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ABSTRACT: tert-Butyl methacrylate (TBMA) was copolymerized with various comono-

mers that were selected from methyl methacrylate (MMA), n-butyl acrylate (NBA),
acrylic acid (AA), and 2-hydroxyethyl methacrylate (HEMA). From film physical prop-
erties, poly(TBMA-co-HEMA) and poly(TBMA-co-AA-co-NBA), were selected as resin
binders. To introduce unsaturated double bonds onto the side chain of copolymers, they
were further functionalized with acryloyl chloride and glycidyl methacrylate. Copoly-
mers synthesized in this investigation were all identified by using FTIR and NMR. The
thermal decomposition temperature of functionalized poly(TBMA-co-HEMA) showed
obvious difference before and after crosslinking. Adding a small amount of EGDMA as
the crosslinking agent could increase the degree of crosslinking and obviously improve
the physical properties. Functionalized poly(TBMA-co-HEMA) was used as a binder
resin and composed with a photoacid generator for positive photoresists. From exposure
characteristics, the optimal lithographic condition was achieved when exposed for 90 s,
PEB at 100°C for 2.5 min, and developed in 10 wt % Na,CO; developer for 30 s. After
completing the lithography process, the residual pattern of positive photoresist was
further treated at 140°C for 30 min to cure the pendant unsaturated groups. The
resolution of the positive photoresist was analyzed by an optical microscope and SEM

technique. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 80: 328-333, 2001
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INTRODUCTION

Positive photoresists based on novolak resin and
1,2-naphthoquinone diazide (NQD) derivatives
are extensively utilized in the field of photolithog-
raphy.'™ The photochemical conversion of hydro-
phobic NQD to hydrophilic indenecarboxylic acid
via ketocarbene and ketene intermediates lead to
the formation of positive images. On the other
hand, several process variations enable us to re-
verse the tone of the image to create negative
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images.%” The advancements in IC fabrication
processes require the photoresist to withstand el-
evated temperatures and harsh environments
during processing to maximize wafer throughput
and device yields. Recent developments in pho-
toresists include modification in materials as well
as in the processing conditions, such as use of
high molecular weight novolak, resin-bound sen-
sitizer, silicone modified novolak, and changes in
processing parameters like postbake cycle and
deep UV hardening to enhance thermal stability
of the resist.®?

Polyimides are an important class of high-per-
formance polymers. The qualities of a high ther-
mal stability and a low dielectric constant are
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especially desirable in the manufacturing of semi-
conductors. However, the process for multilayer
fabrication using conventional polyimides is com-
plicated. The flexibility and the adhesion between
polyimide and substrate such as silicone wafer
are not always satisfactory. In previous research
we have reported the syntheses of polyamic acid,
polyurea, and poly(amic acid-co-urea)s in various
contents, and their applications on the negative
photoresist in the presence of diazo resin.'® The
chemical behavior of polymers bearing -cy-
cloaliphatic bornyl units, and the steric difference
of the chiral (+)-bornyl methacrylate [(+)-BMA]
and achiral (+)-BMA units appeared on the phys-
ical properties of copolymers, and electro-optical
properties of liquid crystal display were all inves-
tigated.!?

This article describes the syntheses of func-
tionalized poly(TBMA-co-HEMA) and poly(T-
BMA-co-AA-co-NBA) by using acryloyl chloride
and glycidyl methacrylate. Applications of the co-
polymers having pendant unsaturated groups on
the positive tone photoresists were investigated.
The optimal lithographic conditions, developer,
and resolution of the photoresist were all esti-
mated in this investigation.

EXPERIMENTAL

Materials

Commercial monomers used in this investigation
were obtained from Merck Pure Chemical Indus-
tries, Ltd.. Monomers of tert-butyl methacrylate
(TBMA), methyl methacrylate (MMA), acrylic
acid (AA), 2-hydroxyethyl methacrylate (HEMA),
and n-butyl acrylate (NBA) were purified by dis-
tillation technique. The initiator azobisisobuty-
ronitrile (AIBN) was purified by recrystalization
in ethanol. Triphenylsulfonium hexa-fluoroanti-
monate was used as a photoacid generator. Or-
ganic solvents used in this investigation were all
distilled, and dried with molecular sieves prior to
use.

Measurements

The UV-visible spectra of films of the photoresist
on quartz substrates were measured with JASCO
UV/VIS 7850 double-beam spectrometer. The
photoresist was exposed with a Karl Suss MJB-3
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Table I Thermal Properties of Poly(TBMA-co-AA-co-NBA)

Tys50" Tyo Tys Char Yield at
Copolymers °C) °C) (°C) 550°C
Poly(TBMA-co-AA-co-NBA) 222.5 254.9 451.4 2.9%
Functionalized Copolymer® 233 265.4 454.7 3.2%
Crosslinked polymer® 234 267 455 3.5%

2 Initial degrading temperature at 5% weight loss.
» Functionalized poly(TBMA-co-AA-co-NBA), before crosslinking.
¢ Functionalized copolymer crosslinked at 140°C for 30 min.

aligner. The film thickness was measured with a
Tencor Instrument alpha step-200 film thickness
monitor. Dissolution rate is defined as the
changes of photoresist film thickness per develop-
ment time. The resist pattern profiles were eval-
uated using a JEOL JSM-35 and JAX-840 scan-
ning electron microscope. Thermal properties and
functional groups of polymers were evaluated and
analyzed by using a Du Pont 910 differential
scanning calorimeter, Perkin-Elmer TGA-7 ther-
mogravimetric analyzer, and JASCO FTIR spec-
trometer, respectively. Elemental analyses were
calculated with a Heraeus CHN-O rapid elemen-
tal analyzer.

