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ABSTRACT: Tantalum pentoxide (Ta,Os) nanoparticles
with the sizes in the range of 20-50 nm were prepared
via a chemical route in which the oleic acid (OLEA) was
adopted as the surfactant for the synthesis process. X-ray
diffraction (XRD) revealed the as-synthesized Ta,Os
transforms from amorphous to hexagonal and ortho-
rhombic structures at the temperatures of 700°C and
750°C, respectively, illustrating the suppression of recrys-
tallization temperature of Ta,Os due to the particle size
reduction. UV-curable nanocomposites containing the
Ta,Os nanoparticles and acrylic matrix were also pre-
pared. Thermogravimetry analysis (TGA) found an about
10-20°C improvement on the 5% weight-loss thermal

decomposition temperatures (T,s). Dielectric measure-
ment showed that the dielectric constant of nanocompo-
site increases with the increase in the filler loading
without severe deterioration of dielectric loss. The incre-
ment of dielectric constants was ascribed to the addition
of high-dielectric inorganic fillers as well as the presence
of interfacial polarization at the organic/inorganic inter-
faces. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 117:
1252-1259, 2010
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INTRODUCTION

Recently, numerous efforts have been poured into
the research and development of flexible electronic
devices due to the pursuit of inexpensive, compact,
and light-weight electronic products with good port-
ability.l’2 However, in addition to the mechanical
flexibility, the materials for flexible electronics must
be compatible to low-temperature and large-area
fabrication processes due to the production demands
for flexible substrates. One of the promising candi-
dates would be the UV-curable polymeric and/or
composite materials with satisfactory physical/
chemical properties.

In the fabrication of semiconductor devices, high
dielectric constant materials are essential part for
gate insulators of devices. In conventional integrated
circuit (IC) fabrications, silicon dioxide (SiO;) with
relative dielectric constant (k) ~ 3.9 or silicon nitride
(SizNy) with k¥ ~ 7.9 is widely adopted for relative
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applications. High-«x polymers are similarly required
for the fabrication of flexible electronics; neverthe-
less, it is difficult for sole polymeric materials to
meet such a requirement because they rarely possess
the values of k¥ > 4. A common way to manipulate
the dielectric properties is to form the composite by
incorporating the inorganic filler with high-x prop-
erty in polymeric matrix. Formation of composites
also leads to the improvement of physical properties
such as, thermal, mechanical, and permeation prop-
erties to meet the device processing and reliability
requirements. At present, the addition of high
dielectric permittivity ceramic powders, such as,
zinc oxide (ZnO, k ~ 9),® alumina (AL,Os, k ~ 9.8),*
and titanium oxide (TiO,, k ~ 31)>° in the polymeric
matrix have been reported. Hong et al. reported 20%
increase of k for ZnO nanoparticles-polyethylene
(PE) composites.”> The Al,Os-polyimide (PI) compo-
sites exhibited the value of k ~ 30,* whereas a three-
time improvement on the value of x was achieved in
nano-scale TiO,-polystyrene (PS) composites.® In the-
oretical side, dielectric properties of binary phase
composites have been widely studied in terms of the
well-known mixing rules, such as, Maxwell-Garnett
effective medium approximations’:
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where g is dielectric constant of composites, ¢, is
dielectric constant of matrix phase, & is dielectric
constant of filler, and f is the volume fraction of fil-
ler. The Maxwell-Garnett formula is derived based
on homogeneous composites containing spherical fil-
ler particles. Nevertheless, because the interactions
in between the filler and matrix phase are ignored
during the derivation, the measured dielectric con-
stants of composites usually deviate from the values
predicted by Maxwell-Garnett formula due to the
presence of chemical coupling agent effects,® inter-
actions between organic and inorganic phases,®’
interfacial polarization,*'*'* etc. Another approach
to modify the dielectric constants of polymer-based
composites is to add the conductive fillers, such as,
silver (Ag),15 carbon nanotube (CNT),'® nickel (Ni),'”
and aluminum (Al)'® in polymeric matrices. The val-
ues of k ~ 300, 1200, and 400 have been reported for
Ag-epoxy,"”” CNT-rubber,'® and Ni-polyvinylidene
fluoride (PVDF)"” composites, respectively. Accord-
ing to the percolation model,'®'® the dielectric con-
stant of nanocomposites containing conductive fillers
would reach a limiting value when the filler content
approaches to percolation threshold.™'® Neverthe-
less, it usually accompanies with a severe dielectric
loss due to the filler aggregation in such composite
systems. Furthermore, reduction of total surface
energy would ignite aggregation in the samples con-
taining nano-scale particles. A uniform dispersion of
inorganic fillers is thus the key issue for the prepara-
tion of organic-inorganic composites, when the filler
sizes approach nanometer scale. Modification of
nano-scale particles so as to change their surface
polarity is generally adopted to promote their
dispersion in polymer matrix.

