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ABSTRACT: Photosensitive cycloaliphatic-epoxy oligosi-
loxane was synthesized using a nonhydrolytic sol-gel reac-
tion for the fabrication of thick and thermally stable micro-
structures with high aspect ratios. Its formation was con-
firmed by *Si and 'H nuclear magnetic resonance
spectroscopy, small-angle neutron scattering, and Fourier
transform infrared spectroscopy. Photocuring of cycloali-
phatic-epoxy oligosiloxane resin resulted in a thermally
stable epoxy hybrid material (epoxy hybrimer). Micropat-

terns with a high aspect ratio (>5), an excellent sidewall
shape, and low shrinkage were fabricated directly from
these materials using a simple photolithographic process.
The fabricated micropattern sustained temperatures of up
to 250°C. © 2008 Wiley Periodicals, Inc. ] Appl Polym Sci 108:
3169-3176, 2008

Key words: lithography; nanocomposites; oligomers; photo-
polymerization; polysiloxanes

INTRODUCTION

The fabrication of microstructures using photopat-
ternable materials by simple photolithography with-
out using post dry etching processes has attracted
much attention. This is due to their widespread and
numerous applications such as fabrication materials
for diffractive optical elements,’ waveguides,2 data
storage, and electronic devices,®* as well as their use
as conventional photoresists.” Recently, these mate-
rials have also been used in devices as dielectric
materials in contrast to photoresists that are re-
moved after microstructure fabrication. Thus, the de-
velopment of cheap and easy to use photopattern-
able materials with desirable electrical, thermal, or
optical characteristics is required. Because of the
demand for the high-density integration of compo-
nents in many of these applications, high aspect ratio
lithography (thickness/resolution) capabilities using
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thick photocurable films (>100 pm) and high photo-
sensitivity are required to provide excellent dimen-
sional control and well-defined sidewalls. This is
especially true for recent advanced applications in
RF and microwave devices, multimode optical wave-
guides, and microelectromechanical system (MEMS)
devices. Also, the microstructures need to be ther-
mally stable to be resistant to subsequent processing.

The most common photopatternable materials are
photopolymers. These include photoresists in which
selective etching is achieved by an increase in molec-
ular weight via photopolymerization® or the forma-
tion of new insoluble products via the photochemical
rearrangement of organics.” Many types of high-pho-
tosensitive photoresists have been developed and
commercialized for use in semiconductor and dis-
play manufacturing processes. However, a high ther-
mal stability and the capacity to adjust the electrical
and optical characteristics are limited in devices
with thick microstructures with a high aspect
ratio. To overcome these problems, photosensitive
organic-inorganic hybrid materials (known as
hybrimers) have been introduced in recent times for
the photopatterning of microstructures.>® It has
been reported that hybrimers containing the photo-
polymerizable methacryl group can be used to make
thick photopatterned and thermally stable films with
unique characteristics.'” The acryl or methacryl
groups usually employ UV-curable materials based
on free radical polymerization because of their excel-
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Figure 1 Schematic procedure for (a) synthesis of cycloaliphatic-epoxy oligosiloxane and (b) fabrication of epoxy

hybrimer.

lent reactivity. However, these groups are vulnerable
to heat and, compared to other polymers, are not
adequate for electrical applications. Furthermore,
photosensitive materials based on these groups
undergo relatively high shrinkage during curing
(about 10%) compared with epoxy-functionalized
polymers. This not only causes poor dimensional
control and unreliable patterns, but also tends to
result in detachment from the substrate, especially
from substrates made of a low shrinking metal or
plastics. The oxygen inhibition of photopolymeriza-
tion in these groups can also degrade the photosen-
sitivity of the hybrimers.'®"?

