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SYNOPSIS

Poly (maleimide-alt-p-trimethylsilyl-a-methylstyrene) (a-PMTMMS) and poly(male-
imide-alt-p-trimethylsilylstyrene) (PMTMSS) were synthesized for positive/negative near-
UV resists in the containing of diazonaphthoquinone sulfonate (DNS). The electron-rich
styrenic monomers tend to undergo alternating copolymerization with an electron-poor
maleimide monomer. The chain-stiffening effects of the maleimide and «a-methylstyrene
group were responsible for high thermal stabilities. A higher glass transition temperature
of 226°C was found in «-PMTMMS. Lithographic positive /negative images were obtained
that were stable to temperatures higher than 200°C. Excellent solubility in aqueous base
was observed with PMTMSS at 10.3 wt % silicon content and an oxygen-plasma etching
rate of 1 : 12 compared to hard-baked HPR-204. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

A typical positive photoresist is generally a two-
component material consisting of an alkaline soluble
polymer that is rendered insoluble in aqueous al-
kaline solutions through addition of a radiation-
sensitive dissolution inhibitor such as diazonaph-
thoquinone sulfonate (DNS). The most widely used
positive photoresist is a novolac resin (condensation
polymer of formaldehyde and phenol) with DNS.
To date, several advanced IC manufactures require
images that are stable to 200°C and even more. The
novolac-based resists are unable to perform very well
in this range. Thus, some other phenolic poly-
mers'™ have been shown to serve as replacements
for conventional novolac-based resists. The general
alkaline soluble polymers have carboxylic acids or
maleimides as well as phenolic units. For example,
poly (p-vinylbenzoic acid)® and maleimide /styrene®
copolymer have been applied to positive imaging of
high-temperature polymers. In addition, maleimide /
allyltrimethylsilane copolymer” with DNS for use
as the top imaging layer in a bilayer resist process

* Part II: See Ref. 11.
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has attracted considerable interest because of
its excellent durability to oxygen-plasma etching.
Taylor et al.® reported that small amounts of silicon
(about 10 wt %) can drastically lower the oxygen-
plasma etching rate of organic polymers. Anyway,
the bilayer resist processes appear to be the most
practical processing technology to attain high-res-
olution patterns for future device fabrication.® In
this study, for increasing the thermal stability of
maleimide / allyltrimethylsilane, the allyltrimethyl-
silane unit is replaced by silylstyrene (p-trimethyl-
silylstyrene, p-trimethylsilyl-a-methylstyrene) in
the copolymer structure. We have reported!®!! that
N-(4-hydroxyphenyl) maleimide /p -trimethylsilyl-
styrene (PHTMSS) and N-(4-hydroxyphenyl)-
maleimide /p-trimethylsilyl-a-methylstyrene (-
PHTMMS) were applied as the top imaging layers;
their silicon content (about 7 wt % ) was not enough
to allow etching of bottom hard-baked HPR-204 film
without line-width loss. For increasing the sili-
con content of the copolymer, the N-(4-hydroxy-
phenyl) maleimide unit is replaced by the maleimide
group. Consequently, PMTMSS and «-PMTMMS
are prepared to act as high thermal stable and ox-
ygen—plasma etching resistant resists in this study.

In our previous papers, 1! PHTMSS was initially
used as an alkaline soluble polymer for DNS pho-
tochemical reaction and positive images should have
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been obtained. However, negative images were ob-
tained. It was proposed that photocross-linking oc-
curred in the PHTMSS main chain such as the «-
carbon position at vinyl group of p-trimethylsilyl-
styrene (TMSS). To prevent cross-linking from
occurring, the hydrogen on a-carbon of TMSS would
be substituted to the methyl group to prepare p-
trimethylsilyl-a-methylstyrene (a-TMMS). Thus,
a-PHTMMS was prepared, which formed a positive
image for DNS photochemical reaction as expected.
PMTMSS and a-PMTMMS will show the same re-
sult.