Tantalum pentoxide (Ta,Os) is a well-known
dielectric material for its relatively high dielectric
constant (~ 24)," low leakage current density
(<1077 A/cm? at the applied field 3 MV/cm), and
high dielectric breakdown strength (>1 MV/cm).*
However, there is no study relating to the Ta,Os-
polymer composites, in particular, the UV-curable
Ta,Os-polymer nanocomposite that is feasible to the
fabrication of flexible electronics. This work reports
a chemical route to synthesize the Ta,Os nanopar-
ticles with various crystallinities via the control of
annealing temperatures. During the preparation of
Ta,Os nanoparticles, oleic acid (OLEA) was adopted
as the surfactant as well as the solvent due to its
low cost and the ease of chelating with metal and
removal from particle surface afterward.?’** The
nano-scale TayOs particles were subsequently
implanted in the UV-curable acrylic resin to form
the nanocomposites and the characterizations of
their microstructure and thermal/dielectric proper-
ties are presented as follows.

EXPERIMENTAL
Materials

Tantalum ethoxide with purity = 99.99% was pur-
chased from Strem and OLEA was purchased from
SHOWA. Ethanol (purity = 99.5%) and methyl
methacrylate (MMA, purity = 99%) were purchased
from Fluka. 2-Hydroxyethyl methacrylate (HEMA,
purity = 98%) and Ta,Os (purity = 99.99%, particle
sizes = 0.1-0.5 um) were purchased from Acros. Tri-
methylolpropane triacrylate (TMPTA, purity = 98%)
and photoinitiator (chemcure 481) was purchased
from Chembridge. All reagents were used without
further purification.

Synthesis of Ta,Os nanoparticles

First, the OLEA (35 g) was degassed in vacuum at
120°C for 1 h. Tantalum ethoxide (1.2 mL) was then
injected into the OLEA solution and the reaction
was carried out at 120°C for 1.5 h in Ar ambient.
Afterward, DI water (0.2 mL) was added to the
above solution and the reaction was further allowed
for 24-48 h at 120°C in Ar ambient. After adding the
ethanol, the Ta,Os precipitates were obtained and
they were dried in vacuum at room temperature.
Subsequently, the Ta,Os was sintered at 700°C or
750°C at a heating rate = 25°C/min for various time
spans in air to yield the Ta,Os nanoparticles. Forma-
tion of Ta—O—Ta network is achieved via hydrolysis
and polycondensation processes.”* As illustrated
in eq. (2), hydrolysis results in the unstable hydrox-
yalkoxides, Ta(OH).(OR)s_,. The polycondensation
depicted by eq. (3) then leads to the Ta—O—Ta net-
work via olation or oxolation reaction. The OLEA
provided the micelle structure and limited further
growth of Ta,Os nanoparticles.”

Ta(OR); + xH,0 — Ta(OH) (OR),_, + xROH  (2)

(OR);_(OH),_,Ta—OH + XO-Ta(OH),(OR), , —
(OR)_,(OH), ,Ta—O-Ta(OR),_,(OH), + XOH
3)

where R = —C,Hs; X = H, R.

