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ABSTRACT: Photochemical reactivity of a polyimide containing epoxy groups, PI(6FDA/ep-AHHFP), was studied in
the presence of diphenyl-iodonium 9,10-dimethylanthracene-2-sulfonate (DIAS) as a photo-acid generator. IR spectroscopy
was used for measuring the extent of ring-opening polymerization of epoxy groups, which was influenced by photoirradiation
and post-cure conditions. By DIAS having an absorption band in 350—410 nm, the irradiation time was shortened by twenty
times for getting the same conversion compared to the previous case with diphenyliodonium hexafluoroarsenate (DPI-AsF ).
The activation energy for epoxy polymerization of PI(6FDA/ep-AHHFP) with DIAS was about 14kJmol™'. The kinetic
chain length, v, per one acid in PI(6FDA/ep-AHHFP) with DIAS was calculated to be about 4—31. The reaction radius, rg,
of an acid is about 8—16 A when heated for 5—40min at 50—195°C, which is about half for DPI-AsF,. The gel dose, D),
and contrast, y, based on incident energy after post-cure at 100°C for 30 min are 117mJcm™2 and 4.0, respectively. The
quantum yield for crosslinking of PI(6FDA/ep-AHHFP), @, was 0.084 from the characteristic curve. PI(6FDA/ep-AHHFP)
containing DIAS works as a negative-tone photosensitive polyimide.
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The use of polyimides as high temperature insulators
and dielectrics, coatings, adhesives, and matrices for high
performance composites are well known. Studies of
photosensitive polyimides have become important in
recent years. Photosensitive polyimides are very attrac-
tive materials since they reduce the number of processing
steps by avoiding the use of classical photoresists.! ~#
However their sensitivities are still low.>® One strategy
for the improvement of the photoreactivity of photosensi-
tive polyimides is the utilization of long-lived active
intermediates,” and the other strategy is the elimination
of charge transfer in the case of BTDA (benzophenone
tetracarboxylic dianhydride)-type polyimide. The poly-
imides prepared from BTDA and aliphatic diamines are
examples.® The chemical amplification concept is also
useful technique for the design of highly-sensitive resist
systems with high resolution, based on the acid-catalyzed
crosslinking, deprotection, or depolymerization reac-
tions.®1% In addition, cationic polymerization is not
sensitive to oxygen. The epoxy group can be polymerized
with acid catalysts, so incorporation of the epoxy group
into polyimides is expected to increase photoreactivity
by using the chemical amplification technique.

In our previous paper,'! we reported the synthesis and
photocrosslinking reactions of a polyimide containing
the epoxy group, PI(6FDA /ep-AHHFP), which can be
polymerized cationically during the post-cure after the
UV irradiation in the presence of a photo-acid genera-
tor, diphenyliodonium hexafluoroarsenate (DPI-AsFy).
We analyzed its chemically-amplified photocrosslinking
reactions by measuring IR spectra, change in molecu-
lar weight with GPC, and change in residual thickness
of the sample films. PI(6FDA/ep-AHHFP) containing
DPI-AsF was found to function as a negative photo-
sensitive polyimide with high sensitivity and contrast.

T To whom correspondence should be addressed.

However, its photoreactivity above 300 nm is limited
by low absorptivity of DPI-AsF¢ in 300—400 nm. One
method to improve the photoreactivity above 300 nm is
the utilization of photosensitizers.'? ~ '* We also reported
that the introduction of benzophenone group into the
main chain of the polyimide gives improves photo-
reactivity by sensitizing the photo-acid generator, DPI-
AsF¢.'? The other method is utilization of photo-acid
generators with high absorbance above 300 nm. In the
present paper, we report the effects of diphenyliodonium
9,10-dimethylanthracene-2-sulfonate (DIAS) as a photo-
acid generator on the photoreactivity of PI(6FDA /ep-
AHHFP) containing epoxy groups. The results are
compared to the results with DPI-AsF.

