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samples.

To interpret the dielectric in the CCTO ceramics, the
Maxwell-Wagner relaxation was used to describe a series
array of two sub-circuits, one in the grain and the other at the
grain boundaries [13,43]. In each sub-circuit, the resistor and
capacitor are in parallel. In this circuit, we can present the
static-permittivity, e;, and dielectric relaxation time, 7, in the
following form

2 2
o RgCg + Rgngb
* Co(Rg + Rep)?

. Ry Rop(Cyg + Cop)
Rg + Rgp

®)

C))

where Cy and Cg, are the capacitance of grain and grain
boundaries, respectively; Ry and Ry, are the resistor of grain
and grain boundaries, respectively; Co is the empty cell constant
and 7 is the time constant.
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It has been reported in the literature that for CCTO, Ry, > R,
and Cgp ~ 10 Cg [13,43]. We can estimate the static-permittivity
&, from Eq. (8),

gy~ Ceb (10)
Co

Thus, & is determined by the ratio between grain boundary
capacitance, Cgp, and empty cell capacitance, Co. Hence ¢ is
constant when Cgy, is temperature and frequency independent.
The implication is in good agreement with our experimental
results. We observed that dielectric constant is not depen-
dent on the frequency and only weakly dependent on the
temperature.
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Fig. 10. Arrhenius plot of dc conductivity oq. for the three sintered samples.

If we assumed that the grain boundary form a two-layer
capacitor with a thickness of (dg + dgp), where dg and dyy, are the
thickness of the grain and the grain boundary layer, respectively,
from Eq. (10), one obtains &} ~ egb(dg + dgp)/dgp; here ggp is
the dielectric constant of the grain boundary layer. Therefore,
even a small dielectric constant &g, can lead to a giant dielectric
constant &g if the ratio (dg + dgp)/dgp, is large. If the grain is about
10 pm, the grain boundary layer is about 0.01 wm and &g = 10,
then 8; ~ 10, 000. Therefore, the Maxwell-Wagner relaxation
can be used to explain the giant dielectric constant of our CCTO
samples.

Using the conditions, Rgp >> Ry and Cyp ~ 10 Cg [13,43]. We
can approximately obtain the time constant, 7, from Eq. (9),

Ceb
= ‘L'g C7g

Cgp
TR RyCop = (RgCy)—— an

Ce
where T3 =R, C, is the response time of the grain. It has been
reported that Cg and Cyyp, are independent of temperature [11,43],
thus, we can deduce 7, that follows the Arrhenius law, Eq. (5).
Let 7o = rg exp(Ug/kpT) (rg is pre-exponential factor and U,
is the activation energy of the grain conduction process), then
we modify Eq. (11) to

Cop U,
~ Ry,Cop = -2 ( 0 —& 12
oo = 2 (dow (5 2

From Eq. (12), t and 7¢ have the same temperature depen-
dence and the electrical response of the grains has the same
activation energy as that of the observed dielectric relax-
ation. Thus, we can conclude that the activation energy for
the response of the grains in CCTO_PC600, CCTO_PC700
and CCTO_PC800 are 0.116eV, which are close to the val-
ues of 0.109 eV for a chemical solution synthesized CCTO and
0.112eV for the recently reported by our group [14]. How-
ever, the value of 0.116¢eV is lager than 0.08 eV, which was
reported for samples made by solid-state reaction [11]. The
activation energy of grain in CCTO_PC600, CCTO_PC700 and
CCTO_PC800 are lager than activation energy of grain in sam-
ple made by solid-state reaction, which may imply that there
are fewer oxygen vacancies in the grains of CCTO_PC600,
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CCTO_PC700 and CCTO_PC800. This is reasonable because
CCTO_PC600, CCTO_PC700 and CCTO_PC800 were sin-
tered from powders. These powders were calcined at low
temperature (600, 700 and 800 °C) compared to the temper-
ature needed for the solid-state processing, which calcined at
1000 °C [11]. Similar suggestion was explained by Liu et al.
[13].

4. Conclusions

Nanocrystalline CaCus TisO1, powders with particle sizes of
30-100 nm have been synthesized by the polymerized complex
route. The powders were used to prepared bulk CCTO ceramics,
which exhibit giant dielectric response and have the dielec-
tric constant as high as 10,000-20,000 at 1 kHz. The dielectric
constant is weakly temperature dependent over the tempera-
ture range of —50°C to 200 °C. The high dielectric-constant
responses of these CCTO ceramics are not attributed to the ferro-
electric behavior, but rather to the Maxwell-Wagner polarization
mechanism.
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ABSTRACT Nanocrystalline CaCusTisO12 powders with par-
ticle sizes of 50-90 nm were synthesized by a simple method
using Ca(NO3),-4H;0, Cu(NOs3);-4H,0, titanium(diiso-
proproxide) bis(2,4-pentanedionate) and freshly extracted egg
white (ovalbumin) in aqueous medium. The synthesized pre-
cursor was characterized by TG-DTA to determine the thermal
decomposition and crystallization temperature which was found
to be at above 400 °C. The precursor was calcined at 700
and 800 °C in air for 8 h to obtain nanocrystalline powders of
CaCu3TigO12. The calcined CaCusTigsO, powders were char-
acterized by XRD, FTIR, SEM and TEM. Sintering of the
powders was conducted in air at 1100 °C for 16 h. The XRD re-
sults indicated that all sintered samples have a typical perovskite
CaCu3TisOq, structure and a small amount of CuO, although
the sintered sample of the 700 °C calcined powders contained
some amount of CaTiO3. SEM micrographs showed the aver-
age grain sizes of 12.04+7.8 and 15.5 £ 8.9 pm for the sintered
CaCu3TisO1, ceramics prepared using the CaCu3TigO12 pow-
ders calcined at 700 and 800 °C, respectively. The sintered
samples exhibit a giant dielectric constant, &’ of ~ 1.5-5 x 10%.
The dielectric behavior of both samples exhibits Debye-like re-
laxation, and can be explained based on a Maxwell-Wagner
model.