Preparation of UV-curable Ta,Os-acrylic
nanocomposites

First, the as-synthesized Ta,Os powder was heat-
treated at 750°C for 9 h to yield the orthorhombic
TayOs. Various amounts of Ta,Os powders were
then blended with MMA (1.5018 g; 0.015 mol),
HEMA (1.17126 g; 0.009 mol), TMPTA (1.77792 g;
0.006 mol), and chemcure 481 photoinitiator (0.18546
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Figure 1 XPS spectra and curve fitting results for (a) as-synthesized Ta,Os and (b) TayOs annealed at 750°C for 9 h.

g, 4 wt %) in ethanol (2 mL). The mixtures were
stirred at room temperature for 24 h in Ar ambient.
The ethanol was then removed by reduced pressure
distillation to form the Ta,Os-acrylic nanocomposite
precursor. The nanocomposite precursor was coated
on a polyester (PET) mold and cured by UV irradia-
tion to obtain the nanocomposite thin-film samples
with thickness about 300 um. The photo-polymeriza-
tion was carried out in an UV oven (C-SUN CU1000,
Taiwan) with principal wavelength = 365 nm, cur-
ing power = 80 W/cm, and curing time = 50 to 90
s.

For comparison purpose, the orthorhombic Ta,Os
raw powder with sizes in the range of 0.1-0.5 um
was also adopted to prepare the UV-curable Ta,Os-
acrylic composite. In this work, the thin-film com-
posite containing 4 wt % of Ta,Os was prepared
according to the procedures described earlier.

Structure and property characterizations

X-ray photoelectron spectroscopy (XPS, American
Physical Electronics ESCA PHI 1600) was adopted to
analyze the bonding status of Ta,Os powders by
using an Mg-K,, source. Crystal structures of synthe-
sized Ta,Os powders were characterized by an X-ray
diffractrometer (XRD, MacScience M18XHF) within
Cu-K,, radiation (A = 0.154 nm) at a scan rate of 2°/
min. Thermogravimetric analysis/derivative ther-
mogravimetry analysis (TGA/DTA) spectra were
recorded by a Mettler-Toledo tga/sdta851 TGA
operating in air atmosphere at a heating rate =
10°C/min. Surface morphologies of Ta,Os powders
were characterized by a field-emission scanning elec-
tron microscope (FE-SEM, Hitachi 54700). Micro-
structure of Ta,Os-acrylic nanocomposite was exam-
ined by transmission electron microscopy (TEM,
JEOL JEM-2100) with operating voltage = 200 kV to
reveal the distribution of Ta,Os nanoparticles in
polymeric matrix. Chemical structure of Ta,Os-
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acrylic nanocomposite was characterized by Fourier
transform infrared spectrometer (FTIR, PerkinElmer
spectrum 100). The metal-insulator-metal (MIM)
samples with UV-cured Ta,Os-acrylic nanocomposite
as the insulator layer were prepared for dielectric
measurement. The top and bottom electrodes were
Ag layers prepared by screen printing of Ag paste.
After drying in vacuum for at least 24 h, the capaci-
tances of MIM samples were measured by an HP
4194A gain/impedance analyzer operating in the
frequency range of 1-10 MHz and an HP 4291B im-
pedance analyzer operating in the frequency range
of 10-600 MHz, respectively. The relative dielectric
constant k was calculated according to the formula
as follows:

(4)

where C = capacitance, g, = the vacuum dielectric
permittivity, A = the area of electrode = 0.283 cm?,
and t = the thickness of cured nanocomposite layer
= 300 pm. The MIM samples were also transferred
to an HP 4156B semiconductor parameter analyzer
for the measurement of leakage current densities of

samples.

RESULTS AND DISCUSSION

Synthesis, annealing, and microstructure of
Ta,Os5 nanoparticles

XPS was carried out to characterize the bonding sta-
tus of synthesized products. The curve fittings were
achieved by using the XPSPEAK 4.1 program with a
combination of Gaussian (80%) and Lorentzian
(20%) distributions. The oxidation state of as-synthe-
sized Ta,Os and the Ta,Os5 sintered at 750°C for 9 h
are shown in Figure 1(a,b), respectively. In both XPS
spectra, the Ta 4f;,, and Ta 4fs,, with binding
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Figure 2 SEM image of as-synthesized Ta,Os. Nano-scale
Ta,Os5 particles (several of them are highlighted by open
circles) aggregate into granules due to the lack of
dispersion.

energies at 26.3 and 28.2 eV are observed, confirm-
ing the synthesized products are indeed Ta,0s.2*

