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ABSTRACT: Homogeneously dispersed hybrid silica/syndiotactic polystyrene
composites were investigated for low-x dielectric applications. The composites
were prepared by a solution blending method, and their microstructures were
analyzed by SEM, TEM, and AFM. Crystallization and phase transformation
behavior of sPS were investigated using differential scanning calorimetry and
wide-angle X-ray diffraction. These composites exhibited improved thermal
stability and reduced thermal expansion coefficients. Promising dielectric
properties were observed for the composites in the microwave frequency region
with a dielectric constant (k = 1.95) and loss (tan 6 = 107*) at 5 GHz.
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B INTRODUCTION

The ever increasing demand for the portable and miniaturized
electronic devices of the modern era exerts a constant thrust on
the scientific community to develop novel low permittivity, low
loss materials as an interlayer dielectric which can effectively
reduce the resistance—capacitance (RC) delay and signal
crosstalk and can prevent the leakage of current between the
wiring elements in an integrated circuit (IC).'~ Mainly three
methods are anticipated for the reduction of RC delay in the
microprocessor, which includes adding more levels of wiring to
decrease signal transit distances at the smallest wiring
dimensions, replacing the aluminum wiring with copper,
which is a metal of 30% lower resistivity, and, last, switching
from silica (k ~ 3.9—4.2) to an insulator of lower dielectric
constant.”> Among these, the most feasible strategy is the
development of alternate novel low-k materials, which is equally
interesting to the fundamental research as well as industry.
Low dielectric (low &) materials are of crucial significance in
the field of electronic packaging applications and substrate
applications as well."®’” Although a plethora of organic,
inorganic, and hybrid materials have been investigated for this
purpose, most of them failed in the BEOL (backend of line)
production.”® In order to achieve low dielectric constants, two
strategies were mainly adopted: either decrease the number of
dipoles or decrease the dipole strength. Decreasing the number
of dipoles in an ILD (interlayer dielectric) can be achieved by
effectively reducing the density of the material, which is
practically materialized by the introduction of additional
porosity. Incorporation of air in the dense material will lead
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to decreased dielectric constant.” Polymers are promising
materials for the realization of low-x materials because of their
inherently low dielectric constant, mostly below 3, and the
hydrophobic properties that delimit water absorption. How-
ever, the principal challenge in their use is their low thermal
robustness, particularly low softening temperature. For
example, several aromatic polymers possess low dielectric
constants, but their thermal and mechanical properties prevent
them from being used as ILDs."? Against this background,
polymer composites have been evolved as an effective
alternative owing to their tunable dielectric, mechanical, and
thermal properties with the prudent selection of fillers.
Polyhedral oligomeric silsesquioxanes (POSS) and POSS
siloxane hybrids have been widely studied as the effective
fillers for the low dielectric polymer composites.'"”'> POSS
exhibits an intrinsically low dielectric constant ~ 2 due to its
nanoporous (~0.5 nm) cube cage structure.'>'* Also, it exhibits
the unique opportunity for preparing an organic inorganic
hybrid material with an inorganic core containing Si—O-Si
bonds and organic functional groups on the periphery that can
increase the compatibility with the polymer matrix.'* The
incorporation of a POSS nanocluster cage into a polymeric
material can result in dramatic improvements in the polymer’s
properties, including greater thermal and oxidation resistance,
surface hardening, reduction in flammability, and improvements
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Figure 1. (a) WAXD pattern of HS. (b) FTIR pattern of HS spheres of POSS siloxane composition. (c) SEM and (d) TEM images of hybrid silica

spheres of POSS siloxane composition.

in dielectric properties.'® Sasikala et al. reported the synthesis of
hybrid silica spheres (HS) of POSS siloxane composition that
are compatible with hydrophobic polymers like polystyrene.'®