Epoxy is a common organic thermosetting and
thermally stable polymer, has a variety of molecular
weights, and is cheap to produce. It has already been
reported that hybrimers containing glycidyl epoxide
can be synthesized by thermal curing.”” However, poly-
merization of the glycidyl epoxide is not sensitive to
UV light. In this article, we used 2-(3,4-epoxycyclo-
hexyl)ethyl-trimethoxysilane to form oligosiloxanes by
nonhydrolytic sol-gel reaction. It is known that cyclo-
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aliphatic epoxide can be made from cationic photopo-
lymerization without the use of a vacuum or inert
atmosphere and shows the best photosensitivity
among all known epoxides.*' The cycloaliphatic epox-
ide film has excellent clarity in the visible and ultra
violet region, because the cycloaliphatic epoxide does
not have aromatic rings or chloride. Also, the use of
cationic polymerization using a ring-opening mecha-
nism can improve chemical and plasma resistance,
shrinkage after crosslinking, and adhesion with vari-
ous substrates, thus allowing reliable patterning.

In this work, the photosensitive cycloaliphatic-epoxy
oligosiloxane was synthesized using a simple condensa-
tion reaction. Figure 1 shows a schematic of the chemi-
cal fabrication route of the cycloaliphatic-epoxy oligosi-
loxane and epoxy hybrimers. Diphenylsilanediol
(DPSD) and alkoxy groups in 2-(3,4-epoxycyclohexyl)
ethyltrimethoxysilane (ECTS) can synthesize modified
oligosiloxane as shown in Figure 1(a). Figure 1(b) shows
the fabrication of the epoxy hybrimers by polymeriza-
tion of the synthesized cycloaliphatic-epoxy oligosilox-
anes using UV light. The size and molecular structure
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of the oligosiloxane in the resin can be modulated by
altering the composition ratio of the precursors. The
variation of the molecular structure directly influences
the rheological, electrical, and optical properties of the
epoxy hybrimer such as the viscosity, refractive index,
and dielectric constant. Microstructures with a high
thermal stability as well as a thick, high aspect ratio can
be achieved using this resin because of the high thermal
stability arising from rigid siloxane linkages and chemi-
cally bonded epoxy groups.

EXPERIMENTAL
Preparation of cycloaliphatic-epoxy oligosiloxane

The cycloaliphatic-epoxy oligosiloxane was synthe-
sized by a condensation reaction between ECTS (Fluka,
USA) and DPSD (TCI, Tokyo, Japan), in various molar
ratios without further purification; barium hydroxide
monohydrate (BH, Aldrich, USA) was added as a cata-
lyst to promote the reaction between the two. The total
amount of BH contained 0.2 mol % equivalents of the
ECTS in the solution. The composition and notation
used to denote each sample of the epoxy hybrimer are
presented in Table I. For the homogeneous condensa-
tion reaction between the two precursors, DPSD in its
solid state was continuously added to the liquid state
of ECTS in a flask while stirring the solution with a
magnetic stirrer at 80°C for 2 h. The resulting solution
was then mixed for an additional 2 h to complete the
condensation reaction. Methanol, a by-product of the
condensation was removed by vacuum heating, and
BH was removed by a 0.45-um pore-sized Teflon filter.
Finally, a clear solution of photosensitive cycloali-
phatic-epoxy oligosiloxane resin was obtained. Subse-
quently, arylsulfonium hexafluorophosphate salt
(CYRACURE UVi-6992, Dow Chem, Michigan, USA)
was added as a cationic initiator for the photoreaction
of cycloaliphatic-epoxy via UV light exposure. The typ-
ical amount of photoinitiator was 2 wt % of the total
weight percent of epoxy-functional groups in the oligo-
siloxane resin.

Fabrication of high aspect ratio microstructures

To fabricate the high aspect ratio microstructures, a
p-type Si (100) substrate was first cleaned then
exposed to an O, plasma for 5 min to remove any
organic compounds on its surface. The viscosity of
the epoxy hybrimer can be controlled from 300 to
15,000 cps with DPSD contents. Subsequently, a sin-
gle spin-coating of the epoxy hybrimers (ED41 com-
position) at 300 rpm for 30 s was used to produce a
120-pum thick layer. The coated films were selectively
exposed for 10 s with a mercury UV lamp (A = 350—
390 nm, optical power density = 85 mW /cm?) using
a patterned photomask and mask aligner. After UV
exposure, the samples were developed for 30 s in an

TABLE I
Composition of Chemical Precursors for Synthesis of
Cycloaliphatic-Epoxy Oligosiloxane

Notation ECTS (g) DPSD (g) Ba(OH),H,O (g)
ED33 16.51 (0.067 mol) 7.14 (0.033mol) 0.025
ED41 14.54 (0.059 mol) 8.87 (0.041 mol) 0.022
ED50 12.32 (0.05 mol) 10.82 (0.050 mol) 0.019

n-propylacetate /isopropyl alcohol mixture (volume
ratio 3 : 7). There was no need to carry out the pre-
bake, postbake, PR deposition and elimination, and
etching step, as well as the multicoating step for
these microstructures.