PACS 77.22.Gm; 81.05.Je; 81.07.Wx; 81.20.Ev

1 Introduction

Materials with high dielectric constant, good ther-
mal stability and Ba/Pb-free are widely used in technological
applications such as capacitors and memory devices. Re-
cently, there has been a great interest in synthesis and charac-
terization of a perovskite-type compound, CaCuzTizO1,, (ab-
breviated as CCTO) [1-15]. This non-ferroelectric material
exhibits giant dielectric constant of & ~ 10* (for polycrys-
talline ceramics) [1,2] and &’ ~ 10° (for single crystals) [3] in
the kilohertz region over the temperature range from —173 to

bd Fax: +66-43-202374, E-mail: sanmae @kku.ac.th

327 °C. This material does not undergo any structural change
over the same temperature range [1, 2] although its dielectric
constant abruptly decreases to less than 100 below —173°C
and shows a Debye-like relaxation [13]. The characteristic re-
laxation frequency follows approximately the Arrhenius law.
In addition to its interesting dielectric property, CCTO has
remarkably strong linear current—voltage characteristics with-
out the addition of dopants [16]. These excellent properties
render this material particularly attractive for a wide range of
applications.

So far, several models of the dielectric behavior of CCTO
material have been proposed to be due to either intrinsic or
extrinsic effect. Since the giant dielectric response of this
material was found to be very sensitive to the microstruc-
ture (such as grain size) and processing conditions (such as
sintering temperature and time, cooling rate, and partial pres-
sure) [11-14, 17, 18], more investigations tend to believe that
the high dielectric constant originates from the extrinsic ef-
fect, such as internal barrier layer capacitor (IBLC) [11,17],
contact-electrode effect [19,20], and special inhomogen-
ity of local dielectric response [21]. Although still unclear,
the IBLC explanation of extrinsic mechanism is widely
accepted [22-27].

CCTO powder was generally prepared by a standard
solid-state reaction method [1-3]. This method requires te-
dious work and a high temperature in the powder preparation
process. Moreover, it suffers from the disadvantages of in-
homogeneity. In contrast, synthesis from a solution affords
the reaction with a homogeneous mixing of the metal ions at
the atomic scale, shorter reaction time, and at lower tempera-
ture in the powder preparation process [28].

However, it has been only a few reports on the solution
methods to synthesize CCTO powders [8, 10, 13]. Therefore,
alternative simple solution routes by utilization of cheap,
nontoxic and environmentally benign precursors for prep-
aration of CCTO powders are still a challenge. Egg white
proteins are well known for their gelling, foaming and emul-
sifying characteristics, in addition to their high nutrition qual-
ity [29-31]. Due to its solubility in water and its ability to
associate with metal ions in solution, egg white has been
used as a binder cum gel forming material in shape form-
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ing of bulk and porous ceramics [32—-34]. Egg white has
been used as a matrix for entrapment of aluminum ions gen-
erating gel precursor which resulted in «-alumina particles
with crystalline sizes of 15—-80 nm after heat treatment as low
as 330°C [35]. Most recently, our group has reported the
use of egg white solution for the preparations of plate-like
clusters of CeO, nanocrystalline particles 6—30 nm in diam-
eter [36] and nanoparticles of NiFe,O4 with particle sizes of
60—-600 nm [37]. This method is simple, cost effective and en-
vironmental friendly, which is a promising synthesis route for
preparation of fine ceramic particles.

In this study, we report the synthesis and giant dielec-
tric properties of CCTO prepared by the simple egg white
solution route using Ca(NOs3), - 4H,0, Cu(NO3), -4H;O0, ti-
tanium(diisoproproxide) bis(2,4-pentanedionate) and freshly
extracted egg white (ovalbumin) in aqueous medium. The
synthesized fine CCTO powders were characterized by ther-
mogravimetric and differential thermal analysis (TG-DTA),
X-ray diffraction (XRD), Fourier-transform infared (FT-IR)
spectroscopy, scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). The effects of par-
ticle size of the synthesized powders on microstructure and
giant dielectric behavior of the sintered CCTO were also
investigated.

2 Experimental procedure

The nanocrystalline CCTO powders were pre-
pared by a simple egg white solution route. The procedures
used to synthesize the CCTO powders were similar to those
for the NiFe,O4 nanoparticles reported previously [37]. In
a typical procedure, 60 ml of egg white was first mixed
with 40 ml de-ionized water (3 : 2 ratio) under vigorous stir
at room temperature (27 °C) until homogeneous solution
was obtained. Subsequently, Ca(NOs3), -4H,0 (99.9% pu-
rity, Kento, Japan), Cu(NO3), - 4H,0 (99.5% purity, Carlo
Erba Reacgenti, Italy), and 75 wt. % titanium(diisopropoxide)
bis(2,4-pentanedionate) in 2-propanol (99%, Acros organics,
USA) in a mole ratio corresponding to the nominal compo-
sition of CaCu3TisO1,. These chemicals were added to the
egg white solution under vigorous stir at room temperature
for 2 h to obtain a well-dissolved solution. At this step, the
extracted egg white was acted as a matrix for entrapment
of Ca, Cu, and Ti ions generating gel precursor [35-37].
Throughout the whole process described above, no pH ad-
justment was made. Then, the mixed solution was evapo-
rated by heating on a hot plate at 100 °C under vigorous stir
for several hours until dried precursor was obtained. The
dried precursor was crushed into powder using mortar and
pestle.

In order to determine the temperature of possible decom-
position and crystallization of the nanoparticles, the dried
precursor was subjected to thermogravimetric-differential
thermal analysis (TG-DTA) (Pyris Diamond TG-DTA, Per-
kin—Elmer Instrument, USA). The crystallization seemed to
occur at temperature above 400 °C (Fig. 1). The dried pre-
cursor then was calcined in box-furnace at 700 and 800 °C
for 8h in air. The calcined powder precursors were re-
ground and passed through 106 pm sieve (Test sieve, En-
decotts Limited, England) to break up large agglomerates.
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FIGURE1 The TG/DTA curves of the thermal decomposition of

CaCu3TigOq; precursor at a heating rate of 15 °C/min in static air

The prepared CCTO powers were characterized by X-ray
diffraction (PW3040 Philips X-ray diffractometer with Cu K,
radiation (A = 0.15406 nm), The Netherlands), Fourier trans-
form infrared spectrometer (Spectrum One FT-IR Spectrom-
eter, Perkin—Elmer Instruments, USA), scanning electron
microscopy (LEO SEM VP1450, UK) and transmission elec-
tron microscopy (TEM, Hitachi H§100 200 kV).