EXPERIMENTAL

Materials

The preparation of the polyimide, PI(6FDA/ep-
AHHFP), was described previously.!* The chemical
structure of PI(6FDA/ep-AHHFP) is shown below. Di-
phenyliodonium 9,10-dimethyl anthracene-2-sulfonate
(DIAS) as a photo-acid generator was prepared by the
method described by Naitoh et al.!® Diphenyliodonium
hexafluoroarsenate (DPI-AsF() as another photo-acid
generator, and other materials were from commercial
sources and used without further purification.
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Instrumentation
IR spectra were measured with a JASCO IR-700
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spectrometer. UV absorption spectra were measured
with a UVIDEC-660 spectrophotometer. Film thickness
was measured using a Talistep film thickness gauge
(Rank Taylor Hobson, Inc.).

Photoirradiation

Photoreaction was performed using a 450-W high-
pressure Hg lamp and glass filters (Toshiba, UVD36A
and UV-33). Actinometry was carried out with a
photometer (Advantest, TQ8210). The incident light
intensity was 2.72x 107 ° einstein cm ?s™! for film
thickness measurement, determination of the quantum
yield for acid generation from DIAS and IR measure-
ment.

Measurements of Photoreaction

A sample solution was prepared by dissolving
PI(6FDA /ep-AHHFP) (1.0 g) and DPI-AsF (0.025 g) or
DIAS (0.025g) in dichloroethane (10mL), filtered
through 0.2 um Teflon filter (Millipore Inc.) and trans-
formed to thin film by casting on a glass plate. The
films (ca. 7.5 um thick) were postbaked at various tem-
peratures after exposure to a high-pressure Hg lamp. The
reaction was monitored by the change in absorption of
epoxy group at 905cm ! in the IR spectra calibrated by
the absorption at 1510cm ™! as an internal standard.

The film (ca. 1 um thick), containing 5 wt% DIAS was
prepared for the film thickness measurements, photo-
irradiated, and postbaked for 30 min in an oven at 100°C.
The films were developed with cyclohexanone for 5 min
and rinsed with isopropyl alcohol for 3 min.

RESULTS AND DISCUSSION

Photoreaction

It is expected that the reactivity of photo-generated
acids depends not only on the nature of the materials
but also on post-cure conditions. The extent of the
reaction of the epoxy group during the post-cure process
was measured with IR. The results are compared to those
with DPI-AsF.

The quantum yield of acid generation from DPI-AsF
in PI(6FDA /ep-AHHFP) matrix was determined to be
about 0.1 at 365nm using the sodium salt of resorufin
as an acid indicator.!* The methodology was based on
the observation by Mckean ef al.'” and Naitoh et al.*®
The quantum yield of acid generation from DIAS in
PI(6FDA/ep-AHHFP) matrix was determined with the
same method. The quantum yield of acid generation from
DIAS in PI(6FDA/ep-AHHFP) was determined to be
about 0.10, which is about 1.4 times the value (0.07) in
PI(6FDA/AHHFP) reported by Naitoh et al.!® The
difference is probably due to the presence of active
hydrogens of PI(6FDA/ep-AHHFP), because acid is
thought to be formed by hydrogen abstraction from the
surrounding polymer.

Figure 1 shows the UV absorption spectra of DIAS
and DPI-AsF, in acetonitrile solution. It is expected
from Figure 1 that DIAS would have higher reactivity
than DPI-AsF4 above 300 nm, because DIAS has much
larger molar absorption coefficient, ¢, than DPI-AsF,.
Figure 2 shows UV-spectrum of a film composed of
PI(6FDA /ep-AHHFP) and DIAS. Optical density of the
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Figure 1. UV spectra of DIAS (------ ) and DPI-AsFq (—) in
acetonitrile.
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Figure 2. UV spectrum of a film composed of PI(6FDA /ep-AHHFP)
and 2.5wt% DIAS. (film thickness: ca. 7.5 um).
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Scheme 1. Mechanism of photoreaction of PI(6FDA /ep-AHHFP).

film is less than 0.5 at 365 nm, and the light below 330 nm
was cut off by glass filters (UVD36A and UV-33) during
photoirradiation in order that the film absorbs the light
homogeneously. In this condition, the photo-acid gen-
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erator absorbs light regardless of the presence of the
matrix polyimide. The mechanism of the reaction of
the epoxy groups catalyzed by the photochemically-
generated acid has been suggested in Scheme 1 though
the detail on the intermediates is not clear only with our
experiments.!! Acids (H*) liberated by photoirradiation
cause ring-opening polymerization during post-cure.