It has been shown that the tacticity plays a significant role in
determining the properties of polymeric materials. For example,
the arrangement of the phenyl groups at alternate sides of the
chain is supposed to lower the dielectric constant in
syndiotactic polystyrene due to the reduced net polarization.'”
In this work, syndiotactic polystyrene (sPS) has been selected
as the host matrix because of its high glass transition
temperature, high melting }1)oint, fast crystallization rate, and
good processing properties. ¥19 sPS is an interesting material
that exhibits a high degree of polymorphism with five magor
crystalline forms (a, f3, 7, 5, and ¢) and some mesophases.2 21
Among these crystalline forms, the § form is highly stable, and
once formed, it will not undergo any transition in the presence
of solvents or before melting (270 °C).

In the present investigation, composites of syndiotactic
polystyrene and hybrid silica spheres have been prepared by the
solution blending method, and the dielectric properties
including the relative permittivity and dielectric loss were
examined. The microwave dielectric constant was decreased to
ultralow values of 1.95 (at S GHz) with a systematic addition of
the filler with a promising low dielectric loss. Furthermore, the
influence of hybrid silica spheres on the crystallization behavior
and thermal stability of sPS was investigated.

B EXPERIMENTAL SECTION

Materials. Triethoxyvinylsilane (97%), (3-aminopropyl)-
triethoxysilane (99%), and xylene solvent were purchased from
Aldrich Chemicals Co. Absolute ethanol has been received from
Merck chemicals. Syndiotactic polystyrene (sPS) pellets (M,,: 272 000,
M,,/M,: 2.28) used in this study were kindly supplied by Idemitsu
Petrochemical Co., Ltd. All the above chemicals and polymer were
used as received. Millipore grade water was used for the synthesis of
POSS.

19475

Sample Preparation. Hybrid silica spheres of POSS—siloxane
composition were synthesized using the method reported elsewhere.”*
Typically, vinyltriethoxysilane and aminopropyltriethoxysilane (3:1
molar ratio) were dissolved in a mixture of ethanol and water (15:1 V/
V ratio). It was allowed to age for 7 days at ambient conditions. After
aging, the solution was further diluted and the solvents were
evaporated at ambient conditions. The composites of sPS with
different volume percentages of HS were prepared by solution
blending in xylene. The sPS granules were dissolved in xylene in a 100
mL round-bottom flask at a temperature of 170 °C. After the complete
dissolution of sPS, the required amount of HS spheres was added to
the solution under continuous stirring. The mixture was allowed to
reflux at the same conditions for 7 h so that the homogeneous
dispersion of the filler in the polymer matrix can be achieved. The
resultant hot solution was reprecipitated with 100 mL of ethanol. The
precipitate was filtered, washed with ethanol several times, and then
dried in a vacuum oven at 120 °C. The samples for the dielectric
measurements were prepared by hot-pressing techniques in a
laminating press using suitable steel molds at a temperature of 200
°C and a pressure of 2 MPa for 90 min.

Characterization. The morphology of the samples including that of
the pure hybrid silica and the sPS-HS composites were examined by
scanning electron microscopy (Zeiss EVO 18 cryo SEM and JEOL-
JSM 5600 LV). The as-prepared HS in the ethanol—water mixture was
drop-casted onto the glass plate that was used for the SEM imaging.
Thin films of sPS and sPS—HS composites were prepared by melt-
pressing, and the surface morphology of these thin films was probed
using SEM and AFM. For a more detailed viewing of the morphology
of HS, transmission electron microscopy (TEM) analysis was also
performed. TEM images were recorded using a JEOL 2010
transmission electron microscope. In order to understand the phase
separation and morphological behavior of pristine polymer and the
composites, atomic force microscopy (AFM) analysis in the tapping
mode was carried out (Bruker Multimode, Germany). The average
roughness and skewness of the surface were also estimated using AFM
micrographs recorded at a scan size of 50 gm X 50 um. The infrared
spectra were recorded using a PerkinElmer Series FT-IR Spectrometer
Two over the wavenumber range of 4000—400 cm™". For this purpose,
the powder samples were mixed with KBr and pressed in the form of
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(a)

Figure 2. SEM images of (a) neat sPS film and (b) sPS—6 vol % HS composite.

pellets. The FTIR spectra were collected with 32 scans at a resolution
of 1 em™.