Characterization

#Si and 'H nuclear magnetic resonance (NMR) spec-
tra of the resin in chloroform-d were recorded using
a Bruker FT 500 MHz instrument. Chromium(III)
acetylacetonate was added as a silicon relaxation
agent at a concentration of 30 mg/L. The sample
temperature was 300 K and the pulse delays were
set to 30 s. The spectrum of tetramethylsilane (TMS)
was used as a reference. Raman Spectra were meas-
ured with a 488 nm Ar-Kr ion laser (Coherent
Innova 70 series, Laser Innovations, Moorpark, CA)
and double-grating monochromater (U-1000, Jovin
Yvon, Edison, NJ). Small-angle neutron scattering
(SANS) experiments were performed on the
HANARO Reactor at the Korea Atomic Energy
Research Institute (KAERI). A wavelength of 5.08 A
with a spread (FWHM) of 12%, and detector-sample
distance of 3 m was used for all SANS measure-
ments. The scattering vector ranged between 0.04
and 0.25 A™'. The resins were diluted to a 10 wt %
concentration in acetone-dé6 to obtain a good contrast
between the resins and the solvent. Fourier trans-
form infrared (FTIR) spectra of the epoxy hybrid
materials were obtained with a JASCO FTIR 460plus
with a resolution of 4 cm ™' in the wavenumber
range 400-4000 cm~'. Thermal measurements using
thermogravimatric analysis (TGA) and dilatometer
were performed using bulk epoxy hybrimer samples.
The bulk sample was prepared by casting of the
cycloaliphatic-epoxy oligosiloxane resin followed by
UV exposure. The TGA and dilatometer experiments
were carried out under nitrogen atmosphere at a
heating rate of 10 and 5°C/min, respectively. The
micropatterns were also examined using scanning
electron microscopy (Philips, XL30SFEG).

RESULTS AND DISCUSSION

Synthesis of cycloaliphatic-epoxy
oligosiloxane resin

Cycloaliphatic-epoxy oligosiloxanes resin was pre-
pared using a direct condensation reaction between

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 *’Si NMR spectra of cycloaliphatic-epoxy oligo-
siloxane resin of various compositions (a) ED 33, (b) ED
41, and (c) ED 50.

the methoxy radical of ECTS and the diol radical of
DPSD to form siloxanes with a methanol by-product.
Usually, the epoxy rings are easily opened in the
catalysis environment so that the epoxy is not poly-
merized.?? Thus, it is difficult to maintain polymeriz-
able epoxy rings during conventional sol-gel reac-
tions using aqueous HCl forming cycloaliphatic-
epoxy polysiloxanes. To solve this problem, the basic
catalysis, BH, was used to promote the condensation
reaction and prevent the self-condensation of the
DPSD in the absence of water. Since BH is insoluble
in water and any alcohol, it may remain in the resin
but can be removed by filtration. The synthesized
resin presents good shelf stability because of the ab-
sence of solvents such as water and alcohol, and
unreacted diol groups.