Change in IR Absorption of Epoxy Group

We studied by IR spectroscopy the influence of irra-
diation time, post-curing temperature, and post-curing
time on the photochemical crosslinking of PI(6FDA/
ep-AHHFP) with DIAS as photo-acid generator, and
compared them to the results with DPI-AsF¢. During
the post-cure after photoirradiation, the absorbance
at 90Scm ! characteristic to the cyclic ether structure
decreased as already shown in the previous paper,'!
indicating the occurrence of acid-catalyzed ring open-
ing.'®~22 An absorption band at 1510cm ™! of the aro-
matic ring was chosen as an internal standard since its
intensity is regarded as almost constant during cross-
linking reactions.

Figures 3 and 4 show decrease in epoxy group
concentration versus time during post-cure at various
temperatures (50—195°C) with 2.5min and Smin
irradiation, respectively. The films were irradiated with

incident light intensity of 2.72 x 10~ ° einstein cm ™ %s~*
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Figure 3. Changes in residual fractional concentrations of epoxy
groups by photoirradiation (2.5 min) at various post-cure temperatures
in the presence of 2.5 wt% DIAS. Post-cure temperature: 50 (O), 100
(A), 150 (O), and 195°C (@).
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Figure 4. Changes in residual fractional concentrations of epoxy
groups by photoirradiation (5.0 min) at various post-cure temperature
in the presence of 2.5wt% DIAS. Post-cure temperature: 50 (O), 100
(A), 150 ([J), and 195°C (@).
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and postbaked at given temperature for given times. The
epoxy group reacted quickly at the beginning of the
post-cure followed by a slower rate. Figures 3 and 4 show
that conversion reaches some saturation point at about
40 min of post-cure. A considerable number of epoxy
groups remains in the polymer film due to the limited
mobility of these groups in the crosslinked matrix.
Figure 5 shows a comparison of conversions at the
same incident photointensity for the case of DIAS and
DPI-AsF, as photo-acid generators. The photoirradia-
tion time to obtain almost the same conversion was 5 min
for DIAS, 100 min for DPI-AsF. This shows that DIAS
has about 20 times better efficiency than DPI-AsF.
However, these results considerably deviate from our
expectation that the reactivity with DIAS would be much
higher than that with DPI-AsF4 based simply on the
difference in absorption coefficients. The reason may be
differences in the nature of the photo-generated acids.
Particularly, the influence of the type and size of the
counter ion would be important, as it determines the
type of acid formed after the photoirradiation. The
molecular size of the photo-generated acid may govern
the migration range of the acid in the polymer matrix.
On the basis of Figures 3 and 4, we can obtain Figure
6 that shows the saturation points of the reaction for
various post-cure temperatures. The epoxy polymeri-
zation leading to crosslinking occurs as a result of
photo-generation of protons within the exposed area of
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Figure 5. Comparison of conversion using DIAS (O, 5min of
irradiation time) and DPI-AsF (@, 100min of irradiation time) as
photo-acid generator at same incident energy (2.72 x 10~ einstein
cm”?s™ 1) and same post-cure temperature (100°C).
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Figure 6. Effects of post-cure temperature on conversion at which
reaction is saturated. Photoirradiation time: 2.5 min (Q) and Smin (A).
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the polymer film. The protons catalyze the crosslinking
reaction that occurs only when thermal activation is
provided by heating in the post-exposure bake step. As
the temperature rises, a shorter irradiation time is
sufficient to reach to the same conversion. Consequently,
higher post-cure temperatures results in higher conver-
sion.