The prepared powders were pressed uniaxially in a 16 mm
die with an applied pressure of 100 MPa. The compacts were
pressureless-sintered at 1100 °C for 16 h in air in a box fur-
nace with heating and cooling rates of 5°C/min. The sin-
tered disc samples of ~ 14 mm in diameter with a thickness
of ~2mm were obtained. The average grain size of each
sintered CCTO ceramic was measured using a standard line
intercept technique from SEM micrographs of sintered CCTO
surfaces and counting at least 200 intercepts for each mi-
crograph. Throughout this article, we assigned symbols of
CCTO_EW700 and CCTO_EWS800 for the sintered CCTO
samples fabricated using the CCTO powders calcined at 700
and 800 °C, respectively.

The capacitance, C, and loss tangent, tan §, were carried
out as a function of frequency (100 Hz—10 MHz) and tem-
perature (—50 to 4190 °C), using a Hewlett Packard 4194A
Impedance Gain Phase Analyzer at an oscillation voltage of
1 V. Each measured temperature was kept constant with an ac-
curacy of £1 °C. Silver paint was coated on both surface of
the samples and dried over night. The complex permittivity,
&*, was calculated as follows:

e =¢ —ig", (1)
where

Cd
g = S()—A s 2
¢ =¢'tané, 3)

where g is the permittivity in free space, A is the sample area
and d is the sample thickness. The values of ac conductivity,
0,c, were derived from [38]:

O = wepe” . “4)
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3 Results and discussion

The simultaneous TG-DTA curves of the gel pre-
cursor in flowing air are shown in Fig. 1. The TG curve in
Fig. 1 shows a minor weight loss step between ~ 30 °C and
300 °C. A slight weight loss was observed between 300 and
400 °C, and almost no weight loss was observed at above
500°C. The first weight loss (30-300 °C) is related to the
losses of moisture, trapped solvent (water and carbon diox-
ide), alkoxide, and nitrates. A slightly weight loss was ob-
served between 300 and 400 °C, relating to the losses of or-
ganic species associated in the precursor (the remaining or-
ganic mass in ovalbumin), or the residual carbon. Almost no
weight loss could be observed at above 400 °C, suggesting the
formation of crystalline CCTO as a decomposed product. This
is confirmed by the XRD results as shown in Fig. 2. On the
DTA curve (Fig. 1) three endothermic peaks were observed at
~ 57,103, and 219 °C, respectively. The one exothermic was
observed at 304 °C. The three endothermic peak confirms the
combustion of water, whereas the one exothermic peak con-
firms that the thermal events was associated with the burnout
of organic species involved in the precursor powders of the re-
sidual carbon or due to direct crystallization of CCTO from
the amorphous component. No further weight loss and no
thermal effect were observed above 400 °C, indicating that no
decomposition occurs above this temperature. Note that this
precursor was calcined in air at 700 and 800 °C for 8 h.

Figure 2 shows XRD patterns of (a) dried precursor and
CCTO powders after calcination in air at (b) 700 °C and (c)
800 °C for 8 h. The main peaks of all calcined CCTO powders
are comparable to those of the standard powder XRD pattern
of CCTO in the JCPDS card No. 75-2188. In addition, the fol-
lowing phases of CaTiO; (JCPDS card No. 82-0228), CuO
(JCPDS card No. 80-0076) and Anateses-TiO, (JCPDS card
No. 78-2486) are also observed. It is suggested by Guilleemet-
Fritsch et al. [39] that the pure CCTO phase is obtained only
when the ratio of calcium, copper and titanium are close to
the stoichiometric ones. The CaTiO3 phase appears if an ex-
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FIGURE 2 XRD patterns of (a) dried precursor and CaCu3TisOpo
nanopowders calcined in air for 8h at (b) 700°C, and (c¢) 800°C.
(* — CaTiOs, + — CuO, A — Anatase-TiO5)

cess of titanium is present, and at the same time when the
copper content slightly decreases. It is also suggested that
the excess of titanium leads to the precipitation of CaTiOs,
even if there is no excess of calcium [39]. Since both calcium
and titanium form a second phase, copper is then in excess,
with respect with the stoichiometry of CCTO. Hence, the pre-
cipitation of the copper oxide (CuO) is observed, beside the
CCTO and CaTiO3 phase. From the line broadening of the
main peaks, the crystallite size (D) was estimated using the
Scherrer formula [40]:

D= K\/(Bcosb), (5)

where A is the wavelength of the X-ray radiation, K is a con-
stant taken as 0.89, 6 is the diffraction angle. 8 is the full width
at haft maximum (FWHM) and is given by 8 = (ﬂg - ﬂiz)l/ 2,
where B, and g; are the widths from the observed X-ray peak
and the width due to instrumental effects, respectively. The
particle sizes are found to be 66.7 +27.5 and 86.24+35.2 nm
for the powders calcined at 700 and 800 °C, respectively. The
values of lattice parameter a calculated from the XRD spectra
were obtained to be 7.374 40.002 and 7.390 = 0.0005 A for
the CCTO powders calcined at 700 and 800 °C, respectively.
The particle sizes and lattice parameters are also summarized
in Table 1.

Figure 3 shows FT-IR spectra of the dried precursor
and CCTO powders after calcination in air at 700 °C and
800 °C for 8 h. The calcined CCTO powders show the main

Material Particle size Particle size Lattice
from XRD from TEM parameter a
(nm) (nm) (A)
ASTM (75-2188) - - 7.391+£0.001
700 °C powders 66.7+27.5 56.7+7.9 7.374+£0.002
800 °C powders 86.2+35.2 84.9+15.3 7.390+ 0.0005
TABLE 1 Summary of particle size analysis obtained from XRD and

TEM; and lattice parameter (from XRD) of CCTO powders compared to the
ASTM value

Transmittance (a.u.)

T
800

T
1000

T
1200
Wave number (cm™)

FIGURE 3 FT-IR patterns of (a) dried precursor and CaCu3TizOq2
nanopowders calcined in air for 8 h at (b) 700 °C, and (¢) 800 °C
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absorption bands at 561, 516, and 437 cm~!. These bands
are assigned to the absorption regions for Ti ion, which
are associated to vri_g of 653-550 cm™~! and (Ti—O—Ti of
495-436 cm™!) [4,41].