WAXD measurements were carried out to confirm the dispersion of
the filler and to study the polymorphism of the host polymer with
addition of the POSS moiety on a XEUSS SAXS/WAXS system using
a Genix microsource from Xenocs operated at 50 kV and 0.6 mA. The
Cu Ka radiation (4 = 1.54 A) was collimated with a FOX2D mirror
and two pairs of scatterless slits from Xenocs. The 2D patterns were
recorded on a Mar345 image plate and processed using Fit2D
software. All the measurements were made in the transmission mode.
In order to figure out more details about the crystallization behavior,
differential scanning calorimetric (DSC) analysis was conducted on a
PerkinElmer Pyris 6 DSC. Here, the samples were heated from room
temperature to 300 °C, which is above the melting temperature of sPS,
at a rate of 10 °C/min. At 300 °C, it was held for 1 min to erase out all
the thermal history of the sample, then cooled down to 250 °C at a
rate of 50 °C/min, where it was kept for 30 min to facilitate isothermal
crystallization. Again, the samples were heated to 300 °C at a rate of 10
°C/min and then cooled at a ramp rate of 10 °C/min to room
temperature in order to measure the melt crystallization temperature
(Tmc)'

To understand the thermal stability, thermogravimetric analysis
(TGA) was done using a thermogravimetric analyzer TA QS0 under
nitrogen gas atmosphere at a heating rate of 10 °C/min. The
coefficient of thermal expansion (CTE) was measured using a TMA
analyzer (TMA/SS7300, SII NanoTechnology Inc,Tokyo, Japan) in
the temperature range of 30—150 °C by applying a pressure of 0.1 N.
Moisture absorption by the composites was studied by measuring the
weight gained by the samples (kept at 110 °C overnight) upon dipping
in distilled water for 24 h, using a chemical balance with an accuracy of
+0.1 mg.

The dielectric properties of the samples in the radio frequency range
from 300 Hz to 3 MHz were measured using an LCR meter (LCR
HiTESTER, Hioki 3532-50) by the parallel plate capacitor method
where both sides of the circular disc-shaped sample were coated with
silver electrodes. The measurements were carried out at room
temperature, and the dielectric data were derived from the complex
impedance measurements. The dielectric properties in the microwave
region (S GHz) were calculated with a Split Post Dielectric Resonator
(SPDR QWED, Poland) in the TE,; resonant mode with the aid of a
vector network analyzer (Model No. ES071C ENA series; Agilent
Technologies, Santa Clara, CA, USA). For this measurement,
rectangular sample with dimensions of 40 mm X 40 mm X 1 mm
was used.

B RESULTS AND DISCUSSION

Hybrid silica spheres of POSS siloxane composition has been
prepared by the hydrolytic co-condensation reaction of 3-
aminopropyltriethoxysilane and vinyltriethoxysilane. The dif-
fraction peaks at 26 = 8° and 22° in the WAXS pattern (Figure
la) belong to hybrid silica with POSS siloxane composition. It
is already reported that the peak at 26 ~ 8° corresponds to the

POSS cage, which arises due to some long-range order in
POSS, and the one at 26 ~ 22° (corresponding to 002 plane) is
attributed to the merged peak of the POSS bilayer assembly
and the amorphous halo of incompletely condensed
siloxane.””** The relatively broader diffraction peak at 22°
can be associated with Si—O—Si linkage.”* The structure of
hybrid silica spheres with POSS siloxane composition could be
further established using the FTIR spectra given in Figure 1b,
where the bands at 1050 and 1149 cm™" are believed to be the
characteristic peaks of the POSS moiety arising due to the
symmetric stretching of Si—O—Si bonds and the symmetric
stretching of Si—OH bonds.”® The SEM and TEM images
present the spherical morphology of the HS (see Figure 1c,d).
It should be noted that the ratio between organic and inorganic
components is crucial in maintaining the spherical morphology
of hybrid particles during aging because of their different
hydrophobic hydrophilic balance properties. From the electron
microscopy analysis, the diameter of the prepared hybrid silica
was found to be below 1 ym.