Figure 2 shows the SEM micrograph of as-synthe-
sized Ta,Os in which the granules comprised of the
aggregation of Ta,Os particles with sizes about 20-
25 nm can be seen. The size confinement of Ta,Os
particles is ascribed to the complex formed by the
reactions of OLEA and tantalum ethoxide during the
synthesis. However, due to the absence of dispersion
treatment at this step, the nano-scale Ta,Os particles
aggregate in order to reduce the total surface energy
so that relatively large Ta,Os granules with sizes
about several hundred nanometers present in Fig-
ure 2. Furthermore, the XRD characterization shown
in Figure 3 reveals that the as-synthesized Ta,Os is
essentially amorphous.
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Figure 3 XRD pattern of as-synthesized Ta,Os.
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Figure 4 TGA/DTA diagram of as-synthesized Ta,Os.

The TGA/DTA diagram of as-synthesized Ta;Os
is presented in Figure 4. The TGA profile indicates
that the organic components decompose at the tem-
peratures ranging from 250°C to 400°C, whereas the
phase changes of Ta,Os occur in the temperatures
ranging from 650°C to 750°C. As shown by the DTA
curve in Figure 4, the phase changes of TayOs
sequentially occur at 690°C and 736°C. As a result,
we performed the annealing treatments at 700°C and
750°C, respectively, and subsequently, sent the sam-
ples to XRD apparatus for phase structure
identification.

As shown in Figure 5, the Ta,Os annealed at
700°C for 9 h is hexagonal phase (JCPDS:19-1299)
and then Ta,Os transforms to orthorhombic phase
(JCPDS:25-922) when the annealing temperature fur-
ther rises to 750°C. The inset at right-hand corner of
Figure 5 is the enlarged XRD pattern in the 20 range
of 40-55°. The phase transition is evidenced by the
emergence of (3,4,0)20 — 4474 orthorhombic phase
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Figure 5 XRD patterns of Ta,Os annealed at 700°C and
750°C for 3 h.
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Figure 6 TEM images of nanocomposite samples containing (a) 3 wt % and (b) 10 wt % of TayOs. The filler particles
were prepared via the annealing of as-synthesized Ta,Os at 750°C for 9 h.

peak as well as the split of (1,0,0)20 — 5035- hexagonal
phase peak into (0,22,0)2¢ — 49.73> and (2,15,1)20 — 507+
orthorhombic phase peaks.”? Because the particle
size of orthorhombic Ta,Os remains in nano-scale, it
would result in the XRD peak broadening and cause
partial overlap of (0,22,0) and (2,15,1) peaks.25 We
have eliminated the background noise during XRD
analysis and the results above indeed reveal the hex-
agonal-to-orthorhombic transformation of TayOs
when annealing temperature is increased from
700°C to 750°C. It is known that, in general, the
recrystallization temperature of orthorhombic Ta,Os
bulk phase is about 800-1000°C.>?®* The results
above illustrated that, by reducing the particle size
to nanometer scale, the orthorhombic Ta,Os phase
could be obtained at a temperature below 750°C.
The suppression of phase-transition temperature is
believed to be driven by the presence of numerous
interfaces resulted from the particle size reduction.
The interfacial-driven effects allow an easy atomic
rearrangement in Ta,Os lattice, and thus ignite the
phase change at lower temperatures.

We note that in this study the annealing treatment
up to 750°C does not cause significant Ta,Os particle
coarsening. During the annealing process, OLEA
might be burned to form porous char around Ta,Os
nanoparticles when the temperature reached 500°C
and then the char serves as the barrier to the coales-
cence of Ta,Os particles during high-temperature
annealing at 750°C. Subsequent mechanical agitation
and ultrasonic vibration of TayOs nanoparticles
would wash away the char in ethanol solution and
break off the possible necking in between Ta,Os
nanoparticles induced in annealing process.

The TayOs particle sizes were also calculated by
plugging the XRD data presented in Figure 5 into

Journal of Applied Polymer Science DOI 10.1002/app

Scherrer’s equation.25 The results, for instance, the
particle size of Ta,Os sample sintered at 750°C for 3
h is about 18 nm, are in good agreement with subse-
quent TEM observations shown in Figure 6.