Morphology of the calcined CCTO powders and micro-
structure of the sintered CCTO ceramic samples revealed by
SEM are shown in Fig. 4. Figure 4a and b show CCTO par-
ticles with sizes of about 60 nm, and 100 nm for the 700 °C
and 800 °C calcined samples, respectively. These values were
larger than those obtained from X-ray line broadening calcu-
lation. Some agglomerates were observed in all of the cal-
cined powders. The particle size of the powder increased
with increasing calcination temperature. After sintering at
1100°C for 16h, the bulk CCTO ceramics with different
microstructure were obtained. The CCTO_EW700 (Fig. 4c)
and CCTO_EWS800 (Fig. 4d) showed mean grain sizes of
12.0£ 7.8 wm and 15.5 £ 8.9 pum, respectively.

Figure 5 shows TEM images and the corresponding se-
lected area electron diffraction (SAED) patterns of the cal-
cined CCTO powders. It is clearly seen from the TEM bright-
field images that both powder samples consist of nanocrys-
talline CCTO particles, whose size increases with increasing
calcination temperature. The 700 °C calcined sample contains
nanoparticles of 56.7+£7.9nm in size whereas the 800°C
calcined sample contains nanoparticles of 84.9+ 15.3 nm.
The observed particle sizes are in good agreement with re-
sults determined from X-ray line broadening (see summary
in Table 1). Electron diffraction of particles with higher cal-
cination temperature contains more intense spots as shown
in the 800 °C calcined powders, indicating the larger particle
size of highly crystalline compared to the 700 °C calcined
samples. The interplanar spacings (djx) measured from the

FIGURE 4 SEM micrographs of
the CCTO powders and sintered
CCTO materials. (a,b) are the pow-
ders calcined for 8 h in air at 700 °C
and 800 °C, respectively. (c, d) are
the microstructure of the sintering
CCTO_EW700, and CCTO_EWS800,
respectively

selected-area electron diffraction patterns are in good agree-
ment with the values obtained from the standard data JCPDS:
75-2188 (for CCTO) and 89-0056 (for CaTiO3) as summa-
rized in Table 2.

Figure 6 shows XRD patterns of the CCTO ceramics sin-
tered in air at 1100 °C for 16 h, confirming a main phase of
CCTO and a small amount of CuO in both the CCTO_EW700
and CCTO_EWS800 although a small amount of CaTiO3; was
present in the CCTO_EW700 sample. The presence of addi-
tional CaTiOj3 in the sintered CCTO_EW700 is possibly due
to the presence of excess titanium on the powders, calcined at
700 °C. Guilleemet-Fritsch et al. [39] suggested that the tita-
nium content mostly controls the phase composition (single
or second phase material) of the CCTO materials. Therefore,
we think that the excess of titanium leads to the precipita-
tion of CaTiOj3 in our CCTO_EW700 sample. In the case of
CCTO_EW800, however, the CaTiO3 phase is not observed.
This implies that 800 °C — calcined powders have no excess
of titanium. For the presence of the CuO phase in both the
samples of CCTO_EW700 and CCTO_EWSQ0O0, it is possible
that the Cu rich phase derives from the diffusion of Cu to
the defects present, after which gross excess causes the crys-
tallization of the separate CuO phase [42]. The CuO phase
within the ceramics implies that excess copper is in the form
of a copper rich phase at the grain boundaries [43]. The values
of lattice parameter a calculated from the XRD spectra were
7.388+£0.001 and 7.393+0.001 A for the CCTO_EW700
and CCTO_EWS800, respectively (see summary in Table 3).

Figure 7a and b show the real and imaginary parts of
dielectric dispersion for the samples of CCTO_EW700 and
CCTO_EW800 at various temperatures between —50 and
—10°C. It is clearly seen from Fig. 7a.1 and 7b.1 that both
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samples have very high dielectric constant, &', of ~ 2.5 x 10*
(at 1 kHz) for CCTO_EW700 and ~ 1.5 x 10* (at 1 kHz) for
CCTO_EWS00. ¢ has little frequency dependence at low fre-
quency (below 100 kHz). Figure 8 compares the temperature
dependence of the dielectric constant with the loss tangent
at a frequency in the range of 100 Hz—1 MHz for the sam-
ples of CCTO_EW700 and CCTO_EWSO00. It is seen that
the samples exhibits a giant dielectric constant, &', ~ 5 x 10*
(at 1kHz) for CCTO_EW700 (Fig. 7c.1) and ~ 4 x 10* (at
1 kHz) for CCTO_EW800 (Fig. 7d.1) at 150-190°C with
weak frequency dependence above 1 kHz. The values of tan §
of both samples (Fig. 7c.2 for CCTO_EW700 and Fig. 7d.2
for CCTO_EW800) are high and are in the range of ~ 0.2-30
at temperatures between —50 and 190 °C. These tan § values

Ring Measured interplanar spacing Standard data
of CCTO samples dpy (A) (JCPDS: 75-2188)
700 °C powder 800 °C powder dpu (A) hkl
R 2.9719 2.9382 3.0173 211
Ry 2.5856 2.5456 2.6131 220
R3 2.1021 2.1912 2.1336 222
R4 1.8468 1.8469 1.8477 400
Rs 1.6789 1.6574 1.6526 024
TABLE 2 Measured interplanar spacings (dpk) obtained from selected-

area electron diffraction patterns of CCTO samples calcined at 700, and
800 °C for 8 h shown in Fig. 5. Corresponding values from the standard data
JCPDS: 75-2188 are also provided for a comparison

FIGURE 5 Bright field TEM im-
ages with corresponding selected-
area electron diffraction (SAED)
pattern of CaCu3TisO12 powders
calcined in air for 8 h at different tem-
peratures: (a) 700 °C and (b) 800 °C

101CTO \
(CTO-CaTi0O3)

2 2 i400

w024
-

increase with increasing temperature. The high ¢ at low fre-
quency may imply that there have grain boundary contribu-
tions in these sintered CCTO ceramics [44]. The values are
similar to the those reported by Jin et al. [10] and Liu et
al. [13] who reported values of &’ ~ 10* (at 1 kHz) for CCTO
samples prepared from a solution route; and by Ramirez
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FIGURE 6 XRD patterns of (a) 700 °C; and (b) 800 °C, respectively. All
sintering was done in air at 1100 °C for 16 h. The indexed planes indicated in
all pattern are for CCTO main structure. (* — CaTiO3z and 4+ — CuO)
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CCTO-EW800 15.5+£8.9 7.393£0.001 0.210 0.650

etal. [1], and Bender and Pan [12], whose samples prepared
from a solid state reaction method. These values, however, are
much higher than ~ 3 x 103 of the polymeric citrate precursor

routed CCTO ceramics reported by Jha et al. [8].

