

Figure 2 shows that Cl-NERF in SAL 605 has a reasona
high ratio of absorbance at 530 nm to that at 490 nm, ind
tive of the dye in its basic or near-pKa environment.25 How-
ever, the ratio of the peaks for the Cl2TFF is quite small,
JVST B - Microelectronics and Nanometer Structures
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indicative of the probe in an environment withpH below its
pKa of 4.4 ~in water!. Subsequent fluorescence experime
showed approximately an order of magnitude less fluor
cence from the Cl2TFF molecule in the undyed SAL 60
matrix, again indicative that itspKa is too high for the ex-
periment. This is consistent with the estimated effectivepH
of the medium. In general, fundamental considerations ofpH
andpKa which were defined for water, appeared to hold
in the SAL 605 matrix for the fluorescent probes investiga
here. Cl-NERF was then chosen for subsequent experime
and showed a linear increase in fluorescence with the w
fluorophore added up to approximately 0.15 wt. %, as sho
previously,20 where presumably self-quenching began to o
cur at the higher level. For this work, a concentration of 0.
wt. % was used. In addition, the visual contrast enhanc
dye in SAL 605 appeared to decrease the fluorescence y
by roughly a factor of 2, and hence the undyed version w
used.

B. Comparison of on-wafer spectrofluorometric
titration of photoacid generators

One application of the on-wafer acid determination tec
nique is to test the efficiency of photoacid generators in
matrix of lithographic conditions. In this experiment, in
house formulations of novolac and HMMM were prepar
with the added photoacid generators TBBPA and TCB
and 0.07 wt. % of Cl-NERF fluorophore. The films we
spun to 0.5mm thickness, and exposed on the ES-1 beam
without a silicon nitride membrane. Figure 3 shows the
sults of the experiment. The fluorescence decreased m
tonically with increased dose. It is important to note th
films without photoacid generators did not show fluoresc
images up to doses of 600 mJ/cm2 to a SiN membrane, in-
dicating that the drop in fluorescence due to exposure
predominantly due to the generation of acid, not due to
photodecomposition of the fluorophore. In this experimen
appeared as if the fluorescence were decreased roughly
more efficiently, by mass, with the chlorine-containing PA

FIG. 2. UV-vis spectrum of fluorophores used in this study in the undy
SAL 605 matrix.
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However, because the molecular weight of TCBPA is ab
33% less than that of the TBBPA, it is likely that the appa
ent higher efficiency of TCBPA can be attributed to the a
ditional moles of TCBPA PAG in the film. Normalized re
maining thickness~NRT! curves were also obtained for the
two formulations and they corroborated the results. The fi
containing TCBPA was approximately two times more se
sitive, as measured by the NRT of developed pads, than
film with TBBPA, although there were some effects of PA
on contrast. This result underscores the utility of this te
nique; the ability to measure the efficiency of the acid g
eration process without interference of kinetics, volatili
dissolution behavior, etc., which can confound results wh
developed features are used as the detector.

C. Imaging of photogenerated acid

It was shown above that the presence of acid can alter
fluorescence of the film if the appropriate probe is add
Here in Sec. III C, the films are exposed to x-rays throug
mask and fluorescence imaging is used to spatially res
the acid concentration. Figure 4 shows the results of th
experiments. Fluorescence images are shown in Figs. 4~a!–
4~d! and a scanning electron micrograph~SEM! of the de-
veloped features in SAL 605 exposed through this mas
included in Fig. 4~e!. There are several important resu
shown in Fig. 4. First, features in the latent image wh
correspond to the 0.25mm features on the mask are partial
resolved by far-field imaging. However, the spot size of t
far-field experiment is approximately 400 nm. This lar
spot size would likely preclude quantifying the spread of
acid images during PEB, a step necessary to make an a
rate assessment of the acid mobility. Also, the optical c
trast for the larger features on the mask was slightly hig
than it was for the thin lines. There are several possible
planations for this: diffraction from the mask at a 25mm gap
decreases the peak power at the center of the smallest
during exposure with x-rays, the diffraction limited~'400
nm! spot size of the imaging apparatus could not comple
resolve these lines, or a small amount of room tempera
acid diffusion could be depleting the acid in the center of
0.25 mm lines. Another observation of importance was th

FIG. 3. Comparison of on-wafer spectrofluorometric titration of films w
two different PAGs. The chlorine-containing PAG, TCBPA, appears to g
erate more acid per unit mass.
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the images without PEB@Fig. 4~a!# had lower contrast than
those with a PEB@Fig. 4~b!#. The gray scales in Figs. 4~a!
and 4~b! are not the same, but the contrast for the sampl
Fig. 4~a! was 15% and the contrast for Fig. 4~b! was 30%.
There are several possible explanations for this. The firs
that the acid quickly forms a complex with the HMMM a
room temperature and is liberated with the heat of the P
a process which has been invoked to explain the unu
PEB delay stability of these resists.26 The second possibility
is that the HMMM reacts with one or more of the functio
alities of the fluorophore and the fluorescence is decrea
by this reaction.