EXPERIMENTAL

Materials

Maleimide was laboratory grade and used without
further purification. Azobisisobutyronitrile (AIBN)
was recrystallized from methanol before use. Tet-
rahydrofuran (THF) was distilled after dehydration
with sodium. a-Methylstyrene, styrene, a-methyl-
p-chlorostyrene, and p-chlorostyrene were distilled
before use.

Syntheses

Para-trimethylsilyl-a-methylstyrene (a-TMMS)
and Para-trimethylsilylstyrene (TMSS)

a-TMMS was synthesized in the similar way as we
prepared TMSS.1?

Poly (maleimide-alt-p-trimethylsilyl-a-
methylstyrene) (a-PMTMMS)

Under a nitrogen atmosphere, a 50 mL polymeriza-
tion ampule was charged in 0.97 g (0.01 mol) of ma-
leimide, 1.90 g (0.01 mol) of «-TMMS, 15 mL of
dry THF, and 0.02 g of AIBN. The ampule was
quenched by dry ice-acetone and sealed. Copoly-
merization was carried out in a 60°C bath for 24 h.
The obtained copolymer was isolated by precipita-
tion of the viscous polymerization solution into
ether. After drying under vacuum at 60°C for 24 h,
85 wt % of copolymer was obtained. Viscosity, mea-
sured in THF at 30°C, gave [n] = 0.58. GPC analysis
in THF gave M, = 37,800; M, = 19,300, and cal-
culated polydispersity = 1.96.

ANAL: Calcd for C;gH5NO,Si (1 : 1 structure):
C, 66.90%; H, 7.32%; N, 4.88%.
Found: C, 66.85%; H, 7.34%; N, 4.84%.

The other maleimide copolymers were synthe-
sized in the same way as above.

Photoresist Processing
Resist Preparation

Resist solutions were prepared by dissolving 5 wt %
of the prepared copolymer and 3 wt % of benzo-
phenone-tri-diazonaphthoquinone sulfonate (BP-t-
DNS) as an alkaline insoluble sensitizer in 92 wt %
of THF. The solutions were filtered through a 0.5
um Millipore filter.

Spin Coating and Soft Baking

Resists were spin-coated (4000 rpm) on 4 in. silicon
wafers to yield a 1.2-1.6 um film thickness using a
spinner (Silicon Valley Group Inc., Model SVG-
8026). The resist films were prebaked in a conven-
tional oven at 50°C for 30 min.

Exposure and Developing

Near UV exposures (350-450 nm) were carried out
using a Canon Contact Aligner PLA-501F. After ex-
posure, the wafers were soaked in 5 wt % tetra-
methylammonium hydroxide (TMAH) (HUNT
Co.) for positive images or continuously rinsed in
THEF or acetone for negative images with an agita-
tion developer ( SVG-8132). The film thickness was
measured with a TENCO «-step 200 instrument.

Postbaking

The developed patterns were postbaked in a con-
ventional oven at 100-300°C for 30 min.

Measurement of Various Properties

FTIR spectra were obtained on a JASCO Model FT/
IR 7000 instrument. Elemental analyses were de-
termined by using a Perkin-Elmer 2400 instrument.
The molecular weight and dispersity of the copol-
ymer was measured using Shimadzu Model LC-6A
gel permeation chromatography equipped with an
RI detector (Shimadzu, RID-6A). The GPC mea-
surement was performed in a polymer / THF solution
(about 0.3-0.4 g/100 dL) using two styragel col-
umns, i.e., G1000H and G3000H under the flow rate
1 mL/min at 40°C. The calibration curve was plot-
ted using monodisperse polystyrene (molecular
weight: 500-1,260,000). The average molecular
weight was calculated on the basis of Shimadzu C-
R4A GPC Program V 1.1. Thermal analyses were
performed on a DuPont TA-2000 thermal analyzer
coupled with a 910 DSC module and a DuPont 951
thermogravimetric analyzer. The adhesion test was
performed according to ASTM-D3359-83. Oxygen-
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plasma etching resistance of several polymer films
were evaluated using a Mega Strip 6 (Drytek Inc.).
The quality of image in the resist patterns was eval-
uated with a Nikon optical microscope.

