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ABSTRACT: A three-phase epoxy-based composite with
randomly distributed silver nanoparticles and BaTiO; par-
ticles was synthesized. By the incorporation of silver nano-
particles into the epoxy resin, the dielectric properties of the
resin were significantly enhanced, and this provided an
ideal host for further mixing with BaTiO; to prepare high-
dielectric-constant, polymer-based dielectrics with high di-
electric strength. The devices that adopted these composites
demonstrated high relative dielectric constants of approxi-

mately 450, 110 times higher than that of the epoxy matrix,
with a dielectric strength of 5 kV/mm at room temperature.
These nanocomposites were found to be potentially useful
for embedded capacitor applications. © 2006 Wiley Periodicals,
Inc. ] Appl Polym Sci 102: 967-971, 2006
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INTRODUCTION

Increasing needs for higher functionality and higher
performance in future electrical devices are driving
printed-wiring-board (PWB) technology toward elec-
trically functionalizing the inner space of PWBs.'?
Embedded capacitors are specially printed portions
within the PWB laminations that provide the charge-
storing function without using precious surface space
of the boards. With the passives (capacitors, resistors,
and inductors) embedded into PWBs, significant re-
ductions of parasitic impedance,3 assembly cost,! and
device size” become possible. One major challenge for
implementing embedded capacitor technology is the
development of new dielectric materials that possess
good dielectric and mechanical properties. Particulate-
filled (0 = dispersed particles; 1 = fibers; 2 = films or
layers; 3 = solids; 0-3 = particles in solids), polymer-
based composites provide an ideal solution, combin-
ing the mechanical properties of polymers and the
electrical properties of fillers.

Much research has been carried out on ceramic—
polymer systems that adopt traditional dielectric ce-
ramic particles as fillers, such as BaTiOé and lead
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magnesium niobate/lead titanate.”® However, in
most cases, polymer composites with ceramic fillers
suffer a low relative dielectric constant (e,; 1t;,100) even
with a high filler loading (>50 vol %). This is, accord-
ing to the mixing rule,” due to the low e, value of the
polymer matrix (<10). Recently, two-component®'?
and three-component'>™® percolative composites,
which contain randomly distributed conductive fillers
within an insulator matrix, have demonstrated sub-
stantially higher &, values. The &, values of these com-
posites follow a scaling equation:'®'”

8r=80|(fc_f)/fC|_q (1)

where g, f,, f, and q are the relative dielectric constant
of the matrix, the percolation threshold, the filler vol-
ume fraction, and the critical exponent, respectively.
Adopted conductive fillers include metals®'°"?
ductive polymers,”'* and carbon nanotubes.'> Among
them, composites with conductive polymers as fillers
show a relatively high dielectric loss (tan §; >0.2) and
high frequency dependence,”'* which are undesirable
for capacitor applications. Also, because of the cost,
carbon nanotubes are currently impractically expen-
sive to be fabricated on a large scale. Composites with
metal fillers,'°™!3 therefore, exhibit useful dielectric
properties and easy manufacturing requirements.

In this article, we report the synthesis of an epoxy-
based composite containing randomly distributed sil-
ver nanoparticles (40 nm) and BaTiO; fillers. By the
incorporation of various amounts of silver nanopar-
ticles, the dielectric properties of the epoxy matrix are
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significantly enhanced without notable deterioration
of the mechanical properties. This silver-epoxy com-
posite, in turn, serves as a high-dielectric-constant
host for mixing with BaTiO; to further improve e,
without raising the risk of percolation (failure) and
high loss.

The rationale for adopting nanometer-size metal
fillers in our work is the consideration of the filler size
effect on the usefulness of these composites. In a clas-
sic 0-3 model,'®™*® the randomly distributed conduc-
tive fillers form clusters, that is, conductive networks,
within the matrix. When the size of the largest cluster
approaches the physical size of the matrix, discharge
between electrodes, that is, percolation, will occur. On
the basis of a random distribution, the cluster volume
(V quster) 1s proportional to the product of the number
of filler particles in the cluster (Ngy,,) and the average
volume of fillers (Vi yjop):

Vcluster « N, filler X Vﬁller (2)

On the basis of eq. (2), at the threshold concentration,
we find

ZKlﬁller o ‘_/cluster/Vﬁller (3)

where N, and Ve are the threshold filler num-
ber and threshold cluster volume, respectively. Ngje.,
in a fixed volume is also proportional to the threshold
filler concentration (Cgyye,):

N, filler & &filler' (4)

For a specific system, at any given filler concentration
below the threshold, the percolation probability (P,)
is proportional to the filler concentration but inversely
proportional to Cgje,:

