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Abstract A reactive and nanoporous particle (OG) was
introduced to UV-cured epoxy resin to form great low Dy
material for electronic industrial. We expected the porous
cage of OG to decrease the dielectric constant of UV-cured
epoxy resin and multiple reactive functional groups
(oxirane ring) of OG reacted with photoinitiator to increase
the curing density of UV-cured epoxy resin. The glass
transition temperatures (7,) of epoxy increases with the
increase of the OG content up to 10 phr due to the increase
of crosslinking density. Excessive aggregation at highest
OG content of 15 phr results in the reduced crosslinking
density and T,,. The char yield of the composite increases
with increase of OG content because stable Si and SiO, are
formed after thermal decomposition. The presence of OG
results in the higher porosity and thus the lower dielectric
constant.
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Introduction

Because of their suitable mechanical strength, favorable
viscous properties, light weight and low cost, filled epoxy
materials have been widely used in microelectronic packages
as molding compounds to encapsulate semiconductor de-
vices, as underfill materials to reinforce the strength of solder
joints, and as die attach adhesives to bond silicon chips onto
substrates. The use of filled epoxy materials introduces many
interfaces and makes packages more complex.

The polyhedral oligomeric silsesquioxanes (POSS) as
modifiers of organic polymers have received a great deal of
attention recently. One special feature of POSS particles of
about 1.5 nm in diameter is comparable to that of polymer
segments. Incorporation of POSS particles into linear
thermoplastics or thermoset networks can be used to
modify the structure in nano-scale. These modifications
can ultimately affect the thermal, oxidative, and dimen-
sional stabilities of many polymers and upgrade their
properties for numerous high performance applications as
engineering plastics. These enhancements have been ap-
plied to a wide range of thermoplastics and a few thermoset
systems, i.e. methacrylates [1, 2], styrenes [3], norbornenes
[4], epoxies [5—10], and siloxanes [11] etc. It has been
reported that the monofunctional or multifunctional POSS-
epoxy can be incorporated into the backbone of epoxy resin
to improve its thermal properties [5—10].

Ultraviolet (UV) radiation curing of polymer coatings
has recently been dominated by the photoinitiated radical
polymerization process, due partly to the thermal instability
of early cationic system like aryldiazonium salt. With the
advent of more stable alternatives, such as the onium salt,
the cationic polymerization process has become important
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because of the several significant advantages it possesses
over the radical polymerization. The main advantage is its
ability to allow spontaneous cure reaction in the presence of
oxygen, providing significant advantage in coatings in
contrast to the radical polymerization. Typical onium-based
epoxy systems respond well throughout the UV-near visible
spectral region. Mechanisms for the cationic-based cure
initiation and propagation have been discussed in details
previously [12, 13]. The onium salt is decomposed initially
by the UV exposure into cations and a photosensitive acid,
leading to liberation of an electron-deficient fragment as the
polymerization initiator to induce the polymerization.

Epoxy resins have many features such as low shrinkage,
good chemical resistance, outstanding adhesion and high
electrical insulation that have been widely applied in
microelectronics (packaging materials of microelectronics
and PCB). The need for materials with lower dielectric
constant become more stringent as the size of electronic
devices is reduced to avoid cross talk between conducting
wires. Further expounding on the RC time delay, the delay
timeTcan be approximate as by Eq. 1 [14]:

41> I?
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where 7 is the sign delay time, R is the resistance, C is the
capacitance, p is the specific resistance of the conductor, €
is the dielectric constant of the insulating material, £ is the
dielectric constant of the vacuum, L is the length of the
conductor, P is the distance between two conducting lines,
and T is the thickness of the conductor. Based on Eq. 1,
higher sign speed can be obtained in three ways [15]:
changing the layout and/or the ratio of width to thickness of
the metal lines, decreasing the specific resistance of the
interconnect metal, and decreasing the dielectric constant of
the insulating material (internet dielectric). In this investi-
gation, we focus on decreasing the dielectric constant of the
insulating material. There are many methods to decrease the
dielectric constant of insulating materials [16-20]. We
introduce the nanoporous particles into the insulating
material to reduce the dielectric constant of the epoxy resin
because of the incorporated nanoporous POSS owns a cube
structure with diameter of 1.5 nm.