RESULTS AND DISCUSSION

Preparation of Copolymer

Several maleimide /styrenic monomer copolymers
were prepared. The reactive conditions and molec-
ular weight of the copolymers are shown in Table 1.
The electron-rich «a-methylstyrene (p-chloro-a-
methylstyrene, p-silyl-a-methylstyrene) monomer
lacks propagation to homopolymerize by radical po-
lymerization, but it can easily copolymerize with an
electron-poor maleimide monomer by radical poly-
merization. An equimolar monomer feed ratio was
used to prepare the copolymer. The copolymer was
isolated by precipitation of the viscous polymeriza-
tion solution into ether, not methanol. Because ma-
leimide monomer shows good solubility in methanol
(1:20), the hot viscous polymerization solution is
readily soluble in methanol. On the other hand,
polysilylstyrene is easily soluble in ether. For this
reason, ether was used not only as the precipitator
but also as the purification agent of the silicon-con-
taining copolymer. Figure 1 shows the FTIR spectra
of a-PMTMMS and PMTMSS. It shows N—H
stretching vibrations of the imide ring at 3240 cm™;
cyclic imide absorption bands at 1780, 1150, and 690
cm ! and a characteristic silane absorption peak at
1250 cm'. Table II shows the structure of the co-
polymer. a-PMTMMS is predominately alternating

TableI The Preparation of Copolymer?®

Polymer Yield

Code %) P M, M,  PI¢
«-PMTMMS 85 058 19,300 37,800 1.96
PMTMSS 92 055 18,100 31,000 1.71
«-PMMS 81 033 8500 14,200 1.67
PMS 88 043 15600 29,600 1.89
«-PMCMS 78 032 7,600 12,900 1.69
PMCS 86  0.46 18,000 25500 1.41

* Copolymerization was carried out with 0.97 g (0.01 mol) of
maleimide, 0.01 mol comonomer, and 0.02 g of AIBN in 15 mL
of THF at 60°C under nitrogen for 24 h.

b Intrinsic viscosity was measured in an Ubbelohde viscometer
at 30°C.

¢ Molecular weight was determined with GPC on the basis of
polystyrene.

4 Polydispersity.
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Figure 1 FTIR spectra of (----- } a-PMTMMS and
PMTMSS (—).

because of the opposite polarity of the double bonds
of comonomers. The electron-rich double bond of
«-TMMS tends to undergo alternating copolymer-
ization with the electron-poor double bond of
maleimide. This classic behavior is well documen-
ted for similar systems: maleimides/styrene,® male-
imide / allyltrimethylsilane,” N-phenylmaleimide/
styrene,'> N-(4-hydroxyphenyl)maleimide/sty-
rene,® and N-(4-hydroxyphenyl)maleimide/
TMSS.? The other maleimide /styrenic monomer
copolymers were also close to 1 : 1 in compositions
as determined by elemental analyses as shown in
Table III.

Table II The Structure of the Copolymer

R
—{~C—CH, —CH—CH—}—
|

C C
o \}.‘/ b}
X Z
Polymer
Code R X Z
a-PMTMMS CH; Si(CHas); H
PMTMSS H Si(CHa)s H
a-PMMS CH; H H
PMS H H H
«a-PMCMS CH; Cl H
PMCS H Cl H
a-PHTMMS CH; Si(CHa3)s Ph—OH
PHTMSS H Si(CHa)s Ph—OH
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Table III Elemental Analyses of Copolymers®

Calculated (%) Found (%)
Polymer
Code 1:1 Formula C H N C H N
a-PMTMMS C1sHo NO,Si 66.90 7.32 4.88 66.85 7.34 4.84
PMTMSS CsH, sNO,Si 65.93 6.96 5.13 65.81 6.93 5.12
«-PMMS CisH3NO, 72.56 6.04 6.51 72.42 6.03 6.56
PMS C1.H1NO, 71.64 5.47 6.96 71.58 5.51 6.93
a-PMCMS C,3H,;;:NO,C1 62.52 4.81 5.61 62.45 4.83 5.61
PMCS C,sH;;(NO,Cl 61.15 4.25 5.94 61.08 4.27 5.92

* Copolymerization was carried out with 1 : 1 feed mole ratio.