P o 1/ Cﬁller' (5)
Therefore

PPCI o Vfiller/‘_/cluster = (Dfiller/l_)cluster)?)r (6)

where Dy, andD e are the diameters of the filler
and threshold cluster, respectively. In practical cases,
D juster 18 @ value close to the matrix thickness. This
means that P, depends not only on the filler concen-
tration but also on the filler size and the size ratio of
the filler to the matrix. For example, when the filler
size is increased from 1 to 2 um, P, increases eight-
fold at the same concentration. In the case of a classic
model for bulk samples,'®™'® the insulating matrix can
be considered a three-dimensional infinity in compar-
ison with the fillers. Therefore, the influence of the size

ratio on P, is negligible. However, in practical capac-
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itors, dielectric materials need to be fabricated into
thin layers of a typical thickness of 20-100 wm to
increase the volumetric packaging density.” In this
situation, the three-dimensional infinity assumption is
no longer valid (instead, it is the 0-2 connectivity),
especially when the filler size is in a micrometer range,
which is comparable to the thickness of the dielectric
layer. P, will be much higher. Therefore, for capacitor
applications, the size of the metal fillers in a percola-
tive metal-polymer composite has to be in a nanome-
ter range to lower P,;. However, previously reported
studies on metal-polymer composites adopted micro-
meter-size metal powders'®'® or even metal flakes.""
In this work, an epoxy-based composite with ran-
domly dispersed silver nanoparticles'* 40 nm in diam-
eter and submicrometer BaTiO; particles is developed.
The highest dielectric constant that has been achieved
is about 450, which is 110 times higher than that of the
epoxy matrix. The resultant composites remain flexi-
ble and have good material processibility.

EXPERIMENTAL

The silver nanoparticles were synthesized by a redox
reaction'®" with mercaptosuccinic acid (MSA) as a
capping agent. The BaTiO; that was adopted was a
commercial hydrothermal powder 240 nm in diameter
(BT08, Cabot Inc.). The epoxy resin/hardener combi-
nation consisted of bisphenol A diglycidyl ether
(D.E.R. 332; Aldrich) and 4-methyl-1,2-cyclohexanedi-
carboxylic anhydride (Aldrich), respectively. Imida-
zole (1 mol %) was used as a catalyst. After the syn-
thesis and washing, silver nanoparticles were dis-
persed in acetonitrile under ultrasonication. Then,
predetermined amounts of the epoxy resin and Ba-
TiO; powders were added under magnetic stirring.
Finally, the hardener and catalyst were added. Proto-
type capacitors were fabricated by the spin coating of
the prepared silver-BaTiO5—epoxy slurry onto a gold-
coated aluminum substrate. A two-step drying—cur-
ing treatment was performed at 65 and 160°C, respec-
tively. A thin layer of gold was deposited via sputter-
ing as the top electrode. After trimming, the dielectric
properties were measured with an HP 4194A imped-
ance analyzer.

RESULTS AND DISCUSSION

Figure 1(a,b) presents micrographs of the cross section
and surface of fabricated composite layers with a com-
position of 10 vol % silver and 40 vol % BaTiO;. Figure
1(c) is an enlarged view of Figure 1(b), in which Ba-
TiO; particles of 240 nm can be distinguished from the
background. Figure 1(d,e) presents a transmission
electron microscopy (TEM) micrograph and XRD re-
sults for the synthesized silver nanoparticles, respec-
tively. The dielectric properties of the synthesized sil-
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Figure 1 (a) Micrograph of the transection of a prototype
capacitor with a silver-BaTiO;-epoxy composite film that
contained 10 vol % silver and 40 vol % BaTiO;,, (b) micro-
graph of the surface of a spin-coated silver-BaTiO;—-epoxy
composite layer before gold coating, (c) enlarged view of
part b [BaTiO; particles 240 nm in diameter (BT08, Cabbot)
can be distinguished from the background], (d) TEM micro-
graph of the prepared silver nanoparticles with an average
size of 40 nm (the silver nanoparticles were coated with a
layer of MSA), and (e) X-ray diffraction pattern of the syn-
thesized silver nanoparticles (indicating a well-crystallized
cubic structure).

ver—epoxy nanocomposites are presented in Figure 2.
g, of the composites increases from ~4 to above 300
with a silver concentration of 22 vol %, as shown in
Figure 2(a). The variation of ¢, as a function of the
silver concentration up to ~20 vol % shows good
agreement with the scaling theory,'® as shown in Fig-
ure 2(b). We have considered the Maxwell-Garnett,'®
Bruggeman,”® and Skipetrov>' models. There are
many parameters in effect that are not considered in
these models; for example, they do not simultaneously
account for an assumption of a perfectly uniform dis-
tribution of the fillers, filler sizes and size distribu-
tions, shapes, agglomeration, surface chemistry, and
impurities. However, the Maxwell-Garnett model fits
our data best. The reduction of ¢, above 22 vol % does
not follow the prediction by the equation, that is, a
vertical drop of &, to nearly zero. However, &, of the
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silver-epoxy composite decreases gradually with the
further incorporation of silver above 20 vol % and
exhibits a relatively broad peak. The absence of per-
colation is possibly due to the presence of a surfactant
layer on each silver nanoparticle surface, which pre-
vents particles from directly coming into contact with
one another. The presence of a surfactant layer on
silver nanoparticles prepared by this method was
shown by Chen and Kimura.** The reduction of &,
beyond 22 vol % is believed to be caused by the
increase in the porosity. When the solid content in-
creases, the glue (epoxy) content decreases gradually
and becomes insufficient to occupy all the pores.
Moreover, because of the strong polarity of the sur-
factant, hydrogen bonding will be formed between
silver particles. Therefore, they form a relatively rigid
frame. Larger porosity results, as can be observed in
Figure 3. Figure 3(a—d) shows that with the silver
content increasing from 10 to 40 vol %, the roughness
and porosity of the composite increase. In any case,
the absence of percolation is considered to be a signif-
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Figure 2 (a) Room-temperature &, values of the silver—
epoxy composites as a function of the silver concentration,
(b) best fit curves of the experimental ¢, data to the scaling
equation'® at 1 kHz and 1 MHz (with &, = 3.84, f. = 28, and
g = 3.52), and (c) room-temperature tan 8 values of the
silver—epoxy composites as a function of the silver concen-
tration.
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Figure 3 Micrographs of the silver—epoxy composites with
(a) 10, (b) 20, (c) 30, and (d) 40 vol % silver. The roughness
and porosity changes can be observed.

