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ybrid nanostructures, such as

core—shell nanoparticles, are fasci-

nating owing to new physical phe-
nomena involved in these structures, which
can be exploited for optical, electrical, mag-
netic, and biological applications.' > The
core—shell formation of two materials,
however, is mostly driven by the reaction
environment and a significant difference in
their atomic sizes and surface energies. The
preferential surface segregation of the ma-
terial having relatively large atomic size and
low surface energy leads to the spontane-
ous formation of core—shell structures.>*¢
Wet chemical techniques have been used to
grow hybrid core—shell nanoparticles by
functionalizing inorganic nanoparticles with
organic molecules, but require compli-
cated and multistep processes: the growth
of inorganic nanoparticles, attachment of
suitable cross-linkers through which the or-
ganic molecules can be functionalized with
the nanoparticle surface, and finally the
deposition of these core—shell nanoparti-
cles on suitable substrates for device
fabrication.*”? In addition, certain inor-
ganic nanoparticles, such as dielectric ox-
ide nanoparticles, require high-temperature
growth,' 3 which is expected to make
the core—shell formation process difficult
and also leads to poor control in shape, size,
and size-distribution. In this communica-
tion, we report the synthesis of monodis-
perse core—shell nanoparticles, for example
TiO,—paraffin, by means of a hybrid experi-
mental method consisting of a plasma-
condensation-type cluster-deposition to
produce TiO, nanoparticles at room tem-
perature, followed by an in situ thermal
evaporation of paraffin to form uniform
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ABSTRACT Core—shell structures of oxide nanoparticles having a high dielectric constant, and organic shells
with large breakdown field are attractive candidates for large electrical energy storage applications. A high growth
temperature, however, is required to obtain the dielectric oxide nanoparticles, which affects the process of
core—shell formation and also leads to poor control of size, shape, and size-distribution. In this communication,
we report a new synthetic process to grow core—shell nanoparticles by means of an experimental method that can
be easily adapted to synthesize core—shell structures from a variety of inorganic—organic or
inorganic—inorganic materials. Monodisperse and spherical Ti0, nanoparticles were produced at room
temperature as a collimated cluster beam in the gas phase using a cluster-deposition source and subsequently
coated with uniform paraffin nanoshells using in situ thermal evaporation, prior to deposition on substrates for
further characterization and device processing. The paraffin nanoshells prevent the Ti0, nanoparticles from
contacting each other and also act as a matrix in which the volume fraction of Ti0, nanoparticles was varied by
controlling the thickness of the nanoshells. Parallel-plate capacitors were fabricated using dielectric core—shell
nanoparticles having different shell thicknesses. With respect to the bulk paraffin, the effective dielectric constant
of Ti0, — paraffin core—shell nanoparticles is greatly enhanced with a decrease in the shell thickness. The
capacitors show a minimum dielectric dispersion and low dielectric losses in the frequency range of 100 Hz—1

MHz, which are highly desirable for exploiting these core—shell nanoparticles for potential applications.
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nanoshell coatings on the surface of oxide
nanoparticles.

Recently, nanocomposites in which ox-
ide nanoparticles having high dielectric
constant (k) dispersed in an organic matrix
with high breakdown field (E,) have
emerged as attractive candidates for large
electrical energy storage,'* 2° which is re-
quired for mobile electronic devices, hybrid
electric vehicles, and stationary power
systems.?' "2 While batteries are used al-
most exclusively in these applications, high-
energy-density capacitors are showing
great promise.?>?* At present, various or-
ganic materials such as paraffin, polyethyl-
ene, polystyrene, and certain ferroelectric
polymers are used as dielectrics in
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capacitors due to their large E,.2?*
The maximum energy stored in
these capacitors (Umax = 0.580kEp?),
however, is limited due to their rela-
tively low k, typically less than 10.24
High dielectric constants and energy
densities have been attained with
relaxor terpolymers based on polyvi-
nylidene fluoride (PVDF).2>~% Simi-
larly, the effective dielectric constant
of above-mentioned organic materials can be en-
hanced by embedding oxide nanoparticles, such as
TiO,, SrTiO3, BaTiOs, and BaSrTiOs, which have dielec-
tric constants varying from a few tens to several thou-
sands depending on their stoichiometry and crystal
structure.'#"18

