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ABSTRACT: Ca[(L11/3Nb2/3)03T102]O3,5 (CLNT)—pOly-
styrene-Lag 5519 5C0o0;_5 (LSCO) three-phase composites
were prepared by a two-step mixing and hot-molding
method. The dielectric properties of polystyrene-CLNT
composites were in agreement with the theoretical predic-
tions. The dielectric properties of the three-phase compo-
sites were investigated in terms of the volume fraction of
LSCO and the frequency. The relative permittivity of the
composites increased with LSCO loading. These compo-

sites with low processing temperatures showed a maxi-
mum relative permittivity of the order of 10*. These
composites, with a giant permittivity with a broad smear-
ing region, can find application in electrostrictive, decou-
pling capacitors and embedded passive devices. © 2009
Wiley Periodicals, Inc. ] Appl Polym Sci 114: 1682-1686, 2009
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INTRODUCTION

Recently, significant efforts have focused on the de-
velopment of high-relative-permittivity composites
that are suitable for embedded passive devices and
electrostrictive applications.! The majority of the
electronic components in microelectronic circuits are
passive and occupy more than 80% of the printed
wired surface area.” The integration of passive com-
ponents in printed circuit boards offers a significant
reduction in size, improved electrical performance,
and reliability. In the context of high-permittivity
composites, several ceramic-metal,”’ polymer—
157'% and polymer—ceramic'®>™'® composites have
been extensively studied. However, a high process-
ing temperature limits the ceramic—metal composites
in printed circuit board applications. Polymer-based
composites provide an ideal solution by combining
the dielectric properties of ceramic or metal with a
polymer. These composites have a high relative per-
mittivity, flexibility, compatibility, and low process-
ing temperature and can be easily fabricated into
various shapes. The commonly used ceramic fillers
in polymer ceramic composites are ferroelectrics,
which have high dielectric loss compared to low-loss
dielectrics."””'® Many of the ferroelectric ceramics are
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lead based and are not environmentally friendly. It
has been reported that high filler loadings in poly-
mers are necessary to enhance the relative permittiv-
ity of polymer—ceramic composites.'*'® However,
high filler loadings lead to poor flexibility and adhe-
sion to the substrate.'” Three-phase composites con-
sisting of a polymer, ceramic, and metal have
attracted significant attention because of their high
relative permittivity and low processing tempera-
ture.>”?%2* In this article, we report an enhancement
in the relative permittivity of polymer-based three-
phase composites by the adhesion of conducting and
insulating ceramics. In these three-phase composites,
Ca[(Li1/3Nb2/3)0.8Ti0,2]03,5 (CLNT) was taken as the
low-loss dielectric because it shows excellent micro-
wave dielectric properties, [relative permittivity, &, =
38, dielectric loss, tan d = 10~ and temperature
coefficient of relative permittivity, 1, = 0 ppm/°C at
4 GHz].*® The crystalline LagsSrg5Co0;_5 (LSCO)
has a high conductivity comparable to that of met-
als, and its use prevents the oxidation problem of
metals.***” Hence, LSCO was used as the conducting
phase for this composite. In percolative composites,
the sharp increase in the relative permittivity near
the percolation threshold is called the smearing
region, in which isolated particles are shifted to inter-
connected clusters. Generally, all ceramic-metal and
polymer—-metal composites have very narrow smear-
ing regions.””*? It was reported that the addition
of ceramic to polymer—-metal composites isolates the
metal particles from the clusters, which results in
the expansion of the smearing region.”> As a result,
more metal particles can be incorporated into the



LOW-LOSS INSULATING CERAMICS IN POLYSTYRENE

14 0.009
Relative Permitivity
—8— Experimental 0.008
124 —Pp— Maxwell-Garnet
—w— Lichinecker 0.007
>
£ 101 0.006
£ g
E & 0.005 9
& %
P 0.004 %
'E 6 E
-~
= 0.003 =
o
4 —— Dielectric Loss 0.002
0.001

T T

T T T
0.0 0.1 0.2 0.3 0.4 0.5
Volume Fraction of CLNT

Figure 1 Variation of the relative permittivity and dielec-
tric loss of CLNT—polystyrene composites at 1 MHz and
comparison of the experimental relative permittivity with
the theoretical model.

composites. The composite under study showed a
broad smearing region, which improved the repro-
ducibility and workability. These three-phase com-
posites, with a giant permittivity, low processing
temperature, and broad smearing region, can find
application in embedded passive and electrostrictive
devices.