Characterizations of Ta,Os-acrylic nanocomposites

Figure 6(a,b) shows the TEM images of cured nano-
composite sample containing 3 wt % and 10 wt % of
Ta,0s5, respectively. The filler particles were pre-
pared via the annealing of as-synthesized Ta,Os at
750°C for 9 h. The nano-scale Ta,Os particles with
the sizes about 2025 nm embedded in acrylic ma-
trix can be readily seen. Because the Ta,Os possesses
hydrophilic feature, we thus utilized the hydrophilic
HEMA monomer (i.e.,, the monomer contains —OH
functional group)”® in conjunction with mechanical
agitation and ultrasonic vibration to enhance the
compatibility between organic and inorganic compo-
nents in nanocomposites. This provides a fairly good
dispersion of nano-scale Ta,Os particles in polymeric
matrix.

Table I lists the 5% weight-loss thermal decompo-
sition temperatures (T;s) and residual weights of
TayOs-acrylic nanocomposites containing various
amounts of Ta,Os obtained by TGA analysis. In
comparison with pristine acrylic, thermal stability of
nanocomposites is clearly improved due to the addi-
tion of Ta,Os. However, in the samples with high fil-
ler loading, e.g., the samples containing 7 wt % and
10 wt % of TayOs, the Tys decrease slightly. During
the sample preparation, it was observed that the
samples with high filler loading require longer cur-
ing times to complete the photo-polymerization. It is
speculated that the too many Ta,Os particles may
hinder the propagation of UV light into the interior
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TABLE I
T,s and Residual Weights of Ta,O5-Acrylic
Nanocomposites Obtained by TGA Analysis

TayOs Residual

Sample content (wt %) T, (°C)  weight (wt %)

Pristine acrylic 0 313.0 -

3 322.5 3.37

3.5 324.8 3.82

4 329.1 4.34
Nanocomposite 4.5 332.7 4.86

7 330.8 7.58

10 323.4 10.59

of nanocomposites and thus cause the incomplete
sample curing. A prolonged curing time was thus
required for high-filler-loading samples; neverthe-
less, excessive UV exposure might induce the photo-
degradation of polymer matrix and lead to the deg-
radation of thermal stability of nanocomposite sam-
ples 3032

Figure 7(a,b) separately present the dielectric con-
stants and dielectric losses of nanocomposite sam-
ples containing various amounts of Ta,Os measured
in the frequency range of 1-600 MHz. We note the
data discontinuities at 10 MHz were resulted from
the difference of measuring frequency ranges of HP
4194A and HP 4291B. It can be readily seen that
both the dielectric constant and dielectric loss of
nanocomposite increase with the increase of TayOs
content. The nanocomposite sample containing 4.5
wt % TayOs, ie., the sample with the highest ther-
mal stability, exhibits an about 60% increment on
the dielectric constant in comparison with the pris-
tine acrylic over the measured frequency range. Fig-
ure 7(a) further shows that the increasing trend of
dielectric constant gradually alleviates when the fil-
ler loading exceeds 4.5 wt %. This is mainly attrib-
uted to the aggregation of Ta,Os nanoparticles in
nanocomposites with high filler loading, and thus
the reduction of interfacial polarization contributing

4,75 ® - pristine polyme:
a *- 3Iwt%
4.50+ @ A 45wi%
= 4254 « v— Twt%
=
‘E 4.00 :‘ i‘! 1 ! e = 33 < f‘m;r,o;
I = B=
g 37s. "'1.3
(=]
2 3504 , . .
= o - g
g 325] T trtee.,
)
S 3004
2 2754
2504 = ® -9 o g =« * = "'"l--.,. .
60 65 70 75 80 85 90
Log (frequency)
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to the dielectric property. We note that photo-degra-
dation induced by the excessive UV curing may be
another cause of the alleviation of dielectric constant
increment in the nanocomposites with high filler
loading.