A high-temperature growth or postdeposition heat
treatment at more than 400 °C, however, is required to
obtain crystalline oxide nanoparticles in contrast to the
low melting point and decomposition temperature of
organic materials, typically less than 300 °C depending
on their structural units.'®~ '3 Thus, wet chemical tech-
nigues have been adapted to fabricate nanocompos-
ites by simply mixing the commercially available oxide
nanoparticles of much bigger sizes (ca. 30 —70 nm)
with organic materials.™'® A major impediment, how-
ever, is poor control of the size and size-distribution of
the nanoparticles and their tendency to agglomerate
even at a relatively low loading of 10 vol % in an organic
matrix, leading to poor film quality and device
characteristics.2 In the present study, TiO, nanoparti-
cles of much smaller sizes of around 10 nm were pro-
duced in the gas phase and were coated with uniform
paraffin nanoshells, prior to deposition on substrates.
The paraffin nanoshells prevent the TiO, nanoparticles
from contacting each other and also act as a matrix in
which the volume fraction of TiO, nanoparticles can be
changed by varying the ratio between the nanoparti-
cle size and shell thickness.

RESULTS AND DISCUSSION
Plasma-condensation-type cluster-deposition sys-
tems have been used to produce highly monodisperse

metal and alloy nanoparticles of sizes varying from a
few tens to several thousands of atoms using an inert-
gas condensation principle.? 32 In our system, shown
schematically in Figure 1, an atomic metal vapor pro-
duced using a plasma-sputtering process, for example
Ti in the present study, is condensed in a cooled inert-
gas ambient at a pressure of about 5 X 107" Torr. The Ti
atoms lose kinetic energy through successive inter-
atomic collisions with the inert-gas atoms, leading by
aggregation to Ti nanoparticles. We have produced TiO,
nanoparticles with different stoichiometries such as
TiO and TiO, by well-controlled mixing of oxygen into
the gas-aggregation region (for details, see the Experi-
mental Methods section).
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Figure 1. A schematic diagram of the cluster-deposition apparatus used for the
growth of TiO, and TiO,—paraffin core—shell nanoparticles.

TiO, nanoparticles were chosen to be coated with
paraffin nanoshells for fabricating capacitors because
of their higher dielectric constant. Since TiO, nanoparti-
cles were extracted from the gas-aggregation chamber
as a collimated beam moving toward the deposition
chamber kept at a pressure of about 5 X 10~ Torr, it
was possible to coat the particles with paraffin as they
pass through the evaporation chamber. This hybrid ex-
perimental method can be adapted easily to produce
core—shell nanoparticles of other complex oxides and
a wide range of functional molecules, such as VDF oli-
gomers, which are structurally similar to paraffin.3

X-ray diffraction (XRD) measurements of pure TiO,
nanoparticles without paraffin coating prepared at vari-
ous oxygen flow rates are shown in Figure 2a. Without
oxygen feeding into the gas-aggregation chamber, the
sputtered titanium atoms aggregate to form pure Ti
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Figure 2. (a) X-ray diffractograms of uncoated TiO, nano-
particles prepared at various oxygen flow rates: (i) 0 SCCM,
(ii) 6.7 SCCM, and (iii) 50 SCCM, where SCCM denotes stan-
dard cubic centimeter per min. (b) X-ray diffractograms of
TiO, nanoparticles prepared at oxygen flow rates of =40
SCCM showing the dependence of anatase and rutile phases
on oxygen flow rates.
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Figure 3. (a) TEM image and (b) the corresponding particle-
size histogram of Ti nanoparticles, where o and d are stan-
dard deviation and average particle size, respectively. A
small value of o/d = 0.06 reveals the narrow size-
distribution of nanoparticles.

