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A Novel Nanocomposite With Photo-Polymerization
for Wafer Level Application

Yangyang Sun, Student Member, IEEE, Hongjin Jiang, Lingbo Zhu, and C. P. Wong, Fellow, IEEE

Abstract—A novel nanocomposite photo-curable material
which can act both as a photoresist and a stress redistribution
layer applied on the wafer level was synthesized and studied. In
the experiments, 20-nm silica fillers were modified by a silane
coupling agent through a hydrolysis and condensation reaction
and then incorporated into the epoxy matrix. A photo-sensitive
initiator was added into the formulation which can release cations
after ultraviolet exposure and initiate the epoxy crosslinking
reaction. The photo-crosslinking reaction of the epoxy made it a
negative tone photoresist. The curing reaction of the nanocompos-
ites was monitored by a differential scanning calorimeter with the
photo-calorimetric accessory. The thermal mechanical properties
of photo-cured nanocomposites thin film were also measured.
It was found that the moduli change of the nanocomposites as
the filler loading increasing did not follow the Mori-Tanaka
model, which indicated that the nanocomposite was not a simple
two-phase structure as the composite with micron size filler. The
addition of nano-sized silica fillers reduced the thermal expansion
and improved the stiffness of the epoxy, with only a minimal effect
on the optical transparency of the epoxy, which facilitated the
complete photo reaction in the epoxy.

Index Terms—Nanocomposite, photo polymerization, thermal
expansion, wafer level packaging.

I. INTRODUCTION

ITH the fast development of electronics industry, elec-
Wtronics products are becoming smaller, faster with more
functionality, higher performance, and lower cost. The tech-
nical advances have entered into the nano-scale threshold with
the decreasing of feature size and increasing input/output (I/O)
number in the integrated circuit (IC) chip. New interconnection
technology such as wafer level packaging has been invented to
meet these trends [1]. Here, we report on the development of
a novel photo-definable material which can act both as a pho-
toresist and as a stress redistribution layer applied on the wafer
level. In the proposed process, this material is applied on the
un-bumped wafer, and then is exposed to ultraviolet (UV) light
through a mask for crosslinking. After development, the un-ex-
posed material is removed and the bump pads on the wafer are
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Fig. 1. Proposed wafer process with novel photo-definable nanocomposite.

exposed for solder bumping. The fully cured material film is left
on the wafer for protection of the bumps. Fig. 1 shows the pro-
posed process.

The proposed wafer-level underfill application requires an
underfill material with high photo-reactivity, low CTE, good
chemical resistance and good mechanical properties. Epoxy
resins have been extensively used in electronic packaging
industry due to their extreme versatility in chemical structures,
less curing shrinkage, excellent adhesion and chemical resis-
tance. However, the coefficient of thermal expansion (CTE)
mismatch between the neat epoxy resin (50-80 ppm/K) and
the silicon (2.8 ppm/K) causes a large amount of stress at
the interface. This stress effect is pronounced in the large
area application on the whole wafer [2]. The introduction of
well-dispersed inorganic particles into a polymer matrix has
been demonstrated to be extremely effective in improving the
performance of the polymer composites [3]. Because of the
exceptionally low CTE of fused SiOs (silica) due to the high
Si—O bond energy, silica filled composite materials have been
widely used to improve the mechanical properties [4], [5] and
reduce the CTE of epoxy [6].

In the recent years, a number of investigations have demon-
strated the feasibility of photo-polymerization for polymers and
their composites. These polymers can be classified into two cat-
egories, depending on whether the polymerization proceeds by
a free radical-type or cationic-type reaction center. The first case
is based on the vinyl compounds [7] or acrylate compounds
[8] initiated by free radical reaction. Free radical-type systems
are by far the most widely used and studied in today’s photo
curing application due to their high reactivity. The second case
is based on photoinitiated cationic polymerization. A proton

1521-3331/$25.00 © 2008 IEEE

Authorized licensed use limited to: IEEE Xplore. Downloaded on April 27, 2009 at 14:58 from IEEE Xplore. Restrictions apply.


https://core.ac.uk/display/4723149?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