Preparation of Copolymers

Poly(TBMA-co-AA-co-NBA) (1) and poly(TBMA-
co-HEMA) (3) were obtained by the copolymeriza-
tion of monomers in tetrahydrofuran (THF) in the
presence of 1 wt % AIBN at 60°C for 12 h. After
complete the reaction, copolymers were precipi-
tated from a large amount of water/methanol (1 :
1 in volume) solution, and then washed with dis-
tilled water completely.

Functionalization of Poly(TBMA-co-AA-co-NBA)

Poly(TBMA-co-AA-co-NBA) (1) (27.8 g), hydroqui-
none (0.5 g), and triphenyl phosphine (0.5 g) were

dissolved in 40 mL of THF. Glycidyl methacrylate
(21.3 g) was added to the mixture dropwise, and
then reacted at 65°C for 24 h. The polymer struc-
tures are shown in Scheme 1. After complete the
reaction, the functionalized copolymer was pre-
cipitated from an excess water/methanol solution.
A white copolymer (2) powder was obtained, and
dried at 28°C in vacua for 1 h. The functionalized
copolymers were stocked in refrigerator prior to
use.

Functionalization of Poly(TBMA-co-HEMA)

Poly(TBMA-co-HEMA) (3) (20.1 g), and N,N-
dimethyl aniline (12.1 g) were dissolved in 40 mL
of THF. Acryloyl chloride (13.6 g) was added to
the mixture dropwise, and then reacted at 40°C
for 24 h. The polymer structures are shown in
Scheme 1. After completing the reaction, an ex-
cess distilled water was added to decompose the
excess amount of acryloyl chloride. The function-
alized copolymer was precipitated from a large
amount of water/methanol solution. A white co-
polymer (4) powder was obtained, and dried at
28°C in vacua for 1 h. The functionalized copoly-
mers were stocked in refrigerator prior to use.

Exposure Method

Photosensitive solution was obtained by dissolv-
ing functionalized copolymers (1 g), photo-acid

Table II Thermal Properties of Poly(TBMA-co-HEMA)

Ty59" T 4o Tys Char Yield at
Copolymers (°C) (°C) (°C) 550°C
Poly(TBMA-co-HEMA) 198.7 226.3 442.3 0.7%
Functionalized Copolymer® 238.2 264.1 457.0 4.5%
Crosslinked polymer® 264.6 284.5 473.1 5.5%

2 Initial degrading temperature at 5% weight loss.
» Functionalized poly(TBMA-co-HEMA), before crosslinking.
¢ Functionalized copolymer crosslinked at 140°C for 30 min.
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Figure 1 TGA curves of (1) poly(TBMA-co-HEMA),
(2) functionalized poly(TBMA-co-HEMA) before, and
(3) after crosslinking.

generator (0.1 g), and AIBN (0.2 g) in 10 mL of
THF. The photosensitive solution was filtered
with a 0.45 pum filter, and then spin coated onto a
silicon wafer plate by 1000 rpm for 10 s, and then
2500 rpm for 20 s. Prebaked at 80°C for 3 min.
The photoresist was exposed with a Karl Suss
MJB-3 aligner. After exposure, and postexposure
bake (PEB) the photoresist were developed with a
30-s immersion in 10 wt % sodium carbonate de-
veloper. The residual positive image was then
treated at 140°C for 30 min. The thermal treat-
ment lead the residual pattern of the photoresist
to crosslink and increase its physical properties.

RESULTS AND DISCUSSION

Preparation and functionalization of poly(TBMA-
co-AA-co-NBA) and poly(TBMA-co-HEMA) are

Table IIT Effects of EGDMA on Thermal
Properties of Copolymers?

EGDMA T, 5," T 4o Tys Char Yield at
(wt %) °C) °C) °C) 550°C
0% 250.0 280.5 473.1 5.5%
10% 272.9 282.7  483.2 5.5%
25% 274.5 283.0 473.7 5.6%