nanoparticles having the hexagonal structure (curve i
in Figure 2a). At low oxygen flow rates of <25 SCCM
(standard cubic centimeter per minute), Ti clusters oxi-
dize to form TiO nanoparticles having the rock-salt
structure as shown in the X-ray diffractogram of TiO,
clusters prepared at an oxygen flow rate 6.7 SCCM
(curve ii in Figure 2a). At higher oxygen flow rates of
=40 SCCM, the Ti clusters oxidize to form tetragonal
TiO, nanoparticles having predominantly anatase (A)
and rutile (R) structures, as shown in the X-ray diffracto-
gram of TiO, nanoparticles prepared at an oxygen flow
rate of 50 SCCM (curve iii in Figure 2a). XRD studies
clearly reveal the formation of TiO nanoparticles at low
oxygen flow rates (=25 SCCM) and TiO, nanoparticles
at higher oxygen flow rates (=40 SCCM). In addition,
the XRD intensity of the anatase peak increases with an
increase in the oxygen flow rates at above 40 SCCM
and completely dominates over the rutile peak at an
oxygen flow rate of 80 SCCM as shown in Figure 2b.

The average particle size, shape, and size-
distribution of TiO, nanoparticles were investigated us-
ing a transmission electron microscope (TEM). TEM mi-
crograph (Figure 3a) and particle-size histogram (Figure
3b) of Ti nanoparticles prepared without oxygen feed-
ing show an average particle size (d) of 17.7 nm with a
o/d = 0.06, where ¢ is the standard deviation.
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Figure 4. (a) TEM image and (b) the corresponding particle-

size histogram of TiO, nanoparticles prepared at an oxygen

flow rate of 50 SCCM (standard cubic centimeter per min),

where ¢ and d are standard deviation and average particle

size, respectively. The TEM image of TiO, nanoparticles re-

corded at higher magnification revealing a clean surface and
spherical shape is shown as the inset of panel a.

On the other hand, TiO, nanoparticles prepared at
an oxygen flow rate of 50 SCCM were observed to have
a reduced d of 13.4 nm with a o/d = 0.08 as shown in
the TEM micrograph (Figure 4a) and particle-size histo-
gram (Figure 4b). Similarly, the TEM micrograph and his-
togram of TiO nanoparticles prepared at an oxygen
flow rate of 6.7 SCCM also show a reduced particle size
of 15.1 nm (see the Supporting Information). These re-
sults indicate that the feeding of oxygen into the
cluster-aggregation chamber also controls the size of
the nanoparticles, in addition to the phase and struc-
ture. As already mentioned, the sputtered Ti atoms lose
kinetic energy through successive interatomic colli-
sions with the inert-gas atoms to reach thermal equilib-
rium and this process leads to an aggregation, result-
ing in Ti nanoparticles. On the other hand, the oxidation
process upon oxygen feeding into the cluster-
aggregation chamber utilizes a certain amount of ther-
mal energy from the aggregating sputtering atoms,
leading to their early attainment of thermal equilib-
rium and subsequently results in reduced size of the
oxidized nanoparticles. The cluster-deposited TiO,
nanoparticles have a clean surface and spherical shape
as clearly shown in the TEM micrograph of TiO, nano-
particles recorded at higher magnification (inset of Fig-
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Figure 5. An increase in the deposition rate of TiO, nano-
particles (R;) with an increase in the evaporation tempera-
ture of paraffin (T, = 100 °C) due to the formation of paraf-
fin nanoshells. At T, = 60 °C, the surface of the TiO,
nanoparticles seems to be pure or have thin nanoshells as
evident from the observed constant R.. The chemical struc-
ture of the paraffin nanoshells is also schematically given in
the inset, where the black and gray spheres represent car-
bon and hydrogen atoms, respectively.

ure 4a). It is also worth noting that the observed val-
ues of o/d = 0.08 in these samples reveal the
monodispersion of TiO, nanoparticles.