136 IEEE TRANSACTIONS ON COMPONENTS AND PACKAGING TECHNOLOGIES, VOL. 31, NO. 1, MARCH 2008

acid is produced by photolysis of triarylsulfonium (TAS) or di-
aryliodomium salt to initiate the polymerization of the epoxide
ring. Utilizing this reaction technique, the Bisphenol-A novolac
epoxy resin (EPON SU-8) has been used as a negative near-UV
photoresist in a microelectromechanical systems (MEMS) fab-
rication process [9], as well as polymer optical waveguide ma-
terials [10]. Previous research about the conductive adhesive
had demonstrated the application of the dual initiators including
both the photo initiator and the thermal initiator for the cy-
cloaliphatic epoxy based conductive adhesives [11]. The adhe-
sive can be cured quickly at ambient temperature by the cationic
polymerization after UV exposure, then the thermal initiator can
fully cure the adhesive at elevated temperature and eliminate
the disadvantage of the inherent lack of transparency caused
by the metal particles in the adhesives. Nevertheless, there are
few reports of the photo-polymerization of silica/epoxy com-
posites via the cationic crosslinking reaction because micron
size silica fillers can scatter UV light and hinder photo-poly-
merization process. Nanosilica composites, on the other hand,
have displayed desirable optical properties [12], [13] and have
become the best solution for photo-definable applications.

In this paper, photo-definable materials based on nanosilica
and epoxy were synthesized. A photo-sensitive initiator was
added into the formulation which can release cations after
UV exposure and initiate the epoxy crosslinking reaction.
The photo-crosslink reaction of the epoxy makes it a negative
tone photoresist. A comprehensive study of the photo-curing
behaviors of these materials was conducted to elucidate
the photo-polymerization mechanism in the composites and
achieve an in-depth understanding of the effect of nanosilica
on the photo-reaction of epoxy. Thermal and mechanical prop-
erties were also determined and the data used to optimize the
formulation of a photo-definable nanocomposite for wafer level
applications.

II. EXPERIMENTAL

1) Materials: Colloidal nanosilica with average size of
20 nm was synthesized by the sol-gel method. The size was
characterized by the transmission electron microscopy (TEM).
EPON 862, a Bisphenol F epoxy, was obtained from Shell
Chemicals. The photoinitiator, KI85, was obtained from Sar-
tomer.

2) Preparation of Nanocomposites: The nanosilica was
modified by the proper silane coupling agent following the
method described before [14] and then incorporated into the
epoxy matrix. After surface modification, nanosilica interacted
with the polymer matrix and can achieve a high filler loading
level. The nanosilica filler loadings in the epoxy matrix were
10 wt%, 20 wt%, 30 wt%, and 40 wt%. The photoinitiator KI85
(2mol%) was added into the formulations and the mixtures
were stirred one hour.

3) Characterization: The photo absorption properties of the
samples were measured with a UV-Visible spectrophotometer
(Beckman Du520). The absorption of the photoinitiator and the
colloidal silica was characterized in an ethanol solution. To mea-
sure the absorption of photo-definable nanocomposites, liquid
composites were spin-coated on a quartz glass slide. Then the

specimen was put into the chamber of the UV-Vis spectropho-
tometer and scanned.

The curing process of the photo-definable nanocomposite
materials was characterized by a photo differential scanning
calorimeter (DSC). The photo-DSC was performed using
a Q1000 DSC (TA Instruments) equipped with the photo
calorimeter accessory (PCA). The wavelength of the UV
light was 320-500 nm and its intensity was approximately
20 mW/cm?. Reactions were performed at room temperature
in a nitrogen atmosphere. Sample sizes were around 10 mg.
The residual reaction heat and glass transition temperature of
the photo-definable nanocomposites after UV exposure were
characterized by the DSC. A dynamic scanning experiment
was conducted with a ramp rate of 5 °C/min, from ambient
temperature to 300 °C. The cured sample was left in the DSC
cell and cooled to room temperature. Then the sample was
reheated to 200 °C at 5 °C/min to obtain another heat flow
diagram in the modulated mode. The initial temperature of the
heat flow step of the second diagram is defined as the glass
transition temperature (DSC Tg).