In principle, the SEM analysis can also be used as a tool to
investigate the dispersion and compatibility of the filler in the
polymer matrix and the extent of homogeneity in dispersion.
The surface morphologies of the pristine polymer and its
composite with 6 vol % hybrid silica are shown in Figure 2.
From the SEM micrograph for the 6 vol % hybrid silica added
composite, it is evident that the filler particles are well-dispersed
in the polymer matrix without any agglomeration. It is well-
established that the polymer matrix interface and the dispersion
of filler in the matrix play a major role in determining the
overall properties of the composites including the mechanical
properties.26

Figure 3 depicts the WAXD patterns of POSS, sPS, and their
composites crystallized nonisothermally after melting at 280 °C
under strictly controlled conditions. Before discussing the
polymorphism of the sPS and its composites, it is worth
mentioning that sPS exhibits five different crystalline forms
(which are @, f, 7, 6, and ¢) along with some other intermediate
forms. Among these, the f form is the thermodynamically
stable form that is resistant to the influence of solvents, and it
will not undergo any transition before melting. It is interesting
to note that the reflections at 26 = 6.8, 10.3, 11.6, 13.4, 14.0,
15.5, 17.8, and 20.1° are signatures of the pristine sPS, which
corresponds to the @ form. On the other hand, in the case of
sPS—hybrid silica composites, a few additional diffraction peaks
were observed at 260 = 6.2, 12.3, 18.6, and 21.3°, which are
related to the thermodynamically stable B form.'®*” Tt is
evident from the WAXD analysis that the amount of the  form
is monotonically increasing with the addition of the filler (Table
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Figure 3. WAXD patterns of sPS and sPS/HS composites. SPS and its
composites were crystallized nonisothermally after melting at 280 °C
under tightly controlled conditions. The symbols: * corresponds to
the S form, and + corresponds to the a form of sPS.

1). The amount of f§ phase is estimated by dividing the area
under the f reflections with the total area of @ and f reflections.

Table 1. Percentage of f§ Phase Formation with Increase in
Filler Loading and Avrami Constant (n) Values

Samples Amount of f-phase Avrami constant

(in %) (n)
sPS 0 3

2% HS 26.2 2.4

4% HS 38.7 2.8

6% HS 50.0 29

8% HS 62.5 2.6

10% HS 78.6 23

In other words, it is obvious that the presence of hybrid silica
spheres of POSS siloxane composition acts as the nucleating
agent, which induces the f# form of sPS with all-trans-planar-

zigzag [T,] chain conformation.”® Formation of the thermo-
dynamically stable /3 form in the end product is important since
it can be used for wide variety of applications.

Besides microscopy, we have employed wide-angle X-ray
diffraction (WAXD) also as an identification tool for the
dispersibility of the filler in the polymer matrix. Evidently, no
reflections corresponding to the filler are seen in the case of
composites up to 6 vol % HS, which indicates the complete
dispersion of hybrid silica in the sPS matrix. However, above 6
vol %, a weak reflection peak around 26 = 8° is observed, which
arises due to the agglomeration of hybrid silica with POSS
siloxane composition in the matrix.