As mentioned above, the cluster-deposition tech-
nique has been used to produce a variety of metal and
alloy nanoparticles. In a few studies, oxidation of metal
clusters such as Fe and Co has been observed by expos-
ing them to an oxygen atmosphere.>3* The oxidation
process, however, has been observed to be size-de-
pendent; metal clusters of a few nm in size have oxi-
dized completely, whereas larger nanoparticles exhib-
ited only a partial oxidation.>* By contrast, Ti is
comparatively stable against oxidation at atmospheric
conditions and normally requires a very high tempera-
ture to form TiO, on exposure to oxygen during post-
deposition treatment.'®'® The

(2—100 nm).3>36 As compared to the cluster-deposition
method, various chemical and physical synthesis tech-
niques require an in situ heating or postdeposition an-
nealing at high temperatures of more than 400 °C to ob-
tain anatase or rutile TiO, nanoparticles."" '3 Similarly,
bulk TiO is also a high temperature phase, which has
been generally prepared by heating Ti with TiO, in
vacuum at very high temperature of about 1000 °C.>”
High-temperature processing is not favorable for the
formation of core—shell nanoparticles, especially in the
case of paraffin or other organic nanoshells due to
their low melting points and low decomposition tem-
peratures.?® The room temperature growth of TiO,
nanoparticles in the present study also facilitates in
situ deposition of paraffin nanoshells using thermal
evaporation.

In the present study, TiO, nanoparticles having an
average particle size of 13.4 nm were coated with the
paraffin nanoshells. The thickness of the nanoshells was
controlled precisely by varying the evaporation rate of
paraffin (R,). R, was observed to show an increasing
trend with an increase in the evaporation temperature
(Te). For example, with the cluster beam off, we mea-
sured R, at different T, by placing a quartz crystal thick-
ness monitor above the evaporation source and di-
rectly in the path of the cluster beam. The distance
between the evaporation source and cluster beam was
about 4 cm. At a working pressure of about 5 X 1074
Torr, the paraffin was observed to evaporate with an R,
of 0.09 nm/s at 60 °C. R, reaches to 7 nm/s at 100 °C
and increases rapidly upon further increase in T.. With
both the cluster beam and thermal evaporation of par-
affin on, we measured the deposition rate of TiO, nano-
particles (R.) by placing the quartz crystal thickness
monitor at the exact position where the substrates were
kept during the sample preparation. When TiO, nano-

postdeposition heat treat-
ments, however, can lead to
poor control in the particle size
and size-distribution.'® In the
present study, the oxidation of
Ti clusters, irrespective of their
sizes, was controlled precisely
by adjusting the partial pres-
sure of oxygen in the gas-
aggregation region, resulting
in the growth of uniform TiO
and TiO, nanoparticles having
spherical shape. Although a
pulsed microplasma cluster
source has been used to grow 20
nanocrystalline TiO, films by
ablating atomic titanium using
a pulsed jet of He and Oy, this
method resulted in a broad
crystallite size-distribution
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Figure 6. (a) X-ray diffractograms of TiO,—paraffin core—shell nanoparticles prepared
at different T, (measured with a scan speed of 3 s for each data point at an interval of
0.03°); (b) the corresponding X-ray diffractograms of TiO,—paraffin core—shell nano-
particles measured with a very slow scan speed of 6 s for each data point at an inter-
val of 0.004° from 20 = 20.5°—24.5°.
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particles passed through the evaporation cham-

ber, paraffin was directly deposited on their sur-
face to form nanoshells, resulting in an increase

Al electrode (50 nm)
T Ty "’

in Rc as shown in Figure 5. At T, = 60 °C, R. does bl ..4 e 114 -~

not show any increase as compared to that of un- -
coated nanoparticles, probably due to a very

49T © 49V @

Al electrode (50 nm)

thin nanoshell coating. A considerable increase
in R, however, was observed with increasing T,
above 100 °C due to an increase in the thickness
of the paraffin nanoshells.

X-ray diffraction measurements of
TiO,—paraffin core—shell nanoparticles mea-
sured at 20 ranging from 20° to 30° are shown
in Figure 6a, where 6 is the incident angle of the
X-rays. To detect the low-intensity diffraction
peaks corresponding to a very thin coating of
paraffin, X-ray diffractograms of TiO,—paraffin
core—shell nanoparticles were measured at a
very slow scan rate in the 26 range of 20.5° to
24.5° (see Figure 6b). Note that the recorded
X-ray diffractogram of pure paraffin was ob-
served to show a predominant peak at 26 =
21.8° along with a comparatively weak peak at
26 = 24.3° corresponding to (110) and (200) of
orthorhombic structure (not shown in the Figure
6). X-ray diffractograms of the TiO,—paraffin
core—shell nanoparticles prepared at T, of 60 °C
did not show diffraction peaks corresponding to
paraffin (curve i in Figure 6a and Figure 6b) prob-
ably due to the very thin paraffin coating. On
the other hand, the diffraction peaks correspond-
ing to paraffin were visible (indicated by an ar-
row in curve ii in Figure 6a and Figure 6b) for
core—shell nanoparticles prepared at T, = 110