In order to evaluate material properties of the nanocomposite
samples after UV curing, the liquid nanocomposites were cast
onto an aluminum substrate with a thickness around 50 pym. UV
curing of samples was performed using a UV lamp (CLE-4001,
with a long-wave UVA portion of the spectrum) for 20 min.
The intensity was ~ 50 mW/cm? measured by a traceable ra-
diometer. Curing of samples were performed in the air. Then
the sample was thermally cured at 95 °C for 30 minutes to com-
plete the crosslinking reaction. Samples were peeled off from
the aluminum substrate yielding free-standing nanocomposite
films for further characterization.

A Dynamic Mechanical Analyzer (DMA, TA Instruments,
Model 2980) was used to measure the dynamic moduli and glass
transition temperature of the nanocomposites. The cured film
was cut into a strip of dimensions about 18 x 6 mm. The accu-
rate thickness of the film was measured by a laser profilometer.
The test was performed in the film mode. The temperature was
increased from room temperature to 250 °C at a heating rate of
3 °C/min, while the storage modulus (E’), loss modulus (E’*)
and tan ¢ were calculated by the pre-installed software. In order
to obtain complementary measurements to the DSC, the DMA
Tg was determined by the peak temperature of the tan delta
(tan 6) curve.

The coefficient of thermal expansion (CTE) of the cured film
was measured on a Thermo-Mechanical Analyzer (TMA, TA
Instruments, Model 2940). The dimensions of the sample were
about 10 x 5 mm. The samples were heated in the TMA furnace
at 5 °C/min from room temperature to 200 °C. The CTE before
the Tg is defined as oy and after the Tg as axs.

The thermal stability of the sample was characterized by a
Thermogravimetric Analyzer (TGA, TA Instruments, Model
2050). The cured samples were put into a TGA pan. The
experiment was conducted with a ramp rate of 20 °C/min from
ambient temperature to 800 °C in air.

The dispersion and morphology of the nanocomposite after
photo curing were characterized by transmission electron mi-
croscopy (TEM). The cross sections of the nanocomposite were
prepared using a Leica Microtome Nova. The samples were first
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Fig. 2. Light transmittance of two kinds of nanosize silica in ethanol solution.

trimmed manually using a razor blade to produce a trapezoidal
cross section with an area that was approximately 0.5mm by
0.5mm. The samples were then mounted on the microtome and
aligned with a glass knife, which was used to trim the sample
further. Each sample was trimmed until its surface was par-
allel to the glass. The glass knife was then replaced with a dia-
mond knife, which was used make the final sections. The final
thickness of the sections was between 30—-60 nm and they were
mounted on a copper TEM grid. The TEM investigations were
performed on a JEOL 100CX TEM operating at an acceleration
voltage of 100 KV.

III. RESULTS AND DISCUSSIONS

A. Preparation of Photo-Curable Nanocomposites

Previous research on silica/epoxy nanocomposites has shown
that the addition of nanosilica was small enough to not disturb
the optical transparency of the composite materials in the vis-
ible light range [13], [15]. Nevertheless, the 100 nm silica sig-
nificantly scatters the UV light at the wavelength region which
excites the cationic initiators for the photo-polymerization of
epoxy. Therefore, even smaller size silica is needed for photo
curing applications. 20 nm silica can be synthesized in the col-
loidal form by the sol-gel method. The transmittance of these
two types of nanosilica filler in the ethanol solution is measured
by UV-Visible spectroscopy as shown in Fig. 2. It can be seen
that the 20 nm silica has > 95% transmittance in the UV to vis-
ible light region, which is much better than the 100 nm silica.
Therefore, the 20 nm silica was chosen as the filler in the com-
posite due to its good transparency to UV light. (Hereafter, the
term nanosilica refers to 20 nm silica).

The morphology of the nanosilica was characterized by
Transmission Electron Microscopy (TEM). The TEM picture
in Fig. 3 shows that nanosilica has uniform shape and even
dispersion in the medium. Surface modification of nanosilica
by the proper silane coupling agent through the hydrolysis
and condensation reaction is commonly employed to yield
better compatibility between the modified silica filler and the
polymer matrix [16]. In this study, the liquid-phase silyation
of nanosilica was performed using the epoxy resin/ethanol
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Fig. 3. TEM picture of the 20 nm colloidal silica.
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Fig. 4. UV absorbance of pure epoxy, nanosilica, and photoinitiator.

solution as a solvent. This in-situ procedure avoids the re-ag-
glomeration of nanoparticles after modification which may
occur during drying of modified nanofiller prepared in common
solvents [17], [18]. To enhance the reaction rate of silane
grafting, water and an organic acid as catalyst were added.