The influence of hybrid silica spheres on the crystallization
kinetics of sPS was studied with the help of differential scanning
calorimetry (DSC). Figure 4a shows the DSC crystallization
exotherms of pure sPS and its composites of varying
compositions obtained at a cooling rate of 10 °C/min. With
the addition of the filler, the melt crystallization temperature
(T.,.) was found to be shifted to higher temperature regions,
and its corresponding temperatures are summarized in Table
S1 (Supporting Information). This increase in T}, is due to the
increased crystallization rate that resulted from the heteroge-
neous nucleation in the presence of the HS filler. However,
increasing the HS addition beyond a threshold limit can result
in agglomeration caused by the overloading. This is confirmed
from the DSC cooling thermogram performed for 10 vol % HS
added polymer composite which behaves anomalously (see
Figure 4a).

Figure 4b shows the DSC thermograms of pure sPS and its
composites as a function of crystallization time, where the
samples were crystallized isothermally at 250 °C. The
crystallization was performed under meticulous conditions,
and the thermal program used for the crystallization of various
samples is given in the Supporting Information (Figure S1).
The crystallization half-time values measured at 250 °C for
various samples are depicted in the Supporting Information
(Table S1). These results can be explained by the fact that
hybrid silica spheres act as heterogeneous nucleating agents,
which have accelerated the crystallization rate of sPS. The
relative crystallinity (X,) at a given crystallization time was
calculated from the DSC exotherms as described in the
literature (obtained during the isothermal crystallization at 250
°C), and the plots of X, against crystallization time for various
samples are shown in Figure Sa. Relative crystallinity curves
exhibit a sigmoid dependence on time.*”
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Figure 4. (a) DSC cooling thermograms of pure sPS and its composites crystallized nonisothermally after melting at 300 °C for 1 min. (b) DSC
thermograms of isothermal crystallization at 250 °C/min for pure sPS and its composites.
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Figure 5. (a) Variation in relative crystallinity with crystallization time for pure sPS and its composites crystallized isothermally at 250 °C. (b) Plots
of In[—In(1 — X,)] versus In(t) for pure sPS and its composites crystallized isothermally at 250 °C.

In order to further elucidate the isothermal crystallization
kinetics of pure sPS and its composites, an analysis based on
the Avrami equation was carried out, which correlates the
relative crystallinity (X,) and crystallization time (t) according
to

1 — X(t) = exp(—Kt)" e

where 7 is the Avrami exponent that is dependent on the nature
of nucleation and crystal growth geometry, and K is the overall
isothermal crystallization rate constant (which is connected
with both nucleation and crystal growth contributions).’**"
The linear form of eq 1 can be written as

In[-In(1 — X,)] = In K + n In(¢) (2)

By plotting In[-In(1 — X,)] versus In(t), the Avrami
parameters (n and K) were directly obtained from the slope
and the intercept, respectively, from the early linear segment.
Figure Sb represents plots for pure sPS and its composites
along with the Avrami constants estimated for various samples
crystallized at 250 °C. The n value of pure sPS was ~3.0, which
was well comparable to the literature values.*>** This value of 1
indicates that pure sPS was crystallized by diffusion controlled
spherulite growth (three-dimensional (3D) crystal growth) as a
consequence of thermal nucleation. The Avrami constant
computed for various sPS—HS compositions derived from
Figure Sb is tabulated in Table 1. Interestingly, for composites,
the calculated values of  assume values below 3, implying that
the spherulite growth in these composites can be viewed as a
combined effect of two-dimensional (2D) and three-dimen-
sional (3D) growth mechanisms induced by the heterogeneous
nucleation in the presence of HS as nucleating agent.

The thermogravimetric analysis (TGA) reveals a significant
enhancement in the thermal stability of the composites
compared to that of the pure polymer. The TGA plots given
in Figure 6 clearly testify that their respective decomposition
temperatures have been progressively increased as a function of
HS content in the composites. When viewed at the 50% mass
loss temperature, one can notice an enhancement by at least 30
°C in the decomposition temperature of sPS with HS additive
compared to that of pure sPS. The 10% weight loss
temperature (T,;) and 50% weight loss temperature (Ts)
are summarized in Table 2. The residual weight observed in the
TGA curves can be attributed to the hybrid silica content in the
composites. Here, the well-dispersed hybrid silica fillers with
the POSS siloxane composition which are having high heat
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Figure 6. TGA thermograms for sPS and its composites from 0 to 10
vol % of hybrid silica content.