FIGURE 7 The frequency depen-
dence of the complex permittiv-
ity, &*, at low temperature be-
tween —50°C and —10°C for
CCTO_EW700 (a.1 and a.2) and
CCTO_EWS00 (b.1 and b.2), re-
spectively. (a.1) and (b.1) display
the real part ¢; (a.2) and (b.2) dis-
play the imaginary part &”. The
(c.1)-(d.1) and (c.2)-(d.2) show the
temperature dependence of the di-
electric constant, &, and tan § at fre-
quency between 100 Hz and 1 MHz
for CCTO_EW700 (c.1 and ¢.2) and

CCTO_EW800 (d.1-d.2), respec-
tively
TABLE 3 Summary of grain size

(from SEM), lattice parameter (from
XRD), activation energy of grains
(obtained from the curve fitting using
(6)), and activation energy of grain
boundaries (obtained from the curve
fitting using (9)

The imaginary parts of dielectric dispersion, &” are shown
in Fig. 7a.2 and b.2 for the samples of CCTO_EW700 and
CCTO_EW800, respectively. By considering these results,

we cannot apply the empirical Cole—Cole relation to fit these
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FIGURE 8 Arrhenius plot of the relaxation time for the sintered CCTO
ceramics

data because the samples contain numerous grain boundaries
or grain boundaries relaxation which was affected by low
frequency [44]. However, we can apply the Debye-like relax-
ation model to these data since there are the relaxations con-
tributed from the grains. The &” shows a clear Debye-like re-
laxation peak shifting from a constant value at low frequency
to a small saturated value at higher frequency. The electrical
response from the grains has a very high response frequency
because of their small resistance and capacitance [13]. We can
determine the dielectric relaxation time, 7, by following the
Arrhenius law of

T=r1oexp (E;/kgT) , (6)

where 1 is the pre-exponential factor, E; is the activation en-
ergy for the relaxation, kg is the Boltzmann constant, and T
is the absolute temperature. The activation energy of an elec-
trical response, at different temperature can be derived from
the response time (t = 1/2x f, where f is the response fre-
quency at which the imaginary part of the complex impedance
has a maximum). From the fitting shown in Fig. 8, we obtain
the activation energy of the dielectric relaxation to be 0.175 eV
for CCTO_EW700 and 0.210 eV for CCTO_EW800.

The ac conductivity, o,, in most of the materials due to
localized states may be described by [45]

Oac = 0dc + Afn > (7

where oy, is direct current conductivity. A,andn (0 <n < 1)
are two temperature-dependent adjusting constants. From (7),
the term of oy presents the frequency independent part of the
conductivity whereas the term of A f” is the frequency depen-
dent part of the conductivity. However, our results did not fit
well with (7) but the data can be fitted to equation

GaCZng+aft+af2» ®

where oy, is the dc gain boundary conductivity, a, ¢ and o
are three adjustable constants [45]. In (8), the ogp +a f” term
describes the grain boundary conductivity relaxation [45].

The o f? term describes the transition between the two afore-
mentioned relaxation behaviors [45,46]. Figure 9 shows
the log—log plot of ac conductivity versus frequency of the
CCTO ceramics at five different temperatures. The solid lines
in Fig. 9a and b are the fitted results of (8) with r = 0.53.
For the CCTO_EW700, when the temperature increases
from 150°C to 190°C, oy and a increase from 3 x 1076
to 1.5x 107> S/cm and 9 x 1078-2.2 x 10~7 S/cm, respec-
tively. For the CCTO_EWS800, when the temperature in-
creases from 150°C to 190 °C, the values of oy, increases
from 2 x 107°-9.5 x 107° S /cm, whereas the values of a rise
from 7 x 1078 t0 2.2 x 10~7 S/cm. From the fitted results, we
can obtain the dc gain boundary conductivity for the CCTO
ceramics at different temperatures, and then we can fit oy, also
by following the Arrhenius law of

Ogp = agb exp (—E,/ksT) , 9)

where agb is the pre-exponential factor, E, is the activation
energy. From the fitting (Fig. 10), we obtain the activation
energies of the dielectric relaxation for CCTO_EW?700 and
CCTO_EWB800 to be 0.680eV and 0.650eV, respectively.
These two values are comparable to the reported values of
0.60eV [11] and 0.658-0.678 eV [18] for the grain bound-
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FIGURE 9 The frequency dependence of the ac conductivity, oy, at high
temperature ranging between 150 °C and 190 °C for (a) CCTO_EW700, and
(b) CCTO_EW800, respectively. The solid lines are the fits according to (8)
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FIGURE 10 Arrhenius plot of ac conductivity, o, for the sintered CCTO
ceramics

aries of CCTO ceramics. As mentioned previously, we have
shown that the all CCTO ceramics are electrically inhomo-
geneous. It consists of semi-conducting grains and insulating
grain boundaries, which can be described by the hypothesis of
the existence of internal barrier layers between the grains.

Since the dielectric response in both CCTO_EW700 and
CCTO_EWS800 shows the Debye-like relaxation which is
approximately equal to the pure Debye functional form of
a Maxwell-Wagner relaxation, the giant dielectric behavior
of both samples can be explained by using Maxwell-Wagner
relaxation model. The Maxwell-Wagner relaxation can be de-
scribed by an equivalent circuit consisting of a series array of
two sub-circuits, one representing grain effects and one grain
boundaries [11, 13]. In each sub-circuit, the resistor and ca-
pacitor are in parallel. From this equivalent circuit, the static
permittivity (&) and dielectric relaxation time (7) can be cal-
culated as

e = (R;Cg + Réngb) / [Co (Re+ Rgb)z:l (10)
and
T =[RyRop (Ca+ Cap)] / (Re + Rev) , (1)

where R, Ry, and Cy, Cy, are the resistance and capacitance
of grains and grain boundaries, respectively [47]. Since Ry, >
Ry, and Cyy is also much larger than C, [11, 13], the effective
dielectric permittivity (¢}) of the sample at frequencies much
lower than the relaxation frequency 1/2xt can, therefore, be
approximately from (10),

EQZCgb/Co. (12)

Thus, & is determined by the ratio between grain boundary
capacitance, Cgp, and empty cell capacitance, Cy. Hence ¢ is
constant when Cgy, is temperature and frequency independent.
The implication is in good agreement with our experimental
results. We observed that dielectric constant is little dependent
on the frequency and only weakly dependent on the tempera-
ture. And we can approximate t from (11) using

TR RyCqp = To(Cop/Cy) , 13)

where 1, = R, C, is the response time of the grains [13]. It
has been reported that C, and Cgy, are independent of tempera-
ture [11, 13], thus, we can deduce 7, that follows the Arrhe-
nius law, (6). Let 7, = rg exp(Ey/ksT) (rg is pre-exponential
factor and E, is the activation energy of the grain conduction
process), then we modify (13) to

Ca o
TR C—grg exp (Eg/kBT) .