Polymer Characterization

Because the prepared copolymers are alternating,
sufficient alkaline solubilities are obtained at 50%
maleimide units. Ohnishi et al.? reported that the
solubility of novolac resin in a base solution de-
creased greatly by introducing the trialkylsilyl group.
Maleimide /p-trimethylsilylstyrene (PMTMSS)
copolymer, which is prepared by introducing tri-
methylsilane into maleimide/styrene (PMS) co-
polymer, is also readily soluble in an aqueous base
such as aqueous sodium hydroxide or TMAH. All
the prepared copolymers show excellent solubil-
ity in polar solvents such as dimethylsulfox-
ide (DMSO), N-methyl-2-pyrrolidone (NMP),
dimethylformamide (DMF), dimethylacetamide
(DMAc), and pyridine. They are also soluble in
common organic solvents like THF and acetone.
The thermal stability and glass transition tem-
peratures (7,) of copolymers were evaluated by
thermogravimetric analyses (TGA ) and differential
scanning calorimetry (DSC), respectively. Figure 2
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Figure 2 DSC curves of a-PMTMMS and PMTMSS.

shows DSC curves of «-PMTMMS and PMTMSS
in nitrogen at a heating rate of 10°C/min. It has
been reported!® that poly (a-methylstyrene) has a
T, of 170°C compared to 100°C for polystyrene. As
expected, a-PMTMMS has a higher T, of 230°C
compared to 216°C for PMTMSS. The higher values
correspond to the greater thermal stability of the a-
methylstyrene unit. Figure 3 presents the typical
TGA curves of the polymers in nitrogen at a heating
rate of 20°C/min. No copolymers exhibited weight
loss below 350°C. From the traces, polystyrene
completely decomposed at about 470°C. The other
polymers had > 10 wt % remaining even at 600°C.
The char yield is due to the chain-stiffening effect
of the maleimide monomer.

Lithographic Characteristics

The alkaline soluble polymer was rendered insoluble
in aqueous base through the addition of a base-in-
soluble sensitizer like DNS. Ordinarily, after being
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Figure 3 TGA curves of the polymers.
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exposed to radiation, the DNS would bring about
carbene formation. Through the Wolff rearrange-
ment, ketene was formed and then reacted with wa-
ter to form a base-soluble indenecarboxylic acid'®
that no longer inhibited dissolution of the polymer
in the aqueous base, thereby facilitating develop-
ment of a positive image, i.e., a typical two-com-
ponent positive photoresist.

In this experiment, the copolymers were applied
as binders for DNS photochemical reaction; positive
images should be obtained except for maleimide /
TMSS (PMTMSS), which attained a negative
image. This unusual phenomenon has also been
found in N-(4-hydroxyphenyl)maleimide/TMSS
(PHTMSS).!1%! It was proposed that photocross-
linking occurred in the polymer main chain, such
as at the a-carbon position at the vinyl group of
TMSS. The hydrogen at the a-carbon position will
be abstracted and the stable benzylic radical will be
yielded at the end. To prevent cross-linking from
occurring, the hydrogen at the a-carbon position
would be substituted by a methyl group to synthe-
size a-TMMS. In other words, N-(4-hydroxy-
phenyl) maleimide /a-TMMS (a-PHTMMS) was
prepared that attained a positive image for the DNS
photochemical reaction. In this study, maleimide /
a-TMMS (a-PMTMMS) will also form a positive
image, as it is designed to do. The exposure response
curves of resists are shown in Figure 4, which shows
that the normalized film thickness of the «-
PMTMMS resist decreases with increase of the dose
that is a positive-type resist (sensitivity: 222.6 mdJ /
cm?). Conversely, the PMTMSS resist is a negative-
type resist (sensitivity: 47.7 mdJ /cm?). When applied
in a single-layer resist system, the prepared silicon-
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Figure 4 The exposure response curves of positive (-
PMTMMS with BP-t-DNS) and negative (PMTMSS
with BP-t-DNS) resists.
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Figure 5 Microphotographs of (A) the positive and (B)
the negative image patterns after the adhesion test
(ASTM-D3359-83: A 3M tape was used, and patterns on
the silicon wafer were cut to 100 lattices within 1 cm?)
(X50).