EXPERIMENTAL

The CLNT-polystyrene-LSCO three-phase compo-
sites were prepared by a two-step mixing and hot-
molding method. The low-loss CLNT and conducting
LSCO were prepared by a solid-state ceramic route.
Different volume fractions of sintered CLNT ceramics
were melt-mixed with polystyrene with a sigma
blade. We hot-molded these composites by pressing
at about 150°C for 20 min under a pressure of 200
MPa. Polystyrene loaded with CLNT (a 0.40 volume
fraction) was ground well to form a fine powder. Dif-
ferent volume fractions of LSCO were added to this
fine powder and mixed for 1 h. The powder contain-
ing CLNT, polystyrene, and LSCO was hot-pressed at
about 150°C for 20 min under a pressure of 200 MPa.
Electrodes were connected to both sides of the disk-
shaped composites with silver paste, and these sam-
ples were used to measure the dielectric properties.
The dielectric properties were measured with an in-
ductor capacitor resistor (LCR) meter (3532-50 LCR
Hi Tester, Hioki, Japan). The microstructures of the
sintered samples were studied with a scanning elec-
tron microscope (JSM 5600 LV, Jeol, Tokyo, Japan).

RESULTS AND DISCUSSION

Figure 1 shows the variation of the dielectric proper-
ties of the CLNT-polystyrene two-phase composites
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with different volume fractions of CLNT loading. A
gradual increase in the relative permittivity with
CLNT loading was observed, which was due to the
high relative permittivity of the CLNT ceramics
compared to the polystyrene. At a high volume frac-
tion of ceramic loading, the connectivity among the
ceramic particle increased, which, in turn, increased
the relative permittivity. Several groups have pro-
posed numerical relations to predict the effective rel-
ative permittivity (eo) of the polymer—ceramic
composites.’**** Figure 1 also compares the relative
permittivity calculated with the Maxwell-Garnet
relation [eq. (1)] and Litchnecker relation [eq. (2)]
with the experimental results:

Eeff = €1 {1 + <3f—B)] (1)

1-fB
Ingef =flnex + (1 —f)Ing )
where
& — &1
=2 3
€ + 2¢ ®)

where g, is the relative permittivity of the CLNT
ceramic at 1 MHz, g, is the relative permittivity of
polystyrene at 1 MHz, and f is the volume fraction
of the CLNT ceramic. The experimental results were
in agreement with the theoretical modeling. Higher
ceramic loadings resulted in imperfect particle dis-
persion and limited the processability and flexibility.
The composites with a 40% CLNT loading of poly-
styrene had a relative permittivity of 8.4 with tan
& = 0.004 at 1 MHz.

The relative permittivity of the polymer ceramic
composites was enhanced further by the incorpora-
tion of a conducting phase in the two-phase compo-
sites. Hence, we added conducting LSCO ceramics
as a third component in the polystyrene with a 0.40

14000 - Relative Permittivity 40.08
—=— 1 MHz

12000 - —~— 10 KHz | Py
= 10000 4 g
=z Ho004 =
£ 8000 =
g {003 2
£ 6000 Z
& =
= 4002 §
4000 o
= o

=
2000 Conductivity - 0.01
—{—1MHz
0 —e— 10 KHz | g.00

00 01 02 03 04 05 08
Volume Fraction of LSCO

Figure 2 Variation of the relative permittivity and con-

ductivity of CLNT—polystyrene-LSCO three-phase compo-

sites as a function of LSCO at 1 MHz and 10 kHz.
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TABLE I
Dielectric Properties, Densities, and Conductivities of the CLNT-Polystyrene-LSCO Three-Phase
Composites Measured at 1 MHz