The rate of polymerization during post-cure, R, is
related to its rate constant, k,, by eq 1,

R,=—d[M]/dr=k,[MI[H"] M

where [M] is the concentration of the epoxy groups with
its initial values, [M],=3.23molL ™!, and [H*] is the
concentration of photo-generated acid. The rate of
polymerization, R,, was calculated from the initial slope
of the absorbance change in IR spectra. The photo-
generated acid concentration, [H*], in film was cal-
culated from the initial DIAS concentration ([DIAS], =
0.056 mol L~ 1) based on film density = 1.43, number of
absorbed photons, and quantum yield for proton for-
mation of DIAS (&,,,,=0.10). We obtained the photo-
generated acid concentration, [H*], of 0.012molL~!
for 2.5min of photoirradiation and 0.022molL"! for
5min of photoirradiation. Then we can get the value of
k, from eq 1 by using the value of R, [M],, and [H*].

Arrhenius plots of Ink, against the inverse post-cure
temperature, 1/T, are shown in Figure 7. The activa-
tion energy for epoxy polymerization of PI(6FDA /ep-
AHHFP) with DIAS was calculated to be about 14
kJmol~!. Activation energy of PI(6FDA/ep-AHHFP)
with DPI-AsF, for a photoinitiated cationic polymeri-
zation of epoxides was reported as 6k Jmol™! in our
previous paper.'! The value for DIAS is larger that for
DPI-AsF, which would be due to differences in the type
and size of counter ions of acids that are photo-generated
from DIAS and DPI-AsF.

The kinetic chain length, v=(M],—[M])/[H*],
number of the epoxy group opened per one acid
photo-generated from DIAS at various post-cure time
and temperature, as well as reaction volume, Vg, and
reaction radius, rg, per one photo-generated acid are
listed in Table I. The value of v is about 4—31 in the
present case with DIAS compared to 58—214 for the
previous case'! with DPI-AsF4. As mentioned above,
this difference may be due to differences in the photo-
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Figure 7. Arrhenius plots of initial rate constant, k, for epoxy
polymerization vs. post-curing temperature. Photoirradiation time: 2.5

min (QO) and Smin (A).
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generated acid, especially its size. The reaction radius,
rr,» per one acid in PI(6FDA/ep-AHHFP) with DIAS
is about 8—16A when heated for 5—40min at 50—
195°C, which is about half that with DPI-AsF.

From these results, it can be said that mobility in
PI(6FDA /ep-AHHFP) of AsF,~, a counter anion of the
acid photo-generated from the DPI-AsF, is higher than
the mobility of 9,10-dimethoxyanthracene-2-sulfonate
anion from DIAS. These results show interesting
fundamental behavior of an acid in the solid state of
resist materials incorporating a chemical amplification
process accompanied with crosslinking reactions.

Characteristic Properties as a Photosensitive Polyimide
Figure 8 shows a typical sensitivity curve of the
PI(6FDA /ep-AHHFP) containing 5.0 wt% of DIAS. The
exposed area of the film became insoluble in the developer
(cyclohexanone) after photoirradiation followed by
post-cure (100°C, 30 min). The normalized film thickness
is plotted versus irradiated dose. The gel dose defined as
the dose to give 50% of the initial thickness in the exposed
regions, D, was calculated and is shown in Figure 8.
The slope of rise in the sensitivity curve, tan 6, gives the
contrast, y, a measure of sharpness in the solubility
difference between the exposed and unexposed regions.
We obtained Dy, of about 117mJem ™2 or 8.50 x
10~ 8 einstein cm ~ 2 based on incident energy. In our previ-

Table I. Calculated kinetic chain length, v, reaction volume,
Vg, and recaction radius, rg, per one photo-generated acid
for post-cure of PI(6FDA/ep-AHHFP) with 2.5wt% DIAS