-

Quartz Substrate

15.0kV 10.7mm x50.0k SE(U)

Figure 7. (a) A typical TEM image showing the TiO,—paraffin core—shell nanopar-

ticles prepared at T, = 110 °C, where a single core—shell nanoparticle recorded at
higher magnification is shown in the lower inset. A schematic diagram of a parallel-
plate capacitor in which TiO,—paraffin core—shell nanoparticle layer having thick-

°C and become dominant in comparison with the ~ ness of 220 nm used as a dielectric is shown in the upper inset. (b) Cross-sectional

diffraction peaks from anatase and rutile TiO,

FESEM image of a parallel-plate capacitor, consisting of a TiO, nanoparticle dielec-
tric layer of ~1 um thickness with a ~60 nm thick bottom and ~100 nm top alumi-

structures for core—shell nanoparticles prepared  num electrodes, fabricated on a thin SiO,-covered Si substrate.

at T. = 165 °C (curve iv in Figure 6a and Figure

6b). Therefore, these results reveal that the thickness
of the paraffin shell around the TiO, nanoparticle core
increases with an increase in the evaporation tempera-
ture of paraffin.

The internal structure of the TiO,—paraffin
core—shell nanoparticles was probed using TEM. In an
agreement with the XRD results, the paraffin-coated
TiO, nanoparticles show a core—shell structure as
shown in the TEM micrograph of TiO,—paraffin
core—shell nanoparticles prepared at T. = 110 °C (Fig-
ure 7a). The TEM studies also revealed that the thickness
of the paraffin nanoshell (3) increased from 2 to 3.5
nm on increasing T, from 110 to 165 °C. Note that for-
mation of core—shell nanoparticles is strongly depend-
ent on the material systems in most of the synthesis
techniques. For example, in the case of bimetallic nano-
particles, a significant difference in their atomic sizes
and surface energies resulted in a preferential surface
segregation of the material having relatively large

www.acsnano.org

atomic size and low surface energy, leading to the
spontaneous formation of core—shell structures.?*¢
However, for this study, the paraffin nanoshells were di-
rectly deposited on the surface of the TiO, nanoparti-
cles in the gas phase, while they were in-flight. The thin
coating of paraffin nanoshells separates the TiO, nano-
particles and prevents them from contacting each other
on substrates. In addition, paraffin nanoshells act as a
matrix and an increase in the coating thickness will de-
crease the volume fraction of TiO, nanoparticles.
Parallel-plate capacitors made of TiO,—paraffin
core—shell nanoparticles as dielectrics were fabricated
(schematically shown in upper inset of Figure 7a for in-
vestigating their dielectric properties. Note that the film
is also expected to have a certain volume fraction of
voids (see upper inset of Figure 7a), which will reduce
the effective dielectric constant. The presence of voids
in the nanoparticle layer is clearly seen in the cross-
sectional field emission scanning electron microscope
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Figure 8. The frequency-dependent capacitance of the
TiO,—paraffin core—shell nanoparticle layers having differ-
ent paraffin nanoshell thicknesses (3).