Oligosiloxane formation was confirmed by the cre-
ation of Si—O bonds using *’Si NMR spectroscopy.
Figure 2 shows the *Si NMR spectra of the cycloali-
phatic-epoxy oligosiloxanes samples listed in Table I
with different DPSD contents. In NMR notation, D"
and T" represents Si from DPSD and ECTS, respec-
tively. The superscript “n” denotes the number of
bridging oxygen atoms to a Si atom. Depending on
the composition of the reactants, different siloxane
bonds are formed. It can be seen in Figure 2 that the
D? T? and T? peaks are enhanced as the DPSD con-
tent in the reactants is increased.'”?® Also, small
amounts of unreacted Si species (D% —29 and —34
ppm) which are not desirable are found in all the
spectra. The D° peak at —29 ppm is found in the
form of diphenylmethoxysilanol or diphenyldime-
thoxysilane, which is a product of the reaction
between DPSD and methanol. However, the D° peak
at —34 ppm representing DPSD is rarely found. This
means that the condensation reaction between ECTS
and DPSD proceeded well, and that the epoxy-
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grafted oligosiloxanes were successfully synthesized.
Theoretically, T° species are not formed in the con-
densation reaction due to the diol radical in the reac-
tants. However, the T° peak is present and especially
apparent in the EDS50 composition sample. This
might be due to a re-esterification reaction of the
methoxy group in the ECTS. Water, which is a by-
product of the condensation reaction between diol
and methanol, produces T>—OH by hydrolysis of
the methoxy group in ECTS. Thus, the self-condensa-
tion reaction of T*—OH species can form T® species.
Consequently, the degree of condensation (DOC)
depending on the DPSD content in the reactants can
be calculated using the following equation®:

D' 4+2D? + T 4272 + 373

DOC =
2(DY+ D'+ D?) 4+ 3(T° + T + T2 + T3)

X 100
@™

It is found that the DOC increases from about 60 to
80% with a change in the DSD content from 33 to
50%.

"H NMR spectroscopy was employed to confirm
whether the cleavage of the epoxy ring occurred
during the condensation reaction. '"H NMR spectra
of the cycloaliphatic-epoxy oligosiloxanes with vari-
ous compositions are shown in Figure 3. The chemi-
cal shifts of the H atoms at C atom that directly
bonded to the Si atom and epoxy ring are 0.5 and
3 ppm, respectively. The cleavage of the epoxy ring
can be verified by comparison with the area under
the two peaks, as the same number of H atoms is
involved in the two cases. No difference in the areas
of the peaks is found for any of the compositions.
This implies that the cycloaliphatic-epoxy oligosilox-
anes were successfully synthesized without opening
the epoxy rings.

(ch
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Figure 3 'H NMR spectra of the cycloaliphatic-epoxy oli-
gosiloxane resins with various compositions (a) ED 33, (b)
ED 41, and (c) ED 50.
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Figure 4 FTIR spectra of the cycloaliphatic-epoxy oligosi-
loxane resin with various compositions (a) ED 33, (b) ED
41, and (c) ED 50.

In addition, FTIR spectra of these resins support
the results of the NMR spectra. No FTIR bands asso-
ciated with —OH and Si—OH bonds (3200-3600
cm™ ') are observed in any of the spectra shown in
Figure 4. The characteristic absorption band of the
siloxane bonds in the epoxy hybrimer was observed
at 1100 cm™'. Bands due to the vibration of the epoxy
groups are observed at 880 cm™'. This indicates that
the direct condensation reaction between DPSD and
ECTS was achieved. Also, the existence of silanol
groups and unreacted precursors was small, thereby
preventing further self-condensation of the resin.

Size of the cycloaliphatic-epoxy oligosiloxanes

The size of the synthesized cycloaliphatic-epoxy oli-
gosiloxane was determined by SANS measurements.
Guinier plots of the SANS data for each precursor
composition are shown in Figure 5. The radius of
gyration (R,) was estimated from a linear plot of
In(I(Q)) versus Q* in the Guinier region (0.1 < R,
< 1) according to the Guinier Law.”> The R, values
of the various compositions are listed in Table IL
From these values, the sizes of the oligosiloxanes
were calculated using the following equations:

Ry = \é R, @)

©)

where R; is the radius of the oligosiloxane assuming
a spherical shape, and R, denotes their length
assuming they have a rod-like shape. Assumed the
oligosiloxanes is spherical shape, the size is the
smallest. Thus, it could be deduced that the molecu-
lar size of the oligosiloxanes was around 2 nm in the
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Figure 5 Guinier plots of the SANS data of the cycloali-
phatic-epoxy oligosiloxane resins.

range between 2R, and R, regardless of the precursor
composition, as presented in Table II. The nanosized
epoxy hybrimer can be formed as uniform film on
the substrate and expected high resolution of the
micropatterns.