Table 2. 10% Weight Loss Temperature (T,5) and 50%
Weight Loss Temperature (T, )

10% weight loss 50% weight loss
Sample temperature temperature
(°O) &) (O 1)
sPS 272 308
2% HS 294 338
4% HS 298 340
6% HS 294 338
8% HS 302 348
10% HS 306 352

resistant property will delay the decomposition temperature of
composites.34‘35

Low coefficient of thermal expansion is an important factor
in the case of ILDs in microelectronic devices, where materials
with near the CTE of copper (17 ppm/°C)*® are beneficial for
reliability. Thermomechanical analysis was carried out to
investigate the thermal expansion behavior of the pure polymer
as well as sSPS—6 vol % HS added composites. The coefficient
of thermal expansion is found to be decreased considerably
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1

Figure 8. AFM images of (a) neat sPS film and (b) sPS/POSS composite film.

from 79 and 173 ppm/°C (before and after glass transition
temperature) for sPS to 57 and 130 ppm/°C respectively, in
the case of the composites (Figure 7a,b). There can be several
reasons for this observation. Primarily, the inorganic Si—O—Si
core of hybrid silica, which has an intrinsically low thermal
expansion coefficient, might account for the decrease in CTE
value of composites.”” Pure silica has a CTE value of around
0.55 ppm/°C.*** Second, the smaller HS particles with larger
surface area interact more effectively with the sPS matrix, which
can also reduce the thermal expansion of the composite. The
glass transition temperature (T,) of pure sPS is reported to be
97 °C, which is confirmed in the present investigation also. The
variation of CTE before and after T, is very clear from the
graphs. This is due to the enhanced segmental mobility of the
polymer chains after T,. The T, of the composite is found to be
increased by 14 °C in the case of sPS—6 vol % HS composites,
which is estimated from the tangent of the two slopes in the
curve. The increase in the T, is due to the hindrance of the
mobility of polymer segments, which can be attributed to the
effective interfacial interaction between the polymer chains and
the hybrid silica fillers.

Film uniformity and surface roughness of the material play a
vital role in the fabrication stages of an ILD. This is because,
while fabricating interconnects of copper with porous ultralow-
Kk interlayer dielectrics, the high diffusivity of copper drives
them into the pores of low-k materials, which can result in
serious device degradation and failure. To check the surface
smoothness of the composite surfaces, we have performed
AFM studies that revealed that the surface roughness is within
the acceptable limits of what the industry needs. The surface

19479

roughness is 15 and 26 nm, respectively, for neat polymer and
for the composites, respectively. Another important parameter
is surface skewness (Ry), which is a measure of the average of
the first derivative of the surface (the departure of the surface
from symmetry). A negative value of Ry indicates that the
surface is made up of valleys, whereas a surface with a positive
skewness is said to contain mainly peaks and asperities.””** In
the present investigation, the Ry, value for a typical sPS—6 vol
% HS composite is found to be —0.0928. The homogeneous
dispersion of the HS filler in the polymer matrix is also clearly
evidenced from the AFM analysis (see Figure 8b).

As documented well in the literature, implementation of low-
k dielectric material is one of several strategies used to allow
continued scaling of microelectronic devices, extending
Moore’s law. With several decades of continuing miniatur-
ization, the insulating dielectrics have thinned to the point
where charge builds up and crosstalk adversely affects the
performance of the device. Replacing the silicon dioxide with a
low-k dielectric of the same thickness can effectively reduce
parasitic capacitance, enabling faster switching speeds and lower
heat dissipation.** With this objective, the dielectric character-
istic of the newly developed low-k compositions were studied
both in the RF and microwave regions. It is well-known that the
relative permittivity or dielectric constant of a material is a
frequency-dependent phenomenon and is a resultant of four
different polarization mechanisms, which are space charge
polarization, dipolar polarization, ionic polarization, and
electronic polarization."' Syndiotactic polystyrene, being a
nonpolar polymer, is likely to possess a low dielectric constant
due to its peculiar conformation of the phenyl groups
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Figure 9. (a) Variation of dielectric constant and dielectric loss of hybrid silica spheres of POSS siloxane composition with respect to frequency. (b)
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constant of sPS and its composites with different percent filler loading with respect to frequency. (d) Variation of log conductivity of sPS and its