(14)

Equation (14) shows that the activation energy of the di-
electric process approximately equals that of the grain con-
duction process. On the basis of this analysis, we can con-
clude that the activation energy for the response of the grains
in CCTO_EW700, and CCTO_EW800 to be 0.175¢eV and
0.210 eV, which are lager than the value (0.08 eV) reported by
Sinclair et at. using solid-state reaction [11].

From all the activation energy values, we have that
the grain boundaries of all CCTO ceramics have a much
larger activation energy (0.680eV for CCTO_EW700 and
0.650 eV for CCTO_EW800) than that of the grains (0.175 eV
for CCTO_EW700 and 0.210eV for CCTO_EW800). This
indicates that the all CCTO ceramics have a high en-
ergy barrier for the charge carriers to overcome. Therefore,
the grain boundaries exhibit insulating properties. In con-
trast, the smaller activation energy of grains displays semi-
conducting properties similar to occur in other titanate-based
materials [48].

At this time, the origin of semi-conducting grains and in-
sulating grain boundaries has not been clearly established. Liu
et al. [13] have proposed that the grains made by different
method could have very different electrical property. There-
fore, the larger activation energy of grains in CCTO_EW700
and CCTO_EWS800 compared to that of a sample made by
solid-state reaction implies that there are fewer oxygen vacan-
cies in the grains of CCTO_EW700 and CCTO_EWS800. This
is reasonable because CCTO_EW700 and CCTO_EWR&00
were sintered from powders, which were calcined at low
temperature (700 and 800 °C) compared to the temperature
needed for the solid-state processing. However, it is prema-
ture to associate the increase in grain activation energy of all
CCTO ceramics with its large dielectric constant.

4 Conclusions

CCTO nano-powders have been synthesized by
simple egg white solution route. The synthesized powders
were characterized by TG-DTA, XRD, FTIR, SEM, and
TEM. The powders calcined at 700 and 800 °C were used
to prepared bulk CCTO ceramics, which were sinterred at
1100°C for 16 h. The dielectric behaviour of CCTO ce-
ramics were obtained to similar to that of CCTO made by
solid state reaction, i.e., there are a Debye-like relaxation in
the samples and their giant dielectric constant are little de-
pendent of frequency and temperature below the relaxation
frequency. The dielectric properties of these CCTO ceramics
are attributed to the Maxwell-Wagner polarization mech-
anism. This work demonstrates that a simple solution route
using water-soluble egg white proteins can be used for prep-
aration of giant dielectric CCTO ceramics. We believe that
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the current simple, cost effective and environmental friendly
synthesis method using water-soluble egg white proteins can
be extended to prepare fine particles of other interesting
materials.
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We report the giant dielectric response in (Li,V)-doped NiO (Lig 5V0.02Nig.930, Lig.05Vo.05Nig.90 and Lig o5Vo.10Nig gsO) ceramics.
Microstructure and phase composition analyses reveal that the ceramics consist of a core/shell structure that is rich in V dopant at
the grain boundary. The dielectric response and related electrical properties of these materials are strongly affected by the V content.
The giant dielectric behavior of the LVNO ceramics is mainly attributed to the Maxwell-Wagner polarization and thermally acti-

vated mechanisms.
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High-permittivity dielectric materials with
good thermal stability and free of Ba and Pb have been
used for some time as important elements in capacitors
and memory devices, and have hence played a significant
role in microelectronics. In recent years there has been
intensive research into new high dielectric materials
because these might offer the opportunity to increase
the choice of materials for various practical applications.
High-permittivity NiO-based ceramics, non-perovskite
and non-ferroelectric materials with the formula
AB)Ni,_,_,0 (where A =monovalents of Li, Na, K
and B =Ti, Al, Ta, Si) [1-7], have attracted considerable
attention in recent years due to their impressive high
apparent dielectric permittivity (¢) of 10°-10°, which re-
mains constant over the temperature range from —50 to
150 °C [1,5]. Moreover, the dielectric properties of such
material systems can be tuned by varying the composi-
tion via additions of 4 and B [1]. However, an explana-
tion of this high dielectric permittivity is still unclear
and incomplete. Therefore, it is important to search for
the new giant dielectric materials in NiO-based ceramic
systems and attempt to clarify the origin of the giant

* Corresponding author. Tel.: +66 43 202222-9x2248; fax: +66 43
202374; e-mail addresses: sanmae@kku.ac.th; santimaensiri@gmail.
com

dielectric permittivity and the polarization relaxation
behavior of these ceramics.

In this paper, we investigate the dielectric properties
of polycrystalline Lig o5V ,Nigogs5_,O (LVNO) ceramics.
These materials exhibit giant ¢ values of 3-6 x 10%,
which decrease with increasing V content. The observed
core/shell structure in the LVNO ceramics may be
responsible for this apparent giant ¢'. Our results reveal
that the activation energy required for relaxation and
the related conduction activation energy in the grain
interiors increases with increasing V concentration,
and both of these activation energies are almost the
same in value. The giant ¢ behavior of this system is
mainly attributed to the Maxwell-Wagner relaxation
and thermally activated mechanisms.