Photopolymerization of cycloaliphatic-epoxy
oligosiloxane

Photopolymerization of the synthesized cycloali-
phatic-epoxy oligosiloxanes was examined using
FTIR spectroscopy. The peak at 880 cm ' is associ-
ated with the epoxy group stretching mode, and the
peak at 1590 cm ! indicates the phenyl group
stretching mode. The decrease in intensity of the ep-
oxy group peak indicates epoxy polymerization by
the opening of epoxy rings as the UV exposure is
increased. On the other hand, the intensity of the
phenyl group peak remains constant irrespective of
the UV exposure. The conversion degree of the ep-
oxy ring-opening can be expressed in terms of the
decrease of the epoxy group peak relative to the

phenyl group peak as,
A oxXy
()

Conversion degree (%) = |1 - —————2
Aepoxy
(APhenyl) resin

TABLE II
Calculated Molecular Sizes of Cycloaliphatic-Epoxy
Oligosiloxanes from the Slope of Guinier Plots

R Size of the Size of the rod-like

Composition (nm) spherical shape (nm) shape (nm)
ED33 0.72 1.86 2.5
ED41 0.76 1.96 2.63
ED50 0.79 2.04 2.74

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Conversion degree of epoxy ring-opening for
various compositions as a function of UV fluence.

where Acpoxy and Apnenyr represent the area under
the peak of the epoxy and phenyl groups, respec-
tively. The conversion degree of the oligosiloxanes
resin with different precursor compositions is plot-
ted as a function of UV fluence in Figure 6. All the
compositions achieve a conversion degree of up to
90% with a UV fluence of 600 mJ/cm?. This implies
that the synthesized oligosiloxane is photopolymeriz-
able in the fabrication of epoxy hybrimers. However,
as the DPSD content is increased, the conversion
degree is lowered due to the steric hindrance of the
reaction and strong UV absorption by the phenyl
groups. The strong UV absorption competes with
absorption of the photoinitiator.

Thermal stability of photopatternable epoxy
hybrimers

A high thermal stability is the most promising
hybrimer characteristic compared to the polymers
and is due to the existence of siloxane bonds in the
crosslinked network. Since general polymers have
low thermal decomposition temperatures and soften-
ing temperatures, their practical application is lim-
ited. The enhanced thermal stability enables the
hybrimers to replace the polymers in practical appli-
cations. For example, the representative commer-
cially available polymer, polymethylmethacrylaye
(PMMA), has a thermal decomposition temperature
of about 130°C and a softening temperature of about
105°C.

TGA of the photocured epoxy hybrimers are
shown in Figure 7. The thermal decomposition tem-
perature (5 wt % loss temperature) of the hybrimers
is about 410°C regardless of the precursor composi-
tion. A rapid weight loss at the decomposition tem-
perature may be due to decomposition of the
remaining alkoxy groups as well as epoxy chemical
bonds. Thermal expansion, the most sensitive char-

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 TGA curves of the epoxy hybrimer bulk with
various compositions at a heating rate of 5°C/min under a
nitrogen atmosphere.

acteristic of the hybrimers, was measured using a
dilatometer. As shown in Figure 8, all the samples
have an almost linear thermal expansion up to
250°C. The coefficient of thermal expansion (CTE)
was obtained from the slopes of these plots. CTE
values of the epoxy hybrimers were 230, 180, and
150 ppm/K for the ED33, ED41, and ED50 samples,
respectively. The CTE decreases with an increase in
DPSD content. This might be due to the formation of
larger oligosiloxanes in the samples with a higher
DPSD content because of a more active condensation
reaction.