In the previous study, we prepared nanocomposite based
on OG/m-phenyl diamine (Dy=2.3, 7,=239 °C) with low
dielectric constant and high thermal properties [21]. In this
investigation, we used various multifunctional POSS-epoxy
(OG) compositions in the UV-cured epoxy resin. We
expected that the OG can be incorporated into the backbone
of the epoxy resin upon UV curing. We expect to obtain a
lower composition of OG for the significant reduction of
the dielectric constant and the improved thermal properties
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of the UV-cured epoxy resin. The specific focus of this
investigation is placed on the thermal and dielectric
properties by DMA, TGA, and DEA, respectively.

Experimental
Materials

The octakis(dimethylsiliyloxy)silsesquixoxane (HMe,
SiOSi0; 5)s and platinum 1,3-divinyl-1,1,3,3-tetramethyl-
disiloxane [Pt(dvs)] were purchased from Aldrich of USA.
The allyl glycidyl ether (AGE) was purchased from Acros of
Belgium. The DGEBA (DER 331, EEW=190 g/eq.) was pur-
chased from Dow Chemical Company of USA. The triarylsul-
fonium hexafluoroantimonate (UVI 6974, photoinitiator) was
purchased from Union Carbide Company of USA. Structures
of chemicals employed in this study are illustrated in Scheme 1.

Octakis(dimethylsiloxypropylglycidyl ether)silsesquioxane
(0G) [6]

The preparation of POSS-epoxy (OG) was carried out by
adding (HMe,SiOSiO; 5)g (0.50 g, 0.49 mmol) into a
magnetically stirred 25 ml Schlenk flask. Toluene (5 ml)
was added and the solution was stirred for 5 min. AGE
(0.46 ml, 3.92 mmol) was then added, followed by 10 drops
of 2.0 mM Pt(dvs). The reaction mixture was stirred for 8 h
at 50 °C, cooled, and 0.5 g of dry activated charcoal was
added. After stirring for 10 min, the mixture was filtered
through a 0.45 pm Teflon membrane into a vial and stored
as a clear solution of 10 wt%. Removal of solvents affords
an opaque viscous liquid with a yield of 0.86 g (90%). The
general synthetic reaction of OG is shown in Scheme 2.

Photopolymerization

Table 1 shows the codes and compositions used in this
study. A typical process of photopolymerization was carried
out by placing the mixture of sample onto a glass plate at a
typical thickness of 300 pm. A 180 W medium-pressure arc
lamp (Amax=366 nm) irradiated the sample at a distance of
10 cm for 70 min at room temperature. The uv-cured
sample was then heated at 180 °C for 120 min (post-cured).

Characterizations
Fourier transform infrared spectra (FT-IR)

The sample was placed on a KBr pellet and FTIR spectra were

obtained by using a Nicolet AVATAR 320 FT-IR (Madison,

Wisconsin, USA) operating at a resolution of 2 cm .
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Scheme 1 Chemical structures
of compounds used in this study
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Table 1 Codes and compositions of materials prepared in this study

Codes Components

A0 DGEBA : UVI 6974 : OG=100 : 5 : 0 (phr)
A3 DGEBA : UVI 6974 : OG=100 : 5 : 3 (phr)
A5 DGEBA : UVI 6974 : OG=100 : 5 : 5 (phr)
A10 DGEBA : UVI 6974 : OG=100 : 5 : 10 (phr)
AlS DGEBA : UVI 6974 : OG=100 : 5 : 15 (phr)

and the heating rate was 3 °C/min from 40 to 195 °C. The
specimen dimensions are ca. 17.5x11.5%2.8 mm.

Thermo-gravimetric analyzer

Thermal stability studies were carried out using a DuPont
thermo-gravimetric analyzer (TGA 2050) performed under a
nitrogen or air atmosphere. The cured sample (ca. 7 mg) was
placed in a Pt cell and heated at a rate of 20 °C/min from 30 to
750 °C with a nitrogen or air flow of 90 ml/min, respectively.

Dielectric analysis (DEA)

DEA experiments were performed using a Du-Pont 2970
Dielectric Analyzer equipped with a ceramic parallel plate
sensor. The frequency used for the DEA experiments was
100 kHz and the permittivity (£) was monitored.

Density determination

The measured densities (@) of DGEBA/OG system were
obtained by dividing the weight of the films by their volume.
At least three specimens were used for each density data point.
The relative porosity increase was calculated based on Eq. 2.

Relative — porosity — increase(¢, )
= [(d" —a™)/d"] x 100% + (0.048 x V%) (2)

where d" is the theoretical density of the DGEBA-UVI 6974-
OG system estimated from the weight percentage of OG in the
nanocomposite and the density of OG and epoxy (1.23 and
1.35 g/em’®, respectively). ¥ % is the volume percentage of
OG in the nanocomposites.