1 MHz

Volume fraction Volume fraction Volume fraction Experimental Relative

of polystyrene of CLNT of LSCO density (g/cm®) permittivity Tan & Conductivity (s/cm)
— 1.0 — 412 41 1074 2.8 x 1078
1.0 — — 1.01 3.4 1073 1.11 x 1078
0.60 0.40 — 2.19 9.6 0.004 25 % 1078
0.54 0.37 0.03 2.6 12.2 0.02 1.8 x 1077
0.51 0.35 0.14 2.8 41.8 0.2 6.9 x 10°°
0.48 0.34 0.18 291 162.7 0.33 32 x 107°
0.45 0.32 0.23 3.19 183 0.53 6.5 x 107°
0.42 0.31 0.28 3.43 991 1.5 1x 1073
0.38 0.30 0.32 3.49 1273 1.8 2 x 1073
0.35 0.29 0.36 3.50 1949 2.3 82 x10°°
0.32 0.28 0.40 3.61 3768 3 1.45 x 1072
0.28 0.27 0.45 3.63 4400 3.9 1.4 x 1072
0.24 0.26 0.50 3.64 11713 3.6 2.6 x 1072
0.20 0.25 0.55 3.645 5095 3.76 1.8 x 1072

volume fraction of CLNT. Figure 2 shows the varia-
tion of the relative permittivity and conductivity of
the CLNT—-polystyrene-LSCO composites as a func-
tion of LSCO loading. The addition of LSCO
increased the relative permittivity and conductivity
of the composite. The increase in the relative permit-

tivity was a result of interfacial polarization, which
occurs at the interface of dissimilar materials.>® The
charge carriers in the different phases of the compo-
sites were trapped at the interface within the dielec-
trics. These charges were unable to discharge freely
and caused a rise in the overall field distortion. This

Figure 3 Microstructures of (a) polystyrene and CLNT (0.40 volume fraction), (b) an LSCO (0.40 volume fraction)-loaded
polystyrene-CLNT composite, (c) the fractured surface of an LSCO (0.40 volume fraction)-loaded polystyrene-CLNT com-
posite, and (d) the fractured surface of an LSCO (0.55 volume fraction)-loaded polystyrene-CLNT composite.
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dielectric field®! that developed around the conduct-
ing phase resulted in an increase in the relative per-
mittivity. The existence of a large number of
conducting particles in parallel and blocked by thin
insulating layers can also increase the relative permit-
tivity.”® Each conducting phase in the composite
acted as an internal electrode of tiny capacitors. These
tiny supercapacitor networks with the large electrode
area and small dielectric thickness macroscopically
added up to result in a giant permittivity. The con-
ductivity of this three-phase composite also increased
with LSCO loading. As the volume fraction of LSCO
increased, the cluster of LSCO merged, and there was
a continuous path of the adjacent site across the sys-
tem. Generally, all percolative composites have a
small smearing region®'? (V. — V =~ 0.03, where V
and V. are the volume fractions of the conducting fil-
ler below and at percolation, respectively). However,
as shown in Figure 2, the relative permittivity
increased from 183 to 11,713 with an increase of the
volume fraction of LSCO from 0.23 to 0.50 in this
three-phase composite. Hence, this system showed a
broad smearing region (V. — V) of 0.27 and had an
improved reproducibility. As shown in Figure 2, the
addition of more than a 0.50 volume fraction of LSCO
decreased both the relative permittivity and conduc-
tivity of the three-phase composites. At higher vol-
ume fractions, the conducting phase agglomerated to
form clusters and, thereby, increased the distance
between the conducting particles.”® The poor disper-
sion of ceramics in the polymer matrix at higher ce-
ramic loadings may have also decreased the relative
permittivity. Hence, the relative permittivity and con-
ductivity decreased in the three-phase composites for
volume fractions of LSCO loading larger than 0.50.