Figure 7(b) shows that the nanocomposites exhibit
a slightly higher dielectric loss in comparison with
the pristine acrylic, implying that the addition of
Ta,Os nanoparticles causes no dramatic change on
the loss mechanism. In the studies relating to high
dielectric constant materials, it has been reported
that electrical domain walls in BaTiO; gradually
diminish when grain size is scaled down to sub-
micro scale.®® TEM characterization on lead zircon-
ate titanate (PZT) films showed that the domain
sizes in such a high-k dielectric are about 10-15

m.>* In terms of the filler sizes revealed by TEM
shown in Figure 6, it is speculated that the Ta,Os
nanoparticles may hence be approximate as individ-
ual electric dipoles (i.e., sole electrical domain in
each of the Ta,Os nanoparticles) with few of them
contain domain walls. Furthermore, the Ta,Os nano-
particles dispersed in polymeric matrix are sepa-
rated by a distance of several tens nanometers,
which is comparatively larger than that of the
dipoles intimately aligned in the domains of large-
grained dielectrics. A comparatively weak coupling
between neighboring dipoles (i.e.,, the dispersed
TaOs) in the nanocomposites can thus be expected
because Coulomb’s attraction is inversely propor-
tional to the square of distance. When an alternative
external bias at MHz frequency range is applied, it
is would be easier for the weakly-coupled dipoles to
switch along with the direction of bias field. In addi-
tion, few domain wall motions are involved during
the dipole switching so that less electrical energy
was consumed. No dramatic dielectric loss was
hence observed in our Ta,Os-acrylic nanocomposites.
Suppression of dielectric loss was similarly observed
in the studies relating to nano-BaTiO; ceramics

0.04 -@— pnstine polymer|
b o 3 wr%
( ) A 4.5 wi%
0.03- v— T wi%
@ . —4— 10w1.% o
= o
= a4 ¥ .
.E P e i }i’* i
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2 T ¥
@ 3 i
.
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Figure 7 (a) Dielectric constant and (b) dielectric loss of Ta,Os-acrylic nanocomposites as a function of measurement

frequency.
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TABLE II
A List of Calculated and Measured Dielectric Constants
of Nanocomposites

Ta205

Calculated  Experimental

Sample content (wt %) value® value®
Pristine acrylic 0 2.53 2.53
Nanocomposite 3 2.56 3.43

3.5 2.56 3.86

4 2.56 3.98

45 2.57 4.05

7 2.59 4.16

10 2.62 4.23

Composite® 4 2.56 3.25

? Dielectric constant of orthorhombic Ta,Os phase (=24)
was adopted for calculation.

" Experimental values were measured at 1 MHz.

©Sizes of Ta,Os filler particles in composite sample
range from 0.1 to 0.5 um.

based on the assumption of individual electric
dipole with relatively few domain wall motions as
presented earlier.>>*°

Table II lists the experimental values (measured at
1 MHz) and theoretical values of dielectric constants
for nanocomposites calculated in terms of the Max-
well-Garnett approximation given by eq. (1). It can
be readily seen that the measured values for nano-
composite samples are always higher than those
obtained by calculation regardless of the Ta,Os filler
loading. For comparison, we also prepared a com-
posite sample containing 4 wt % orthorhombic
Ta,Os particles with larger sizes in the range of 0.1-
0.5 um. It was found that the dielectric constant of
the composite sample (= 3.25) is higher than the cal-
culated value (= 2.56), but lower than that of the
nanocomposite sample containing the same amount
of nano-scale Tay,Os5 (= 3.98). We ascribe such a dis-

HEMA
O
OH ...
o\ 0T
O }['é'_o_
PP
Acrylic O Ta—O—
backbone (; ‘0—
v O—
O Ta—0O0—
N
0 O0—
OH - \
[ §] =

Interfacial polarization

Figure 8 Schematic illustration of the interfacial polariza-
tion at Ta,Os/acrylic interface.
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crepancy to the absence of filler-matrix interactions
in the derivation of Maxwell-Garnett formula.
Enhancement on dielectric properties of nanocompo-
sites due to interfacial polarizations has been
reported previously.*'®* In this work, HEMA con-
taining polar —OH functional groups was adopted
as the coupling agent of organic and inorganic
phases. This may result in interfacial polarization
due to its presence at the organic/inorganic interfa-
ces as illustrated in Figure 8. As the inorganic filler
loading increases, more organic/inorganic interfaces
are generated in the nanocomposites, and hence
escalate the interfacial polarizations. In conjunction
with the addition of high-dielectric nano-scale Ta,Os
filler, the dielectric constant enhancement of nano-
composites was hence observed.