B. UV Absorption of Compositions in the Photo-Curable
Nanocomposite

It has been reported that onium salts containing aromatic
groups such as diaryliodonium and triarylsulphonium salts are
efficient photoinitiators for cationic polymerization of epoxy.
The UV-Visible spectra of photoinitiator KI85 and other com-
positions in the nanocomposites were characterized as shown
in Fig. 4. It is noticed that, although the pure epoxy strongly
absorbs UV light at a peak around 288 nm with the benzene
ring in the epoxy molecular structure, the photoinitiator still can
be excited in the epoxy by the UV wavelength below 360 nm
due to its wide and strong UV absorption. Fig. 4 showed the
influence of nanosilica addition to the UV absorption of the
photoinitiator incorporated in the epoxy matrix. The two curves
are almost identical except that the absorption intensity for the
photo-initiator (around 325 nm) is different. With the nanosilica
addition, the UV absorption intensity in the composite is re-
duced. This is expected to change the photo-curing kinetics of
the nanocomposite, as will be shown later.
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Fig. 5. Influence of nanosilica on the UV absorption of photoinitiator in epoxy.

C. Photo Curing Behavior

An important issue in preparing the nanocomposite materials
was to determine whether the presence of the silica filler affected
the photo-polymerization kinetics, with respect to the reaction
rate and the cure extent (see Fig. 5). Therefore, photo curing
experiments were performed using the photo-DSC with both
the nanocomposite and a reference sample containing no fillers.
Fig. 6 shows the photo-DSC curves of each sample upon UV
light exposure, where the reaction heat in the photo-polymeriza-
tion reaction can be calculated as the area under the curve. In the
second DSC scan with thermal heating, a residue reaction peak
also occurred, which indicates the photo-curing itself cannot
achieve full crosslinking of the epoxy. The uncompleted curing
in the photo exposure process is due to molecular mobility re-
strictions due to the increase in molecular weight. Once the glass
transition temperature of the UV-cured composite reaches the
sample temperature, the reaction stops because the polymeriza-
tion can not proceed in the glassy state. Therefore, there remains
a certain amount of un-reacted epoxide rings in the photo-cured
nanocomposite. Table I lists the reaction heat and conversion for
the nanocomposites measured by the photo-DSC. None of the
samples reached 100% conversion after photo exposure, thus
post-curing with high temperature is needed to increase the glass
transition temperature.

From the data in Table I, it also appears that with increasing
nanosilica filler loading, the conversion increases; suggesting
that nanosilica with proper surface modification is providing a
significant interfacial area in the matrix, resulting in a higher
heat evolved in the photo-polymerization [19]. However, the
curing peak time of the nanocomposite during photo-curing is
delayed as the filler load increased. As mentioned before, UV
light absorption intensity is reduced by filler addition, which ex-
plains the slow reaction kinetics in nanocomposites. The charac-
terization of photoreaction behaviors of nanocomposite curing
will help to determine the new process conditions when using
these materials in the photolithography process due to the reac-
tion kinetics changes.

Tgs of the nanocomposites materials after thermal curing are
shown in Fig. 7. It can be seen that the addition of well-dispersed
nanosilica has no significant influence on the Tg. In our previous
research it was found that the Tg of nanocomposites could be
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Fig. 6. Photo-DSC curves of the nanocomposite with different filler loading.
TABLE 1

REACTION HEAT AND CONVERSION FOR THE
NANOCOMPOSITE MEASURED BY PHOTO-DSC

Filler (wt %) Reaction heat (J/g) Conversion (%) Peak time (min)

0 81.4 56.7 1.1
20 108.3 75.5 1.88
30 117.9 81.8 2.19
40 127.8 88.6 2.26
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Fig. 7.
curing.