(FESEM) image of a typical parallel-plate capacitor, con-
sisting of a TiO, nanoparticle dielectric layer of ~1 pm
thickness with a ~60 nm thick bottom and ~100 nm
top aluminum electrodes, fabricated on a thin SiO,-
covered Si substrate as shown in Figure. 7b. Since the
insulating quartz substrate showed a strong charging
effect during the FESEM measurements, the Si substrate
was used for these measurements. It is also clear from
Figure 7b that the crystallites in the top aluminum film
have much bigger sizes of ~40 nm as compared to TiO,
nanoparticles (also see the Supporting Information).
The frequency-dependent capacitance and dielectric
loss of capacitors having TiO,—paraffin core—shell
nanoparticle films with varying & as dielectrics are
shown in Figure 8 and Figure 9, respectively. The ca-
pacitance of core—shell nanoparticles increases with a
decrease in § from 3.5 (curve iii in Figure 8) to 2.0 nm
(curve ii in Figure 8) and shows higher values for pure
TiO, nanoparticles (curve i Figure 8). This is due to an in-
crease in the effective dielectric constant caused by an
increase in the volume fraction of TiO, nanoparticles.
The effective dielectric constant at 1 kHz estimated
from the capacitance spectra for the TiO,—paraffin
core—shell nanoparticles having different 3 values of
3.5, 2.0, and 0 nm are about 4, 11, and 58, respectively,
where the dielectric constant of pure paraffin is about 2.
Although the presence of voids is expected in the nano-

1 () TIO, (5= 0 nm)
»
7}
(]
-
L
©
2
©
50.1 1

100
Frequency (kHz)

0.1 1 10 1000

Figure 9. The frequency-dependent dielectric losses of the
TiO,—paraffin core—shell nanoparticle layers having differ-
ent nanoshell thicknesses ().
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particle dielectric layer as shown in the cross-sectional
FESEM image, the experimental evaluation of the void
fraction in these layers is difficult because of their inho-
mogeneous distribution. However, a decrease in the ef-
fective dielectric constant is clearly seen in these nano-
particles. For example, the effective dielectric constant
of pure TiO, nanoparticles decreases to 58 as compared
to the bulk value of 80 due to the presence of voids.*
It has been reported that the capacitance of TiO,
thin films decreased rapidly on increasing the frequency
from a few Hz to 10 kHz owing to trapped charge states
and to remain nearly constant at high frequencies and
this dependence of dielectric constant on the frequency
is called as dielectric dispersion.3®4° By contrast, the ca-
pacitance of the films composed of TiO, and
TiO,—paraffin core—shell nanoparticles shows a com-
paratively very small decrease in capacitance on in-
creasing the frequency up to 1 kHz and then remains
nearly constant up to 1 MHz. Figure 9 shows the
frequency-dependent dielectric loss of core—shell
nanoparticles with varying §; this loss should be a mini-
mum for potential applications. TiO,—paraffin
core—shell nanoparticle layers, for example core—shell
nanoparticles having a shell thickness of 3.5 nm, show a
dielectric loss varying from 0.40 to 0.06 in the frequency
range 100 kHz—100 MHz (curve iii of Figure 9), which
is comparable to 0.05 observed in case of
oxide —polymer nanocomposites' '8 and is far better
than the dielectric loss (1 to 0.1) of polycrystalline TiO,
films observed in this frequency range .33’

CONCLUSIONS

We have used a hybrid deposition method consisting
of the plasma-condensation-type cluster-deposition tech-
nigue and thermal evaporation source to produce
TiO,—paraffin core—shell nanoparticles. This experimen-
tal method can be extended easily to produce core—shell
nanoparticles, irrespective of material systems, from a va-
riety of inorganic—organic or inorganic—inorganic mate-
rials with novel functional properties. Monodisperse and
spherical TiO, nanoparticles were produced by optimiz-
ing the oxygen flow rates in the gas-aggregation cham-
ber and were coated with uniform paraffin nanoshells,
when they were in-flight toward the substrates. The paraf-
fin nanoshells prevent the TiO, nanoparticles from con-
tacting each other and also act as matrix. XRD and TEM re-
sults show that the thickness of the paraffin nanoshells
can be controlled precisely by adjusting the evaporation
temperature. Parallel-plate capacitors with TiO,—paraffin
core—shell nanoparticles with varying shell thickness as
dielectric were fabricated. The effective dielectric constant
of TiO, —paraffin nanocomposites was tailored by control-
ling the thickness of the paraffin nanoshells. As com-
pared to polycrystalline TiO, films, TiO,— paraffin
core—shell nanoparticles show low dielectric dispersion
and dielectric loss in the frequency range of 100 Hz to 1
MHz.
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EXPERIMENTAL METHODS