During the sample preparation, poly-HEMA
derived from HEMA monomer and poly-TMMA
derived form MMA and TMPTA monomers might
also form in the nanocompiste samples. Because
they are randomly distributed in polymeric matrix,
the contribution of poly-HEMA and poly-TMMA to
the dielectric constant enhancement can thus be
evaluated by using the mixture rule as follows”:

€com = &1X + 82<1 - X) (5)

where g, is dielectric constant of composite, &; is
dielectric constant of Component 1, &, is dielectric
constant of Component 2, and x is the volume frac-
tion of Component 1. It was measured that the
dielectric constants of PHEMA and PTMMA are
about 3.52 and 2.37 (at 1 MHz), respectively. The cal-
culation shows that the dielectric constant is about
2.6 for pristine polymer derived from HEMA, MMA,
and TMPTA monomers, which is very close to the
experimental value 2.53. This indicates that the addi-
tion of HEMA barely affects the dielectric constant

] —— pristine polymer
5- ----3wt.%

J mA/em?

E (kV/cm)

Figure 9 J-E profiles for pristine polymer and nanocom-
posite samples.
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property of pristine polymer. As to the nanocompo-
site samples, they contain the same amount of
HEMA as in pristine polymer and HEMA serves as
the coupling agent of organic and inorganic phases.
Its contribution to dielectric constant enhancement is
amplified with the increase of specific surface area
(SSA) when the inorganic filler size becomes nano-
scale.

Figure 9 shows the leakage current density (J) ver-
sus applied bias field (E) for pristine polymer and
nanocomposite samples. In addition to the absence
of electrical breakdown, the leakage current density
of the nanocomposites is lower than 5.5 nA/ cm? in
the range of applied field up to 13 kV/cm. Although
the leakage current increase with the Ta,Os filler
loading, such a low leakage current density indicates
the addition of Ta,Os nanoparticles does not dramat-
ically promote the charge carrier migration in the
acrylic matrix. Furthermore, the J-E curves for all
samples exhibit the linear ohmic behavior of at low
applied field as shown in Figure 9. At high applied
field, the nanocomposites with high filler contents
possess a higher increasing trend of leakage current
density. This is attributed to the charge carrier trap-
ping sites generated by the implantation of inorganic
filler. They allow the charge carrier transport, and
thus raise the leakage current in the samples.®

CONCLUSIONS

Ta,Os nanoparticles were synthesized by a chemical
route using OLEA as the surfactant and solvent to
confine the Ta,Os growth so as to yield the nano-
scale oxide particles. The scaled down of particle size
was found to effectively suppress the recrystalliza-
tion temperature of TayOs that the orthorhombic
phase could be obtained by annealing at a tempera-
ture below 750°C, an at least 50°C suppression in
comparison with that of bulk Ta,Os. The UV-curable
Ta,Os-acrylic nanocomposite samples were prepared
accordingly and the TEM characterization revealed
that the dispersion of Ta,Os nanoparticles in polymer
matrix can be achieved via the addition of HEMA
coupling agent incorporating with mechanical agita-
tion. Substantial improvements on thermal stability
and dielectric properties were observed due to the
incorporation of TayO:s fillers in acrylic polymer. The
relative dielectric constants of nanocomposites were
found to increase from 2.53 to 4.23 (at 1 MHz) with
the increase of filler loading up to 10 wt % of TayOs
without severe deterioration of dielectric loss. The
improvement on dielectric properties was ascribed to
the incorporation of high-dielectric nano-scale inor-
ganic fillers in the samples and the presence of inter-
facial polarization resulted from the interactions at
the organic/inorganic interface. Analytical results
also indicated a limitation of filler loading in the UV-

curable nanocomposites that excessive filler amount
might cause prolonged UV curing and result in the
photo-degradation of polymeric component. A care-
ful control on filler loading is thus essential for the
preparation of photo-curable nanocomposites with
desired physical/chemical properties.
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