containing resists coated on the silicon wafer with-
out the use of an adhesion promoter were evaluated
by the adhesion test. Figure 5 shows that neither
positive (A) nor negative (B) image patterns were
stripped after the adhesion test. This advantage is
attributed to the silicon proton on the phenyl group
to make a fine adhesion to the silicon wafer. Figure
6 shows that the developed positive images (line
patterns) by «-PMTMMS with BP-t-DNS are
highly resistant to thermal deformation at 220°C
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for 30 min. On the other hand, the developed neg-
ative images by PMTMSS with BP-t-DNS possess
excellent thermal stability, yet images without de-
formation even at 300°C for 30 min, as shown in
Figure 7. This advantage is due to the cross-linking
reaction that occurred in the PMTMSS main chain.

Oxygen—Plasma Etching Resistance

A silicon-containing polymer for use as the top im-
aging layer in a bilayer resist system has attracted
considerable interest because of its excellent dura-
bility to oxygen-plasma etching. It has been

(A) No Bake

(B) 220°C/30 min.

Figure 6 Microphotographs of positive images based
on a-PMTMMS resist after postbaking (X100).

H TOPPAN

===

i IIIIII

4

(A) 250°C/30 min.
I"" TOPPAN *

IIIII T mo 8

| s E
“I r =
(B) 300 °/30 min.

aanpy s @
Figure 7 Microphotographs of negative images based
on PMTMSS resist after postbaking (X100).

reported® that about 10 wt % silicon content can
drastically lower the oxygen—plasma etching rate of
organic polymers. ESCA analysis revealed that an
oxygen—plasma converts silicon into silicon oxide or
silicon dioxide. Consequently, the formation of a
protective layer will inhibit oxygen-plasma from
etching and doubles as an etching mask for the pat-
terns transferring to the bottom layer (novolac resin
or polyimide). The oxygen—plasma etching behavior
of several polymer films was determined and com-
pared to a hard-baked HPR-204, as shown in Table
IV. The effects of some factors as polymer structure
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Table IV The Oxygen—Plasma Etching Rate of Several Polymer Films*®

Silicon Content o Etching Rate Etching
Code (wt %) M, (A/min) Selectivity®

a-PHTMMS 7.4 48,000 70 1:6
PHTMSS 7.7 126,000 60 1:7
a«-PMTMMS 9.8 37,800 40 1:10.5
PMTMSS 10.3 31,000 35 1:12
PMS — 29,600 350 —
Polyimide® — — 240 —
HPR-204 — — 420 —

¢ The oxygen-plasma condition had an RF level power of 1300 W and chamber pressure of 0.4

Torr.
b Versus hard-baked HPR-204.

¢ The polyimide was prepared from pyromellitic dianhydried and 4,4"-oxydianiline; #;, : 1.2.

and molecular weight do not influence the etching
rate much. Note the increase in etching selectivity
from 6 to 12 for a-PHTMMS containing 7.4 wt %
silicon and PMTMSS containing 10.3 wt % silicon,
respectively. Selectivity of 1 : 12 is enough for
PMTMSS to double as an etching mask. The most
effective factor for increasing selectivity is to in-
crease the silicon content. A polymer with higher
silicon content survives longer in oxygen-plasma.

CONCLUSION

Several maleimide/styrenic monomer copolymers
were synthesized. Sufficient alkaline solubilities
were obtained at 50% maleimide units. The chain-
stiffening effects of the maleimide and a-methylsty-
rene group were responsible for the high-tempera-
ture properties. The silicon-containing resists made
a good adhesion to silicon wafer without an adhesion
promoter. Microlithographic positive /negative im-
ages were obtained that were stable to temperatures
higher than 200°C. PMTMSS contains 10.3 wt %
silicon to show an oxygen-plasma etching rate of
1: 12 compared to hard-baked HPR-204.
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the National Science Council for the financial support
under contract number NSC 81-0405-E036-02.
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