composites with different percent filler loading at 1 MHz.

positioned on alternating sides of the hydrocarbon backbone.
In heterogeneous systems such as sPS—POSS composites,
space charge can be developed at the electrode—dielectric
interface or in the amorphous and crystalline regions of the
semicrystalline polymer. The contribution to space charge
polarization could be restricted to the lower end of radio
frequency while dipolar polarization could even extend up to
microwave frequencies, above which ionic polarization takes
over. Hence, in the present investigation, either dipolar, ionic,
or a combination of both of these polarizations could be
contributing to the dielectric constant values of the composites
measured at microwave frequency (5 GHz).

Figure 9a shows the dependence of dielectric constant (k)
and dielectric loss (tan §) of hybrid silica as a function of RF
frequency. As explained before, the hybrid silica used in the
present investigation is amphiphilic in nature, due to the
presence of hydrophilic amino groups, which will help in the
self-catalysis”® of the HS formation and hydrophobic vinyl
groups. The vinyl groups will promote the effective interaction
of HS with the polymer matrix and will drive away the water
molecules, whereby lowering the sensitivities to moisture. The
apparent dielectric constant of HS is 2.36 (at 1 MHz), and the
dielectric loss is 2.2 X 10 7% It is found that the dielectric
constant of HS can be effectively tuned by varying the organic
chain length. However, the exact mechanism correlating the
dielectric constant to their molecular structures, so far, has not
been fully understood. The observation of a low k value for
hybrid silica is a clear indicator that its hydrophobic
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functionalization using vinyl groups is effective in controlling
its sensitivity to moisture. The low dielectric constant of HS is
largely dependent on its nanoporosity of the cube cage
structure since porosity will always lead to lower dielectric
constants owing to the lowest dielectric constant value of air (k
- 1)*®

Syndiotactic polystyrene has a lower dielectric constant than
atactic polystyrene (k = 3.2).'%*" This is due to the spatial
arrangement of the phenyl side groups on the polymer
backbone, which results in a net decreased dipole moment,
eventually leading to a lower dielectric constant. The variation
in the dielectric constant and dielectric loss of sPS—hybrid silica
composites of various compositions with respect to the fillers
are shown in Figure 9b. The dielectric constant and dielectric
loss decrease up to 6 vol % and then increase. This increase can
be due to the agglomeration of HS in the polymer matrix after
the optimum loading, where the organic functional groups
present on the HS enhance the possibility of polarization and
moisture absorption. The dielectric constant of the pristine
polymer is 2.53 at 1 MHz, which decreases to 2.03 with the
addition of 6 vol % filler and then increases on further addition
of filler. The decreased value of dielectric constant for the sPS—
6 vol % HS composite can be explained using three possible
reasons. In the present case, the host matrix in the composites
existed as a mixture of o and f forms having a planar zigzag
conformation with the aromatic groups on the opposite sides.
This syndiotactic arrangement with reduced dipole moment is
believed to be the primary reason behind the reduced relative
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permittivity. Second, the intrinsic dielectric constant of the
hydrophobic POSS moiety is low, which can definitely help to
reduce the dielectric constant.">** Another reason can be a
common feature seen in several polymer—ceramic composites,
where a reduction in the net polarization of the polymer matrix
is expected due to the hindrance caused by the filler that are
well-intercalated and dispersed in the polymer matrix. This
argument can be further validated by the observation of an
increase in T, in sSPS—HS composites, as observed from the
TMA analysis (see Figure 7a,b), which indirectly hints at the
hindrance in the segmental mobility of the polymer matrix.
From the preceding discussion, it is clearly understood that
there will be the formation of an immobilized region of
polymer chains around the hybrid silica fillers, which will
decrease the overall polarization, eventually leading to a
decreased dielectric constant. Variation of relative permittivity
for different compositions as a function of RF frequency is
given in Figure 9c. The dielectric loss of the 6 vol %
composition is also found to be very interesting with the lowest
measured value of loss, in the range of 107* The low dielectric
loss of the composites can be attributed to the low electrical
conductivity observed in the case of composites, which is
shown in Figure 9d. It is worthwhile to note that the ac
conductivity of the composition of 6% HS shows the lowest
value of electrical conductivity, which is an indicator of lower
charge carrier density at this filler addition. The increase in the
loss tangent after 6 vol % filler loading can be ascribed to the
increased moisture absorption and agglomeration of the filler,
which will enhance the polarization. The lowest possible
concentration of dipoles and charge carriers with the lowest
possible mobility will always lead to low loss in materials.*'