Morphology

The scanning electron microscope (SEM) observations were
performed on a JEOL 5300 apparatus. The samples were frac-
tured in liquid nitrogen and the fracture surfaces were
contrasted with gold. Samples for the transmission electron
microscopy (TEM) study and the samples were micro-tomed
with a Leica Ultracut Uct into about 90 nm thick slices.
Subsequently, a layer of carbon about 3 nm thick was
deposited onto these slices and placed on mesh 200 copper
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nets for TEM observation. The TEM instrument is a JEOL-
2000 FX, with an acceleration voltage of 200 kV.

Results and discussion
Characteristic of chemical structure of OG

The cube structure of OG was characterized by FTIR. The
characteristic IR absorption behavior of OG is summarized
in Table 2. The FTIR spectra of the pure POSS, AGE, and
OG (POSS-epoxy) are shown in Fig. 1. Figure la shows
a sharp, strong, and symmetric Si—-O-Si stretching peak
at ~1,100 cm™' corresponding to the silsequioxane cage
and a relatively smaller Si—H stretching peak [22, 23]
at ~2,140 cm . The consistent presence of this peak
demonstrates that the cube structure survives during
processing. If the cube structure were degraded, one
would observe a shift to asymmetric broad peaks of
typical silica [23-25]. The AGE shows a small CH,=CH-
stretching peak at ~1,640 cm ' and an epoxy ring
asymmetric stretching peak at ~915 cm™' as shown in
Fig. 1b. Figure lc shows that both Si-H and CH,=CH
peaks disappeared, implying that the allyl group of AGE
has reacted with Si-H of POSS to create a covalent
bonding in the POSS structure while the epoxy ring peak
is still present on Fig. 1c [6]. The structure identification
of OG for Choi [6] was conformed by a diffuse reflectance
FTIR, in this study; we applied the 'H- NMR to identify the
chemical structure of OG. Figure 2a shows the chemical shifts
of "H NMR of POSS for -CH; at 0.11 ppm and —Si-H group
at 4.71 ppm. Figure 2b shows the chemical shifts of the AGE
for the CH,=CH- at 5.63, 5.01, and 4.92 ppm, respectively.
Figure 2¢ shows the chemical shifts of the OG where the
CH,=CH- of AGE is converted to -CH,~CH,— of OG and
the chemical shift of 5.63, 5.01, and 4.92 ppm shift to 0.57

Table 2 Characteristic absorptions of OG [23]

Functional group Wavenumber (cm™') #Vibration type

Si-H ~2,200 Vs
Si-H 800-900 s
Si-C 1,250 Vs
Si-O-Si 1,030-1,100 Vs
C—H, aliphatic 2,840-3,000 Vs Vas
C-H, aliphatic 1,370-1,450 s
C-H, aliphatic 1,150-1,350 wT
Epoxy ring 1,250 Vs
Epoxy ring 810-950 Vs
Epoxy ring 750-840 vs 12 1 band
C—H in Epoxy ring 2,990-3,050 Vg

v, symmetric vibration; v,; asymmetric vibration; d in-plane bending
(scissoring); w out-of-plane bending (wagging); 7 out-of plane
bending (twisting).
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Fig. 1 FTIR spectra of a POSS, b AGE and ¢ OG

and 1.60 ppm. The —Si-H of POSS chemical shift of
471 ppm disappeared in Fig. 2c. FTIR and '"H NMR results
positively identify the OG chemical structure, indicating
that the POSS is able to react with AGE through hydro-
silation to form the OG.

Thermal properties

We introduced the OG in the epoxy resin to increase its
crosslinking density. Both DMA and TGA measurements
were performed on cured epoxies containing 0, 3, 5, 10,
and 15 phr of OG.

Glass transition temperature (1g)

The glass transition temperature of DGEBA/OG composite
was characterized by DMA. DMA for obtaining more
accurate 7, and thus provides more detail information on
the microstructure of the cured epoxy resin. For an epoxy
resin, a depression in modulus over the glass transition
region is observed. The diagram of tan § versus temperature
for a cured epoxy gives a major relaxation transition,
corresponding to the T, of the cured epoxy resin.
Movement of chain segments in epoxy structure have a
profound effect on the loss factors (tan ¢ and loss modulus)
in the dynamic mechanical properties. The tan § value of
the o-peak (the glass transition) is of greater magnitude
than that of the dispersion peak at lower temperatures, and
is accompanied by the huge decrease in dynamic modulus
with increasing temperature. Figure 3 shows the tan ¢ of
DMA thermograms of cured epoxies containing various
amount of OG. The temperature of tan § of UV-cured epoxy
resin is 143.3 °C. The trend clearly shows that the glass
transition temperature increases with the increase of the OG
content up to 10 phr (156.4 °C). However the T, of the
epoxy containing 15 phr (154.3 °C) of OG is actually
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Fig. 3 Tan  of DMA thermograms of uv-cured DGEBA/OG composites