Table I shows the volume fraction of each compo-
nent in the three-phase composite and its physical
and dielectric properties (1 MHz). The relative per-
mittivity and dielectric loss increased with increas-
ing volume fraction of LSCO. The increase in the
dielectric loss with LSCO addition was due to its rel-
atively high dielectric loss compared to CLNT and
polystyrene. The addition of LSCO increased not
only the permittivity but also tan 8. However, there
are number of applications, such as flash lamps and
heart actuators, working at low frequencies, for
which a large capacitance is more important than
the dielectric loss.** The bulk density increased with
increasing LSCO loading. This was because of the
relatively high density of LSCO (6.6325 g/cc) com-
pared to CLNT and polystyrene. However, for a
higher volume fraction of LSCO ceramic loading, the
density did not increase proportionally. This was
because of the poor adhesion of the ceramic in poly-
s’cyrene,29 which, in turn, degraded the dielectric
properties at higher LSCO loadings in this three-
phase composites.
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Figure 4 Variation of (a) the relative permittivity (e,) and
(b) conductivity (o) of CLNT-polystyrene-LSCO three-
phase composites as a function of frequency (Vf = volume
fraction).

Figure 3(a) shows the microstructure of a 0.40
volume fraction of a composite containing CLNT
loading in the polystyrene. The ceramic particles
were distributed randomly in the polymer matrix.
The microstructure of a 0.40 volume fraction of an
LSCO-loaded three-phase composite is shown in Fig-
ure 3(b). The large grains about 3-5 um in size were
LSCO, and the smaller grains were CLNT; they were
randomly distributed in the polymer matrix. From
the fractograph of a 0.40 volume fraction of the
LSCO-loaded three-phase composite [see Fig. 3(c)],
it was clear that the polystyrene acted as a good
adhesive for combining LSCO and CLNT. However,
a higher volume fraction of ceramic loading led
to poor adhesion for combining the filler. Figure 3(d)
shows the fractograph of a 0.55 volume fraction of
an LSCO-loaded three-phase composite. We ob-
served that a sufficient amount of polystyrene was
not present in the composite to combine the ceramic
particles, and this led to an increase in the porosity.

Figure 4 shows the frequency dependence of both
the relative permittivity and conductivity of the
CLNT-polystyrene-LSCO composite. A gradual
decrease in the relative permittivity with frequency

Journal of Applied Polymer Science DOI 10.1002/app
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was observed for all of the composites. This was
expected because different polarization mechanisms
are frequency dependent. It has been reported that
the gradual decrease in permittivity with frequency
was due to an interfacial relaxation.>*”* We
observed that the conductivity increased with
increasing frequency for a low volume fraction of
LSCO loading. According to percolation theory,
below the percolation threshold, the conductivity is
proportional to the applied frequency (conductivity
= f*, where f is the frequency and x is a critical
exponent).”® The frequency dependence of relative
permittivity and conductivity of disordered solids
generally results from the polarization between the
clusters and anomalous diffusion within each clus-
ter. The capacitive effect between clusters on the
conductivity and relative permittivity becomes sig-
nificant at high frequency. As a result, the conduc-
tivity increases, and the relative permittivity
decreases with frequency. Such a frequency-depend-
ent behavior of this three-phase composite was in
agreement with previous reports.”

CONCLUSIONS

CLNT-polystyrene-LSCO three-phase composites
were prepared by a two-step mixing and hot-press-
ing method. The dielectric properties of the compo-
sites were investigated in terms of the volume
fraction of LSCO and the frequency. The maximum
relative permittivity (~10*) was observed for a 0.50
volume fraction of LSCO loading in the CLNT—poly-
styrene composites. The giant permittivity with the
low processing temperature and broad smearing
region of these three-phase composites will make
them attractive materials for embedded passive
applications.
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