In order to understand the microwave dielectric properties of
the material, a split post dielectric resonator (SPDR) has been
used where the quality factor and the resonant frequencies of
SPDR before and after inserting the samples were measured
from which the dielectric constant and loss were calculated.”
The dielectric constant observed for 6 vol % HS added sPS
composite at 5 GHz is 1.95, which is in well accordance with
the theory that the dielectric constant value decreases with the
increase in frequency as the polarization in the lower frequency
region will not contribute at the higher frequency region. This
is because the interfacial polarization can no longer follow rapid
changes in the external electric field at microwave frequency
where ionic polarization takes over.** The dielectric loss value
obtained is 1 X 107* This novel ultralow dielectric constant
material made out of sSPS—HS with POSS siloxane composition
can be proposed as a next-generation ILD in the micro-
electronic devices.

The propensity of polymer composites to absorb water and
cause a significant worsening of the dielectric properties is a
very significant problem that can drastically deteriorate the
dielectric, mechanical, and other properties of the compo-
sites.”*” The presence of highly polar water molecules will
drastically increase the dielectric constant and dielectric loss of
the composites (x for water = 80).>** Figure 10 shows that
composites absorb moisture only negligibly and the percentage
of absorption increases with the increase in filler loading. This
increase can be attributed to the agglomeration of the filler
particles and also due to the presence of the hydrophilic amino
propyl group present in the POSS cage. In order to measure the
moisture absorption, the weights of the samples were noted in
dry condition, and, subsequently, the samples were dipped in
distilled water for 24 h. They were then taken out, surface water
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Figure 10. Variation of moisture absorption with respect to increase in

the filler loading.

was wiped out, and they were weighed again. The percentage of
water absorption can be calculated using the following
equation, where W, and W; are weights of the samples before
and after immersing in distilled water.

f

W — W,
% moisture absorbed = T‘ % 100

B CONCLUSIONS

We successfully prepared a novel composite of thermally and
chemically stable syndiotactic polystyrene with hybrid silica
spheres of POSS siloxane composition which exhibited an
ultralow dielectric constant of 1.95 with a very low loss of 1 X
107* at microwave frequency (S GHz). The composites also
exhibited enhanced microstructural homogeneity, better
insensitivity toward moisture absorption, decreased thermal
expansion coefficients, and effective surface roughness. In
addition, it was found that the addition of the filler resulted in
the formation of the thermodynamically stable f form of sPS,
which extends its application. Also, the thermal stability of the
composites was found to be increasing with the addition of the
HS up to the percolation threshold. The excellent dielectrics,
thermal and mechanical properties along with the stable f form
make the material a promising candidate for a future-generation
interlayer dielectric material.
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