Post curing time

Post curing temp

5min 40 min

v 43 17.6

50°C Ve/A3 2.22 %103 9.07 x 10°
re/A 8.1 12.9
v 6.4 20.4

100°C Ve/A3 3.30x 103 1.05 x 10*
re/A 9.2 13.6
v 122 26.5

150°C Ve/A3 6.19 x 103 1.37 x 10*
re/A 11.4 14.8
v 20.9 30.9

195°C Ve/A3 1.08 x 10* 1.59 x 104
re/A 13.7 15.6
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Figure 8. Characteristic curve for PI(6FDA/ep-AHHFP) in the
presence of 5wt% DIAS with post-cure at 100°C for 30 min. D, =
117mJem™2, (or 8.5 x 10”8 einsteincm ™ ?); £, =31s; y(tan §) =4.0.
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ous paper,'' we obtained Do, of 1.52x 10~ °einstein
cm ™ ? based on incident energy using Swt% DPIAs-F.
It can be simply said that DIAS needs incident energy
for gelation about eighteen times less than that for DPI-
AsFg. This agrees well with that derived from epoxide
consumption in Figure 5. The value of y is 4.0 in the
present case.

The quantum yield for crosslinking, @,,, can be
determined from the gel dose, D, by using eq 2,24

¢gel = ld/(MWOADOgel) = ld/(MWOIabstgel) (2)

where M, is the weight-average molecular weight before
photoirradiation, 4 is the absorption efficiency, I, is
the rate of radiation absorption, f,, is the gel time
calculated from the characteristic curve, / is the film
thickness, and d is the density. We calculated the gelation
time, 7, to be 31s and the rate of radiation absorption,
I, to be 5.53 x 10~ 1% einstein cm ™ 2s ™. By these values
together with M_,=99,300, average film thickness,
[=1.0 um, and density, d=1.43, the quantum yield for
crosslinking of PI(6FDA/ep-AHHFP), ®,,,, was calcu-
lated to be about 0.084. Using the initiation quantum
yield of 0.1 for acid generation, the number of crosslinks
per one photo-generated acid would become about 0.84
for the present system. Compared to the results with
DPI-AsF (®,,~ 3.0), the value with DIAS is very small
probably due to differences in mobility of the acids in
PI(6FDA/ep-AHHFP) as mentioned above.

The absorption efficiency, A, is much improved to be
0.20 in the present case with DIAS in contrast to
A=3.1x10"* for the previous case of DPI-AsF. It is
noteworthy that the gelation time of 7,,=31s with
post-cure at 100°C for 30 min corresponds to about 3.5%
conversion of epoxy group, which supports that gelation
and infinite network formation in PI(6FDA /ep-AHHFP)
films have already occurred in the very early stage of
post-cure reactions in Figures 3 and 4.

CONCLUSION

Photochemical reactivity of PI(6FDA/ep-AHHFP)
was studied in the presence of DIAS as a photo-acid
generator. IR spectroscopy was used for detecting
post-cure reactions. Using DIAS, the irradiation time
was shortened by twenty times for getting the same
conversion compared to the case of DPI-AsFy, which
suggests that DIAS has twenty times better efficiency for
the photocrosslinking of PI(6FDA/ep-AHHFP) than
DPI-AsF. The activation energy for epoxy polymeriza-
tion of PI(6FDA/ep-AHHFP) with DIAS is about 14
k Jmol . The kinetic chain length, v, per one acid in
PI(6FDA /ep-AHHFP) with DIAS was calculated to be
about 4—31. The reaction radius, rg, per one acid was
determined to be about 8—16A when heated for 5—
40 min at 50—195°C, which is about a half of the case
with DPI-AsF,. It can be said from these results that
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the mobility of 9,10-dimethoxyanthracene-2-sulfonate
anion, photo-generated from DIAS is lower than the
mobility of AsFg~ formed from the DPI-AsF4. The
quantum yield for crosslinking of PI(6FDA/ep-
AHHFP), & ,, was obtained to be about 0.084 from
the characteristic curve. The gel dose, Dy,,,, and contrast,
y, after post-cure at 100°C for 30 min are 117mJcm™?
or 8.50x10 ®cinsteincm~2 and 4.0, respectively.
PI(6FDA /ep-AHHFP) containing DIAS was ascertained
to work as a negative-tone photosensitive polyimide.
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