In this WOI'k, NI(NO3)26H20, LINO3, C10H1405V,
(NH4),S,05¢ and acrylic acid were employed as starting
raw materials. The polycrystalline LVNO ceramic sam-
ples with different additions of V, ie. Lio_osVo_ozNioAg:),O
(LVNO-OZ), Li0_05V0.05Ni0_900 (LVNO-OS) and Li0_05
Vo.10Nip gsO (LVNO-10), were designed and prepared
by the following procedure. Firstly, stoichiometric
amounts of Ni(NO3),-6H,O, C;oH405V and LiNO;
were dissolved in 10 g of acrylic acid aqueous solution
(acrylic acid:H,O = 70:30 wt.%) under constant stirring
and heating at 100 °C. Secondly, a small amount
(0.5g) of 5% (NH4),S,05 aqueous solution as the
initiator was added to the mixed acrylic acid solution

1359-6462/$ - see front matter © 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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to promote the polymerization. Then, the gel precursors
were dried at 350 °C for 1 h. To obtain the LVNO pow-
ders, the dried gels were ground and later calcined at
700 °C for 5 h in air. The LVNO powders were pressed
into pellets 9.5 mm in diameter and ~1-2 mm in thick-
ness by a uniaxial pressing method at 200 MPa. Finally,
these pellets were sintered at 1280 °C for 4 h in air.

X-ray diffraction (XRD) (Philips PW3040, The
Netherlands) and scanning electron microscopy (SEM)
(Hitachi S-4700) coupled with energy-dispersive X-ray
spectrometry (EDS) were used to characterize the phase
composition and microstructure of the LVNO ceramics.
The sintered ceramic samples were polished and elect-
roded by silver paint on both sides of the disk-shaped
samples. The dielectric and electrical responses of the
samples was measured using a Hewlett—Packard 4194A
impedance gain phase analyzer over the frequency range
from 100 Hz to 10 MHz and at an oscillation voltage of
1.0 V. The measurements were performed over the tem-
perature range from —50 to 100 °C using an inbuilt cool-
ing-heating system. Each measured temperature was
kept constant with an accuracy of +1 K.

Figure la—c shows the XRD patterns of the LVNO
powders and the as-sintered ceramic samples with differ-
ent V-doped contents, confirming a main phase of NiO
in all the samples. The second phase of Ni;V,05 was
only observed in the LVNO powder samples, but was
not detected in the as-sintered LVNO samples. How-
ever, after the as-LVNO-10 sample was polished, the
second phase of Ni3V,0g could be observed (Fig. 1d).
This might be due to the outermost layer surface of
the sintered samples being V-phase deficient. A similar
observation has been reported for CaCu3TiyOq,
(CCTO)/Ag composites that are Ag deficient in the out-
ermost layer and Ag rich in the inner part [8]. SEM-
EDS measurements (the upper inset of Fig. 1) of the
grain and grain boundary (GB), however, show that
the GB is rich in V dopant that has been lost from the
grain. Therefore, our LVNO samples have a heteroge-
neous core/shell structure containing Li-doped NiO
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Figure 1. XRD patterns of the LVNO powders and sintered LVNO
ceramics: (a) LVNO-02 sample; (b) LVNO-05 sample; (¢) LVNO-10
sample; and (d) XRD pattern of LVNO-10 with polished surface. Inset
shows the element profile obtained from EDS spectra.

particles and insulating V-rich boundary layer (i.e.
Ni3V,0g), respectively.

The dielectric properties of the LVNO samples were
measured over wide ranges of temperature and fre-
quency. The ¢ values at 1 kHz and room temperature
for the LVNO-02, LVNO-05 and LVNO-10 samples
are 61,907, 34,854, and 30,503, respectively. All the
LVNO samples exhibit high ¢ values. ¢ decreases with
increasing V concentration, which can be attributed to
the increase in the thickness of the GB layer (7). A sim-
ilar result has been reported for Li,Ti,Ni;_,_,O
(LTNO) system, and the giant ¢ of this LTNO system
was explained by a simple series-layer model for the
boundary-layer capacitors (BLCs) [1]. Figure 2 demon-
strates the frequency dependence of the dielectric per-
mittivity (¢/) and dielectric loss (¢”) of the LVNO-05
sample at different temperatures. ¢ shows high values
at low frequencies, and rapidly decreases if the fre-
quency is sufficiently high. This step decrease shifts to
higher frequency with increasing temperature, corre-
sponding to the movement of the ¢’ peaks. This behav-
ior is similar to that observed in other NiO-based
ceramic systems [1,3-5] and the other giant dielectric
systems such as CCTO [9,10] and CuO ceramics
[11,12]. Such behavior is typical for the Maxwell-Wag-
ner relaxation, which is generally employed to describe
the observed high ¢ in electrically inhomogeneous mate-
rials [13]. Thus, the observed core/shell structure in our
LVNO samples is responsible for their apparent giant &'.

Usually, the dielectric relaxation behavior provides
important clues to explain the related mechanism in
materials [14]. Therefore, we plotted In(t) vs. 1/T in
the inset of Figure 2, in which the solid lines are the fitted
results obeying the Arrhenius law, i.e.
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Figure 2. Frequency dependence of (a) the dielectric permittivity (&)
and (b) dielectric loss (¢”) at different temperatures. Inset is the
temperature dependence of the relaxation time for the different LVNO
samples; the solid lines are fitted to experimental results by using Eq.

(D).
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7= 19exp(E./ksT), (1)

where 7 is the pre-exponential factor, E, is the relaxa-
tion activation energy, kg is the Boltzmann constant,
and T is the absolute temperature. 7 is calculated from
the relations wt =1 and o = 2nf,, where f, is the fre-
quency at the peak of &’ as displayed in Figure 2b.
According to the fitted curve in the inset of Figure 2
for the LVNO samples with different V contents, E,
values of 0.221, 0.250, and 0.261 eV can be obtained
for the samples of LVNO-02, LVNO-05 and LVNO-
10, respectively.

To characterize the electrical properties of the core/
shell structure in the LVNO ceramics, impedance spec-
troscopy (IS) [15], which is a powerful tool to separating
out the bulk and the GBs effects, was carried out. As
illustrated in Figure 3a, the impedance semicircle spectra
of the LVNO-10 sample become larger with decreasing
temperature. When the temperature is sufficiently low,
other impedance semicircles can be observed (inset of
Fig. 3a). The observation of the two semicircles suggests
that our LVNO ceramics are electrically heterogeneous,
and thus a core/shell model is used for further analysis.
Accordingly, the observed semicircles at higher and low-
er temperatures can be assigned to the effects of charge
transport within the grain and GB, respectively. Note
that the impedance spectra of the LVNO-02 and
LVNO-05 samples are similar to that of the LVNO-10
sample, but their impedance semicircles at low tempera-
ture cannot be detected (are not present). This might be
attributed to the electrical responses of the grain of these
samples being shifted out of the measured frequency
range.