Growth of Monodisperse Ti0, Nanoparticles. The experimental appa-
ratus (Figure 1) consists of a cluster-formation chamber having
a magnetron plasma-sputtering discharge with a gas-
aggregation tube cooled using water, an evaporation chamber
for coating the paraffin nanoshells on the surface of nanoparti-
cles prior to the deposition, and a deposition chamber, where
the substrates were kept at room temperature. The base pres-
sure of all of the chambers was about 1 X 1076 Torr. We used wa-
ter to cool the gas-aggregation tube for promoting the oxide for-
mation instead of the liquid nitrogen cooling generally used for
producing metal and alloy clusters. The Ti vapor was produced
from a high purity Ti target (99.99%) using DC magnetron sput-
tering, where argon (Ar) and helium (He) were used as sputtering
gases. During deposition, the gas-aggregation chamber was
maintained at about 5 X 107" Torr, whereas the evaporation
and deposition chambers were kept at relatively low pressures
of about 5 X 107* Torr. The sputtered Ti atoms in a cooled inert
gas-ambient aggregated into Ti clusters, which were subse-
quently oxidized to obtain TiO, nanoparticles with different sto-
ichiometries and crystal structures by varying the oxygen flow
rates from 6.7 to 80 SCCM (standard cubic centimeter per
minute), while keeping the flow rates of Ar and He constant as
275 and 100 SCCM, respectively.

Formation of Paraffin Nanoshells. TiO, nanoparticles were ex-
tracted through a series of collimated apertures and skimmers
as a well-focused beam toward the deposition chamber. Paraf-
fin (melting point of ca. 70—80 °C, Sigma Aldrich) was evapo-
rated using a resistively heated stainless steel crucible to coat
the TiO, nanoparticles with paraffin nanoshells, while the nano-
particles passed through the evaporation chamber. The evapora-
tion temperature of paraffin (T,) was varied from 60 to 165 °C
to control the thickness of the paraffin nanoshells.

Structural Characterization. Bare TiO, and TiO,—paraffin
core—shell nanoparticles are deposited on Si substrates and
carbon-coated Cu grids to investigate their structural properties
using X-ray diffraction (XRD: Rigaku D/Max-B diffractometer) and
transmission electron microscope [TEM: JEOL 2010 (acceleration
voltage, 200 kV; resolution, ~1.94 A; and operating pressure, ~
107° Torr)], respectively. The complete X-ray diffraction spectra
of TiO, and TiO,—paraffin core—shell nanoparticles from 26 =
20° to 60° were recorded with a scan speed of 3 s for each data
point at an interval of 0.03°. To detect low-intense diffraction
peaks from paraffin nanoshells, a slow XRD scan with a speed
of 6 s for each data point at an interval of 0.004° from 26 =
20.5°—24.5° was performed for TiO,—paraffin core—shell
nanoparticles.

Fabrication and Characteristics of Capacitors. Parallel-plate capaci-
tors with bare TiO, and TiO,—paraffin core—shell nanoparticle
layers of thickness ~ 220 nm as dielectrics and aluminum thin
films of 50 nm thickness as top and bottom electrodes were fab-
ricated for capacitance measurements, which were made with
an impedance analyzer (HP 4192A) at 0.1 V amplitude. Square-
shaped Al electrodes were fabricated using vacuum thermal-
evaporation of aluminum. The thicknesses of the dielectric and
aluminum films were measured using quartz crystal thickness
monitor. The area of the capacitors having TiO, and
TiO,—paraffin core—shell nanoparticle layers as dielectrics was
3 and 9 mm?, respectively. Field-emission scanning electron mi-
croscope [FESEM: Hitachi S4700 (magnification, up to 500 000X;
resolution, up to 1.2 nm) was used to record the cross-sectional
view of the parallel plate capacitor. For cross-sectional FESEM
measurements, we have fabricated a typical parallel-plate ca-
pacitor, consisting of a TiO, nanoparticle dielectric layer of ~1
pm thickness with a ~60 nm thick bottom and ~100 nm top
aluminum electrodes, on a thin SiO,-covered Si substrate.
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