icant merit of this silver—epoxy composite for device
applications. Figure 2(c) presents tan & of the silver—
epoxy composites as a function of the silver loading.
With less than 22 vol % silver, tan 6 of those compos-
ites is below 0.05, which is significantly lower than
those values reported.” 11315

According to the mixing rule’

K* = 2 (K (7)

i=1

where K, K;, 1, a are the properties of composite,
property of the ith component, volume fraction of the
ith component and influencing factor, respectively.
The incorporation of BaTiO; particles into a poly-
mer host will result in a composite with enhanced &,
because BaTiO; is a high-dielectric-constant material.
In this work, silver-BaTiO;—epoxy samples were pre-
pared with four different silver concentrations (5, 10,
15, and 22 vol %). Various amounts of BaTiO; were
added to determine the optimum conditions to
achieve a high dielectric constant. The highest ¢, value
(=~450) was obtained with 22 vol % silver and 30 vol %
BaTiOj;, as shown in Figure 4(a). This high &, value,
which is 110 times higher than that of the epoxy resin,
benefits from the high &, value (=300) of the prepared
silver—epoxy host.'* BaTiO, addition increases not
only the dielectric constant but also tan §, especially at
a BaTiO; concentration above 20 vol %. However,
there are a number of applications, such as flash lamps
and heart actuators, working at a low frequency, for
which a large capacitance is more important than tan
8. Our silver-BaTiOz-epoxy composites are flexible
materials and can be easily manufactured into large-
area rolls at a low temperature. Figure 4(b) shows tan
6 of the as-prepared silver-BaTiO;—epoxy composites

QI ET AL.

as a function of both the BaTiO; and silver composi-
tions. A microstructural investigation revealed that
with a silver loading of 22 vol % and BaTiO; loadings
of more than 25 vol %, the sample porosity noticeably
increased; this must have caused the decrease in g,
and increase in tan 8.

The dielectric strength of the composites decreases
as the silver loading increases, as shown in Figure 5(a),
with the calculated maximum surface charge. The di-
electric strength decreases from 28 to 5.1 kV/mm as
the silver content increases to 22 vol %. This must be
caused by the space charges generated at the interface
of silver and epoxy under the applied electric field.
The space-charge-induced decrease in the dielectric
strength has been observed in both polymer-metal'”
and ceramic-metal® systems. The temperature depen-
dence of ¢, of the as-prepared silver—-BaTiO;—epoxy
composites is shown in Figure 5(b). In the temperature
interval from 20 to 140°C, the dielectric constant of the
prepared composites increases modestly, and the
greater the silver content is, the greater the ¢, sensi-
tivity is to temperature. This may be due to the in-
creasing amount of the capping agent (MSA), which
has a different temperature response in dielectric re-
laxation behavior than the epoxy matrix.
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Figure 4 (a) Room-temperature &, values of the silver—
BaTiO;—epoxy composites at 1 kHz as a function of both the
BaTiO; and silver concentrations and (b) corresponding tan
& values of the silver-BaTiO;—epoxy composites at 1 kHz.
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Figure 5 (a) Breakdown field (E,,;) at 200 V/s and maxi-
mum surface charge (0,..,) of the silver-BaTiO;—epoxy
composites as a function of the silver volume fraction at
room temperature and (b) temperature dependence of &, of
the silver-BaTiO5—epoxy composites at 1 kHz.

CONCLUSIONS

On the basis of these results, we conclude that perco-
lative epoxy-based composites with randomly dis-
persed nanometer-size metallic and ceramic inclusions
have promising potential for use as embedded dielec-
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trics because of their high dielectric constants and
compatibility with the current PWB manufacturing
methodologies. Further investigation of the influence
of the filler size on the dielectric properties and the
dielectric behavior at gigahertz frequencies, as well as
improvements in capacitor fabrication techniques, will
make these composites more advantageous for device
applications.
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