DSC Tg of the nanocomposite after photo-curing followed thermal

lowered by more than 30 °C if the nanofiller was not well-dis-
persed in the polymer matrix and had poor interfacial interac-
tion to the polymer matrix. The current results also proved that
surface modification of nanosilica is very important to achieve
good filler dispersion and material properties of the nanocom-
posite.

D. Optical Properties

The optical properties of photo-cured nanocomposites were
characterized by UV-Vis spectroscopy. Fig. 8 shows the trans-
mittance of the nanocomposite film. After photo-curing, the ab-
sorption of the photoinitiator has disappeared due to its pho-
tolysis reaction. It can be seen that the photo-cured nanocom-
posites with 40wt% filler still retains excellent optical trans-
parency (> 95%) comparable to the pure epoxy within the vis-
ible light region. The low transmittance under 350 nm is due to
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Fig. 8. Film optical properties of photo-cured nanocomposite.

the absorption of the epoxy polymer. At relatively longer wave-
lengths, the particle size of the nanometer-order filler is much
smaller than the wavelength of light, thus less effect on the light
transmission reduction is observed. Therefore, the addition of
20 nm silica has no influence on the optical properties and the
nanocomposite can provide unique optical properties for wafer
level applications.

E. Characterization of Photo-Cured Nanocomposites

To characterize the material properties of the epoxy/silica
nanocomposite after photo-curing, the thick films were prepared
by the bar-coating method with a doctor blade on an aluminum
substrate. Free-standing film of nanocomposite can be obtained
by peeling films from the Al substrates. The thermal mechanical
properties were characterized using DMA and TMA in the film
mode.

1) Thermal Degradation Behavior: Polymers with good
thermal stability are required for microelectronic packaging
applications. Fig. 9 shows the TGA curves obtained. There
is a ~ 4 wt% weight decrease in the TGA curves for all the
samples starting from 160 °C which is due to the evaporation
of photoinitiator solvent. The photoinitiator used in the exper-
iments was dissolved into propylene carbonate solvent which
has a high boiling point of 243 °C. After this small weight loss,
there are two major decomposition steps starting from around

300 °C and 550 °C, respectively. Table II shows the onset
temperatures of decomposition for each sample. It can be seen
that the addition of nanosilica can improve the thermal stability
of pure epoxy. All the nanosilica-containing samples exhibit a
larger amount of char formation than the pure epoxy sample
due to the presence of filler. The exact filler loading defined as
the residue in the end of TGA curve is also listed in the Table II.

2) Thermal Expansion Properties: The primary purpose of
adding silica to the epoxy is to reduce the thermal expansion of
the epoxy [5], [20]. Generally, the coefficients of thermal expan-
sion (CTE) of composites are reduced with an increase of filler
contents. Fig. 10 shows the CTE values of the nanocomposites
after photo-curing. The CTE was reduced from 76.1 jm/m°C
for pure epoxy to 50.2 um/m°C after 40wt% silica addition. It

is expected that with increased amounts of filler, the CTE of the
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Fig. 9. TGA graphs of the photo-cured nanocomposites.

TABLE II
TGA MEASURED FOR VARIOUS FILLER LOADINGS IN THE NANOCOMPOSITES

Sample name 0 10 20 30 40
Filler (wt %) Theoretical 0 10 20 30 40
measured 0 12 193 283 355
Decomp. 1% onset 336.9 3379 341.0 338.5 346.6
Temperature(°C) 2™ onset 5452 551.9 556.0 557.3 5765
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Fig. 10. Coefficient of thermal expansion of the nanocomposite.

composite can be further reduced. The CTE of the thermally
cured sample is also shown in the figure. It can be seen that there
is no obvious difference between the different polymerization
methods in term of material thermal stability. The incorpora-
tion of the modified nanosilica can reduce the CTE and provide
good dimensional stability for the composite films in this appli-
cation.

3) Thermal Mechanical Properties: Fig. 11 shows the
overlay of the storage modulus curves of the nanocomposites.
With the increasing filler loading, the modulus increases almost
linearly with the addition of inorganic fillers in the epoxy
matrix. The DMA Tg, which was represented by the peak
temperature of the tan delta curve, is also listed in Fig. 12.
The Tg of the nanocomposite measured by peak temperature
of tan delta showed the same trend as observed in the DSC
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posites.

experiment, which didn’t change significant as filler loading
increased.