NSOM imaging in films of 150 nm thickness is shown
Figs. 4~c! and 4~d!. The images were acquired at 75 pixels
It should be noted that the advantage of using these che
cally etched fiber probes is that they deliver enough illum
nation power to make images at rates comparable to tha
the far field.18 The darkened square in the upper right corn
of Fig. 4~c! is the result of photobleaching from a previou
scan. Because the rhodol derivatives such as Cl-NERF s
higher photostability, in general, than fluorescein-bas
probes,25 and because of the difficulty of using theo-
phenylene diamine probe discussed above, this image un
scores the importance of selecting high photostability flu
rescent probes. Again, the baked images showed b
contrast. In this near-field experiment, the aperture is roug

-

FIG. 4. Images of the dose delivered through a mask.~a! Fluorescent image
with far-field excitation and no PEB. The film thickness was 500 nm and
dose was 350 mJ/cm2. ~b! Same as~a!, but with a PEB.~c! Fluorescent
image with near-field excitation and no PEB. The film thickness was 150
and the dose was 700 mJ/cm2. ~d! Same as~c! except with a PEB.~e! SEM
of the developed images in SAL 605 with this mask at 125 mJ/cm2. The
minimum feature size on the mask is 0.25mm.
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70 nm, so the fluorescence imaging spot size is less than
minimum feature size of 250 nm on the mask, in contras
the far-field images where the fluorescence imaging spot
was approximately 400 nm. The full width at half maximu
~FWHM! of NSOM images of the thinnest features of t
sample with the PEB was roughly 575 nm, between 16
20 h after exposure. This is significantly larger than the m
feature size. In addition to the acid distribution spread
during PEB, this could be due to the high dose used in
particular experiment. If the delivered dose distribution w
Gaussian and the response of the fluorescence with dose
linear, one would not expect the FWHM to change w
dose. However, the decrease in fluorescence with dose i
linear in this range. From Fig. 3, we see that the fluoresce
becomes nonlinear at roughly a 150–200 mJ/cm2 dose to the
wafer on the ES-5 beamline. Because of absorption of
mask membrane of approximately 50%, membrane not u
in Fig. 3, this corresponds to roughly 300–400 mJ/cm2 to the
mask. For the experiment in Fig. 4~d!, the dose was 700
mJ/cm2, so fluorescence was not linear with dose. Also, th
could be some small component of room temperature a
diffusion over this time frame. However, the near-field app
ratus is capable of achieving a smaller illumination size th
the minimum mask feature size of 250 nm with data acq
sition as similar rates to the far-field images, and these in
experiments set conditions which can be used for exp
ments in progress to utilize the sub-100 nm resolution ca
bilities of NSOM.

D. Potential for accurate diffusion coefficient
measurement

The potential of NSOM to accurately determine t
spread of the photogenerated acid distribution within the m
trix of the photoresist depends on several factors. One
these factors is that the addition of the fluorophore to the fi
not affect the activity of the acid. The secondary amine
the Cl-NERF molecule was suspected to affect the activity
the acid during the PEB. To test this, RT-FTIR spectrosco
of the kinetics of the linking reaction in the presence of t
fluorophore Cl-NERF was employed. Figure 5 shows the
sult of this experiment. Figure 5 shows that the addition

FIG. 5. RT-FTIR of the linking kinetics of HMMM and novolac in SAL 605
with the addition of the Cl-NERF fluorescent probe. The probe appear
affect the reaction slightly.
JVST B - Microelectronics and Nanometer Structures
he
o
ze

d
k
g
is
s
as

not
ce

e
ed

e
id
-
n
i-
al
ri-
a-

-
of

n
f
y

-
f

Cl-NERF does affect the kinetics of the reaction slight
One explanation for this result is that the acid is ‘‘trappe
by the secondary amine on the fluorophore, and hence is
active. In addition, the HMMM could be reacting with th
Cl-NERF molecule, and creating a peak in the infrared sp
trum which is not detected at 988 cm21, the peak of interest
in the kinetics measurement. While there was no detecta
difference in the IR spectra between the film without fluor
phore and the film with fluorophore, this is not surprisin
because of the low concentration of the fluorophore. T
latter explanation could explain why there is higher optic
contrast in the images with a PEB than without, as shown
Fig. 4. The kinetics of ether formation does appear to
slightly affected by the presence of the probe. Potentia
this may be mitigated by moving to positive-tone syste
which act by deprotection of otherwise aqueous-base sol
resins so that the possible reaction of the crosslinker with
fluorophore is avoided. Additionally, the use of high phot
stability fluorophores with the requisitepKa and no amines
may be useful.

IV. CONCLUSIONS

On-wafer fluorescence techniques were developed
used to monitor photoacid production. Conditions und
which fluorescence techniques could be done in photore
films were defined, and fundamental considerations ofpH
and pKa defined for water appeared to hold for the fluore
cent probes within the film as well. The on-wafer fluore
cence techniques offer several important advantages ove
sorption techniques: they are fast, nondestructive, can
done in very thin films and on small area exposures, a
ultimately done in nearly the same matrix as lithograph
Far-field and near-field optical images were produced. Ne
field imaging appeared to have the resolution required for
accurate measurement of the spread of the acid distribu
during PEB, but several issues involving the interaction
tween the acid, the reacting species within the film, and
probing fluorophore need to be addressed, and they wil
the subject of future work.
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