decreased. The T, data are listed in Table 3. It suggests that
the incorporation of POSS cages into the epoxy network is
able to hinder the movement of the network and results in a
higher 7, as expected. The multifunctional epoxy groups of
OG tend to increase the crosslinking density of the network
and thus a higher 7, [5, 8, 10]. When the OG content is
15 phr (sample A15), OG molecules themselves tend to
agglomerate into big domains during progress of curing and
thus reduce overall degree of crosslinking and their 7,s. On
the other hand, the peak height of Tan § in DMA can be
used to determine the crosslinking density since the loss
tangent is sensitive to the degree of crosslinking. At
temperatures well above T;, the damping decreases with
increasing degree of crosslinking [26]. The temperature of
tan & of DGEBA/OG nanocomposite with lower OG
content (up to 10 phr OG) shifts to higher one, but higher
OG content (15 phr OG) shifts to lower one. The peak
height of Tan § of DGEBA/OG nanocomposite was
decreased with increasing of OG content up to 10 phr.
However the peak height of tan § of DGEBA/OG nano-
composite with 15 phr of OG is actually increased. We
conformed that the crosslinking density of DGEBA/OG
nanocomposite increased with increasing of OG content up
to 10 phr, the lower crosslinking density of higher OG
content (15 phr) was decreased. We believe that the
decreasing of crosslinking density at high OG content is

Table 3 Thermal properties of DGEBA-UVI 6974-OG system

Code T, (°C)  Taee (°C, 5% loss)  Char yield (%) at 700 °C
A0 143.3 383.2 13.4
A3 148.3 379.4 15.7
AS 151.4 379.6 18.4
Al0 1564 383.5 215
Al5 1543 383.1 233

@ Springer

due to the dramatically aggregated POSS. Later, morpho-
logical characterizations will provide more evidences on the
molecular aggregation of OG.

Thermal stabilities

The thermal stabilities evaluated by TGA in nitrogen are
shown in Fig. 4 and the results are listed in Table 3. For a
comparison of the relative thermal stabilities of composites,
temperatures of 5% mass loss were selected as the
degradation temperature (7g..). TGA thermograms of
epoxy resin with different OG contents under a N,
atmosphere are shown in Fig. 4 and Table 3. The Tgec
temperatures show very little difference. The char yield
increases with increasing OG content unexpectively. When
the cubic POSS structure is thermally degraded, residual
silica and SiO, are usually formed. Therefore, greater OG
content results in higher char yield [6, 23].

Morphology

The SEM and TEM were applied to observe the morphol-
ogy of the DGEBA/OG nanocomposite. Figure S5a—d
display the SEM micrographs of various compositions of
OG with epoxy resin. The particle size is 30-50 nm and
slight aggregation was found for those with lower OG
contents. For the higher OG content (A15, OG 15 phr),
dramatic aggregation was observed. The dramatic OG
aggregation in epoxy resin matrix due to the poor
miscibility tends to reduce the curing extent of the cross-
linked network and results in a low T,. Figure 6 displays
the EDS photograph that can be used to confirm the particle
aggregation of the POSS structure. The EDS photograph of
red mark demonstrated high Si intensity. We confirmed the
particle aggregation in DGEBA/OG nanocomposite to be a

100 ~

(o2} o]
o o
1 1

Weight loss (%)
8
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Fig. 4 TGA thermograms of uv-cured DGEBA/OG composites under

N, atmosphere
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Fig. 5 SEM micrographs of uv-
cured DGEBA/OG composites:
a A3=3 phr, b A5=5 phr,

¢ A10=10 phr, d A15=15 phr

X100,000 100am WO 10.7mm

000 100nm WD 10.7mm

POSS aggregation since POSS contained Si element in the
DGEBA/OG nanocomposite. On the other hand, we can see
that the morphology of POSS aggregation of network
system is different to that of the non-network system. Many
papers [27-29] reported that the POSS aggregation is able
to self assemble to form an ordered structure from non-
network system. In the network system, we found that the
POSS aggregation is toward to adopt a particle-like

1000 c Elements Present: C(6), O(8), Si(14),
900 Zr(40)
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o .
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Energy (KeV)

structure not an ordered one. For network polymer with
higher POSS content, the 7, is depressed due to the
dramatic aggregation of POSS and the decreased cross-
linking density. Figure 7 displays a TEM micrograph of
DGEBA/OG nanocomposite with 10 phr of OG. We
observed a disorder POSS aggregation structure in
DGEBA/OG nanocomposite and the particle size is 30—
50 nm similar to the SEM observation.