2 Functionalized poly(TBMA-co-HEMA) crosslinked at
140°C for 30 min.
b Initial degrading temperature at 5% weight loss.

shown in Schemes 1 and 2, respectively. The acid-
cleavable tert-butyl groups and crosslinakable un-
saturated double bounds were introduced onto
the copolymer pendant side. From the film trans-
parency and flexibility of copolymers, the feed
monomer ratio of 1/1/0.5 for poly(TBMA-co-AA-co-
NBA) and 1/2 for poly(TBMA-co-HEMA) was se-
lected in this investigation. Thermal properties of
the copolymers were analyzed by using TGA
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Figure 2 UV spectra of (a) PAG(1)/DCPO(2), (b)
PAG(1)/functionalized poly(TBMA-co-AA-co-NBA)(3),
(¢) PAG(1)/functionalized poly(TBMA-co-HEMA)(4).
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Figure 3 Development rate curves of functionalized
poly(TBMA-co-HEMA) with various conditions in 10 wt
% Na,CO, developer. (¢): Unexposed, PEB at 110°C for
5 min; (m): Exposed 120 s, PEB at 100°C for 5 min; (A):
Exposed 120 s, PEB at 110°C for 5 min.

method and the results are summarized in Tables
I and II. As shown in the tables, the thermal
properties of both copolymers were improved by
the functionalization and crosslinking treatment.
T 54, Ts, and T5 represent the initial degrading
temperature of copolymers at 5% weight loss, the
degrading temperature at the second stage, and
at the third stage, respectively. Table I shows
only a small crosslinking effect, and the thermal
stability observed in Table II are all greater than
those observed in Table I. The results suggest
that the degree of crosslinking in poly(TBMA-co-
HEMA) is greater than that of poly(TBMA-co-AA-
co-NBA).

Figure 1 shows the comparison of TGA curves
of poly(TBMA-co-HEMA) before and after func-
tionalization and crosslinking. The thermal prop-
erties are improved obviously after functionaliza-
tion and crosslinking treatment. The results sug-
gest that the thermal resistance of residual image
of positive photoresist will be improved by using
the copolymers as binder resins.

normalized
film thickness

PEB time (min)

Figure4 Dependence of normalized film thickness on
PEB time in 10 wt % Na,CO, developer for 30 s. Ex-
posed 90 s and PEB at, (®): 80°C; (m): 100°C; (A):
110°C.

normalized film thickness

0.0 T T I T I T I v I
0 100 200 300 400 500
irradiation time (sec)
Figure 5 Dependence of normalized film thickness on
UV irradiation in 10 wt % Na,CO, developer for 30 s.
PEB for 5 min at (#): 80°C; (m): 100°C; (A): 110°C.

Table III shows the effect of crosslinking agent
of ethyleneglycol dimethacrylate (EGDMA) on the
thermal properties of copolymers. Adding of
crosslinking agent may increase the degree of
crosslinking and lead to the increasing of thermal
stability of the copolymers. The amount of 10 wt
% of EGDMA seems suitable for the poly(TBMA-
co-HEMA).

From the thermal stability, dicumyl peroxide
(DCPO) was selected as the thermal initiator for
the crosslinking reaction of pendant unsaturated
groups. Figure 2 shows the UV spectra of photo-
acid generator, DCPO, and copolymers used in
this investigation, respectively. From the results,
the wavelength of 250 to 300 nm is suitable for
the photoresist. The thermal stability of photo-
acid generator (PAG) was investigated. As shown
in Figure 3 (curve 1), the PAG is stable at the
postexposure backing (PEB) temperature 110°C
for 5 min. The photoacid cleavage reaction of the
binder copolymer was not occurred without any
UV irradiation. Curves 2 and 3 show the exposure
curve of photoresist comprising copoly(TBMA-co-
HEMA) with various PEB conditions. Higher
temperature seems good for the proceeding of acid
cleavage reaction in the PEB stage.

The results of the dependence of normalized
film thickness on PEB time are shown in Figure 4.
After completing the exposure and PEB treat-
ment, the resist was developed in 10 wt % sodium
carbonate for 30 s. As shown in the figure, the
acid-catalyzed cleavage reaction of the resist
binder polymer accelerated with the increasing of
PEB time. The PEB condition of 80°C seems not
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Figure 6 SEM photographs of resist patterns.

suitable for the exposure condition of 90-s UV
irradiation.

A short UV irradiation may release not enough
acid to proceed the cleavage reaction at the lower
PEB temperature. As can be seen in Figure 5, the
sensitivity and the contrast of the photoresist are
all improved at the higher PEB temperature. The
results consist with those observed in Figure 4. At
higher PEB temperatures, the acid-catalyzed
cleavage reaction of the pendant tert-butyl groups
will be accelerated effectively. The lithographic
evaluation of the positive tone photoresist with

poly(TBMA-co-HEMA) as a binder resin was also
investigated. Figure 6(a) and (b) shows the scan-
ning electron micrograph (SEM) of the patterns; a
15-um pattern resolution was achieved. The
acrylic copolymers synthesized in this investiga-
tion containing no aromatic ring, which can be
used as deep-UV imageable materials.

CONCLUSION

The functionalized poly(TBMA-co-HEMA) having
pendant unsaturated double bound groups can be
used as a resin binder for the deep-UV positive
tone photoresist. The thermal properties of the
residual image photoresist can be improved by
PEB treatment. The acid-catalyzed cleavage reac-
tion will be accelerated at a higher PEB temper-
ature. Photoresist comprised of poly(TBMA-co-
HEMA) having pendant unsaturated groups con-
taining no aromatic rings can be used as deep-UV
imageable materials.
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