The Mori—Tanaka method [21]-[23] has been used to predict
the elastic properties of two-phase composites as a function of
the effective particle volume. Then, the effective Young’s mod-
ulus of the composite can be derived as [24]

_ 3K — 20
E=2n1+-—"" 1
“[ 2(3K+u)] M
where
K=K, {1 n (K = Ko) } )
Ko —|— 3’}/0(1 — C)(Kl — Ko)
— c(p1 — po) }
= 1+ 3
: NO{ fro + 260(1 — ¢)(p1 — o) )
K,
= 4
Yo Ko + A €]
_ 3(Ko +2p0)
b0 = 15Ko + 2040 ©)
E,
Kn = 3(1 - 2v,) ©
_ i =0.1 (7)
b= tmy "7

+ Exp. — Model

Modulus (GPa)
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Fig. 13. Comparison of composite modulus between the theoretical prediction
and experimental measurement.

TABLE III
MATERIALS CONSTANT

Density Modulus (GPa) Poisson’s ratio
epoxy po=1.16 g/em’ E,=2.5GPa v,=0.4
silica p,=2.20 g/em’ E, =74GPa v,=0.19

where as F = effective bulk modulus, I = effective shear mod-
ulus, and c is the filler volume fraction. Young’s modulus and
the Possion’s ratio of the matrix are Fy and v, that of the par-
ticles are E; and v.

It can be seen from the above equations that the modulus of
the composite underfill is determined by the moduli of the epoxy
matrix and the filler particles, as well as the particle volume frac-
tion. Theoretically, once these parameters are given, these equa-
tions can be used as a tool to estimate the modulus of the com-
posite underfill. Based on the materials properties (Table III),
the predicted modulus of composite from Mori—Tanaka method
was compared with the measured results (Fig. 13).

Previous research had validated the Mori—Tanaka model for
the composite filled with the micron size filler, in which the
agreement between the theoretically predicted and experimen-
tally measured modulus was excellent [25]. Nevertheless, the
prediction showed a large deviation from the experimental re-
sults of our results, as shown in Fig. 13, which implied the
limitation of Mori—Tenaka model for the nanocomposites. This
model assumed that only two phases exist (matrix and filler),
and they are perfectly bonded to each other. This assumption
may work well for the reinforcements of polymer matrix with
the micron-sized filler, or higher. However, for nanocomposites,
it has been shown that the molecular structure of the polymer
matrix is significantly perturbed at the filler/polymer interface,
and this may create a third phase, interphase [26]. Therefore,
the reinforcement of nanocomposite is not accurately described
as consisting of just two phases, thus the Mori—Tanaka model is
not expected to perform well for nanocomposite. More research
needs to be done based on the effective interface model of the
nanocomposite structure [23].
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Fig. 14. TEM picture of nanocomposite after photo-curing.

4) Nanocomposite Morphology: Fig. 14 contains a TEM pic-
ture that shows the nanocomposite morphology with 30wt%
filler loading. Note that the nanosilica is well dispersed in the
polymer matrix after photo-curing. No particle agglomerations
or clusters were observed which indicates good compatibility
of the nanosilica surface with the polymer matrix after surface
modification. Therefore, any problems associated with filler ag-
glomerations were eliminated.

IV. CONCLUSION

The 20-nm colloidal silica after proper surface modification
showed excellent optical transparency and was therefore chosen
as the filler to reduce the thermal expansion of photo-curable
epoxy material. UV-Visible spectrum results showed the ad-
dition of nanosilica had no influence on the photoinitiator ab-
sorption in the epoxy and the material optical properties after
photo-curing. The photo-curing process of nanocomposites was
studied by photo-DSC. The crosslinking of materials increased
as the filler loading increase using UV exposure, but post-ther-
mally curing was still necessary to achieve fully crosslinking of
the epoxy, as shown in the both photo- and thermal-DSC ex-
periments. Other material properties, such as thermal stability
and thermal mechanical properties were also improved after
nanosilica addition.
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