X100,000 100nm WD 13.9mm

Fig. 6 The EDS spectrum and SEM micrograph of uv-cured DGEBA/OG containing 3 phr OG

@ Springer



438

C.-C. Yang et al.

Fig. 7 TEM micrographs of uv-cured DGEBA/OG containing 10 phr OG

Dielectric property

Dielectric constants of the epoxy resins containing OG
were measured at 100 kHz by DEA and the results of DEA
and composite densities are summarized in Table 4. The
dielectric constant of plain epoxy resin is about 3.71. The
results show the dielectric constant of the DGEBA/OG
nanocomposite decreases steadily with the increase of the
OG (15 phr OG is 2.83). Many papers reported that
polymer possessed a nanoporous structure that can effec-
tively decrease the dielectric constant of a polymer [30, 31],
due to the low dielectric constant (Dy of air is 1.1) of a
porous structure. The reduction in the dielectric constant of
the DGEBA/OG can be explained the presence of the
porous cage of the OG and the increasing free volume of
DGEBA/OG with OG content. Both the rigid, large nature
of OG and the lightly aggregated structure of the DGEBA/
OG nanocomposite contribute to the increase of the free
volume of epoxy resin. The density measurement of
DGEBA/OG nanocomposite was applied to determine the
porosity of the DGEBA/OG nanocomposite. Since the

porous structures of the nanocomposite films are difficult to
obtain, we provided a simple method to compare the
relative porosities of nanocomposite films. Equation 2 was
used to calculate the relative porosity increase (¢,) of the
DGEBA/OG nanocomposite. The relative porosity increase
(¢,) 1s defined as the increased external porosity due to the
introduction of POSS molecules in epoxy resin without
considering the nanoporosity of POSS molecules them-
selves, that is calculated by Eq. 1 in the “Characterization
section.” The density of the neat resin is 1.35 g/cm® and the
density of DGEBA/OG nanocomposite decreases with the
increase of OG content (A15 is 1.12 g/em®). The relative-
porosity-increase (¢,) of the DGEBA/OG nanocomposite
increases with the increase of OG content. The reduction of
@, 1s partially due to the presence of the nanoporosities in
the core of POSS structure [27, 32]. The external porosity of
the DGEBA/OG system was introduced by tethering OG to
epoxy resin. In this study, we introduced OG in a UV-cured
epoxy system to form the network structure of the DGEBA/
OG nanocomposite. The OG structure created higher free
volume in epoxy resin contributing to the decrease of the
dielectric constant of epoxy resin.

Conclusion

A new series of UV-cured nanocomposites of epoxy resin
containing POSS-epoxy were investigated. The glass
transition temperatures (7,) of epoxy increases with the
increase of the OG content up to 10 phr due to the increase
of crosslinking density. Due to the poor miscibility between
OG and epoxy, the OG component tends to phase-separate
and aggregate during curing, especially at high OG content.
Excessive aggregation at the maximum OG content of
15 phr results in reduced crosslinking density and T,,. The
char yield of the composite increases with increasing of OG
content because the stable Si and SiO, are formed after
thermal decomposition. The presence of OG results in
higher porosity and thus lower dielectric constant.

Table 4 Dielectric property and density of DGEBA-UVI 6974-OG system

Dielectric
permittivity at 25 °C

Theoretical density®
(") (glem?)

Measured density
(@) (gem’)

Relative-porosity-
increase (@,., %)

Density of epoxy resin in
nanocomposite (dN) (g/cm?)

A0 3.71+0.03 1.35 1.35
A3 3.35+0.02 1.35 1.25
A5 3.11+0.04 1.34 1.23
Al10  2.95+0.02 1.34 1.20
Al5  2.83+0.01 1.33 1.15

0 1.35
7.14 1.25
9.67 1.23
10.33 1.20
14.14 1.13

2 Theoretical density (¢" ): estimated from the weight percentage of OG in the nanocomposite and the density of OG and Epoxy (1.23 and 1.35 g/em®)
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