The dilatometer results in Figure 8 are astonishing,
since a softening temperature in the room tempera-
ture to 250°C range is not present. Generally, poly-
mers show a remarkable change in thermal expan-
sion at a softening temperature below 200°C. The ab-
rupt change in this thermal expansion results in the
development of stress during the heating cycle. This
restricts the reliable use of these materials at ele-

w05 | = ED33
= EDM41

o4 =

003

AL,

LR

LR

000 —

T T
5l i (E21] i

Temperature ('cy

Figure 8 Dilatometer results of epoxy hybrimer with vari-
ous compositions (a) ED33, (b) ED41, and (c) ED50 as a
function of temperature.
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Figure 9 SEM images of the thick photopatterned high aspect ratio microstructure of an epoxy hybrimer film (a) as photo-
patterning microstructures and (b) after heating at 250°C for an hour.

vated temperatures. However, the epoxy hybrimers
do not show any such transition during heating.
The rigidity of the high crosslinked structure of or-
ganic groups with oligosiloxanes may cause the
restriction of chain mobility to be softened.”® There-
fore, we have demonstrated that an epoxy hybrimer
has been produced to have a high thermal decom-
position temperature without a softening tempera-
ture. Such a hybrimer can be used in applications at
high temperatures.

Photolithography of high aspect ratio
microstructures

Microstructures with a width of 20 pm in thick
(~120 pm) epoxy hybrimer films on Si wafer sub-
strates were fabricated using a simple photolitho-
graphic technique. After UV illumination with a 600
m]J/cm? fluence, the films were developed for 30 s in
an n-propylacetate/isopropyl alcohol mixture sol-
vent. Figure 9 shows the SEM images of the pat-
terned microstructures with an aspect ratio of over 5
and an excellent sidewall shape. Volume shrinkage
of the hybrimer films during photopolymerization
may cause the destruction of the microstructures.
However, the volume shrinkage estimated from the
change in the film thickness before and after heating
is less than 3% assuming that the shrinkage is iso-
tropic. This value is much lower than the 10%
observed in other photopatternable acrylate poly-

mers. This low volume shrinkage enables the micro-
structures to be fabricated without demolition. Usu-
ally, poor dimensional control by the formation of
inclined sidewalls occurs because of the influence of
diffraction effects and nonuniform exposure on thick
films. Also, the UV absorption in the thick films may
reduce the effective dose at some depth within the
films. These effects, amplified by developing pro-
cesses, can form an inclined pattern similar in shape
to a mushroom. However, epoxy hybrimers only
require low energy consumption for the fabrication
of the micropatterns. Thus, precise patterns of a
desired shape much like the one shown in Figure 9
can be produced with a very short exposure time.
This excellent photopatternability comes from the
superior photopolymerization ability of epoxy
groups in the epoxy hybrid materials. The fabricated
microstructures were heat-treated at 250°C for an
hour to confirm their thermal stability. Figure 9(b)
shows the photopatterned microstructures after heat
treatment. The microstructures on the Si substrate
are not deformed or separated from the substrate.
The shape of the microstructures is sustained even
after many heating cycles up to 250°C. As mentioned
earlier, the epoxy hybrimer shows no softening tem-
perature with high decomposition temperatures up
to 400°C. This enables the fabricated microstructure
to be resistant up to 250°C. Therefore, the optimiza-
tion of coating and photolithographic processes
described earlier allows the thermally stable and

Journal of Applied Polymer Science DOI 10.1002/app
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high aspect ratio microstructures to be photopat-
terned in photosensitive epoxy hybrimers.

CONCLUSIONS

In this article, we have developed new UV-pattern-
able and thermally stable epoxy hybrimers for the
fabrication of high aspect ratio microstructures based
on cationic polymerization. The epoxy hybrimer had
good stability because of the low number of
unreacted species in the resin and OH groups. The
properties of the epoxy hybrimers could also be
modulated easily by controlling the composition of
the precursors. The nanosized cycloaliphatic-epoxy
oligosiloxane resin had excellent photosensitivity to
near-UV light without oxygen inhibition. Also, the
epoxy hybrimer was thermally stable up to 400°C.
The fabricating patterns were shown to be thick
(>100 um), have a high aspect ratio (>5), and good
sidewall formation. The microstructures also showed
good thermal stability and adhesion behavior. There-
fore, the epoxy hybrid materials are suitable for use
as photoresists or photopatternable dielectrics in
many MEMS and RF microelectronics applications
requiring only a simple photolithographic process.
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