As is known, the conduction mechanism of the Li-doped
NiO system can be well explained by the polaron hopping
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Figure 3. (a) Impedance spectra as a function of temperature for the
LVNO-10 sample. (b and c) Arrhenius plots of the grain and GB
conduction of the LVNO samples.

theory [4,13]. In polaronic scenario, the temperature
dependence of the conductivity (o) has a temperature-
dependent prefactor, described by [13]:

o oc T exp(—E/kgT), (2)

where E is the conduction activation energy. Normally,
the GB effect on electric conductivity may originate from
a GB potential barrier [13], which can be ascribed to the
V-rich boundary for the LVNO system. From the inter-
cepts of each semicircular arc with the real axis, the resis-
tance of the grain (R,) and the resistance of the GB (Ry)
can be calculated. As a result, conductivity data were ob-
tained for the grain (¢,) and GB (o4,) components. Inter-
estingly, the temperature dependence of o, and oy,
follows Eq. (2) as shown in Figure 3b and c, respectively.
As a result, the conduction activation energies inside the
grain (£,) and at the GB (Egy,) can be obtained-the values
of E, are 0.202, 0.246 and 0.274 eV, while the values of
E,p, are 0.323, 0.414 and 0.413 eV for the samples of
LVNO-02, LVNO-05 and LVNO-10, respectively. These
results strongly indicate that the grain and GB have dif-
ferent characteristics of electrical transport.

It is important to note that the values of E, and E, of
each sample are almost the same in value. A similar result
was observed in the LTNO system as reported by Lin
et al. [13]. The authors explained that the natures of the
charge carriers responsible for dielectric relaxation peaks
and DC conduction belonged to the same category,
which indicated that the polarization relaxation was clo-
sely related to the conductivity in the grain interior, and
the polarization process depended on the conductance of
charge in the grain interior. Moreover, it is interesting
that both E, and E, in our LVNO samples increase with
increasing V content, but Ey, changes only slightly when
the V-dopant level is more than 5 mol.%. These results
suggest that the Ni;V,0g phase only changes the 7, va-
lue, which has an influence on the ¢ value, but not the
intrinsic properties of the LVNO ceramics. Furthermore,
it can be seen that the concentration of the V dopant has
a strong effect on the electrical transport characteristic in-
side the grain and the related dielectric behavior of the
LVNO ceramics. This is due to the fact that some V
atoms have entered into the NiO crystal lattice (indicated
by the EDS analysis in the inset of Figure 1), leading to
the variation in E,. Obviously, the LVNO-02 sample with
the smaller E, value shows the highest ¢ value of these
three samples. This is possibly due to the following two
reasons. First, the polarization process is closely related
to the conduction of charge carriers in the grain interior
[16]; second, the #,, of the LVNO-02 sample is smaller
than those of the other two samples [1]. Additionally,
we found that the temperature at the loss peak at the
fixed frequency shifts to lower temperature with decreas-
ing V concentration (not shown), corresponding to the
decrease in E,. This is because the electrical charge carri-
ers in the grain interiors of the sample with the lowest E,
can easily be thermally activated. Therefore, the discrep-
ancy in £, and 74, of each sample caused by the different
concentrations of V doping results in the various dielec-
tric behavior observed in the LVNO system.

It is important to note that the loss tangents (tan J) of
these LVNO ceramics are still too high, i.e. tan ~ 13.06,
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1.13 and 1.34 (at room temperature and 1 kHz) for the
samples of LVNO-02, LVNO-05 and LVNO-10, respec-
tively. The high loss is undesirable for practical applica-
tions. Normally, it is believed that the strategy to reduce
the dielectric loss is to increase the resistance of GB [17].
This is reasonable for giant-permittivity core/shell mate-
rials because the charges in the semiconducting core
grains are restricted by the insulating GBs, under an elec-
tric field. However, tan 6 shows a small change when the
V concentration increases from 5 up to 10 mol.%, and
thus we believe that tan¢ in the LVNO ceramics cannot
be decreased by increasing the V concentration due to the
intrinsic properties of Ni;V,0Og phase. It will be very
important to look for suitable new B-dopants of 4.B,.
Ni;_,_,O which can modify the defect equilibrium at
GBs, leading to the higher resistance of GBs.

In conclusion, the giant dielectric permittivity, &', and
related electrical properties of LVNO ceramics have been
characterized as functions of frequency and temperature.
EDS results reveal that the structure is rich in V dopant
at the GB, and contains an insulating Ni;V,0g phase.
The concentration of V has a remarkable effect on the
dielectric properties of the LVNO ceramics due to the
difference in the values of E, and #,,. The giant & behav-
ior of the LVNO ceramics can be explained based on the
Maxwell-Wagner polarization (i.e. interfacial polariza-
tion) and thermally activated mechanisms.
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Abstract

Giant dielectric properties of Li,TiyNi,..., O ceramics were investigated as
functions of temperature, frequency, and dc bias. Our results revealed that the
concentrations of Li and Ti doping ions had a remarkable influence on the
microstructure and the dielectric properties of the Li,TiyNi,.,,O ceramics.
Interestingly, two thermally activated dielectric relaxations were detected in the
dielectric spectra of the Li,Ti,Ni,..,O ceramics, suggesting that there were at least
two sources of polarization contributing to the total dielectric response in the
Li, Ti,Ni,_,O ceramics. It was also suggested that the surface treatment had an
impact on the dielectric behavior of the Li,Ti,Ni,..,O ceramics. The observed
giant dielectric properties of the Li, TiyNi;_,,O ceramics might be attributed to an
internal barrier layer capacitance effect based on the Maxwell-Wagner polarization
or/and the small polaron hopping inside the grains.
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2™ international Workshop on Smart Materials and Structures, Kiel-Germany August 29-31, 2007

Morning sessions, Thursday, 2007-08-30

Room: 7.
8:30 K Setter: Small ferroelectric structures
9:10 | Sittner : Functional properties of ultrathin NiTi shape memory alloy wires
Break: Coffee / Tea
10:00 - 11:50 Dielectrics 10:00 - 12:10 | Nanostructured materials Iil
Chair: N. Mathur Chair: Rubahn
Room: 7 Room: 8
10:00 | Wang: Low loss dielectric 10:00 | ARubahn: Organic nanosensors:
composites for RF and microwave 1Developmen! and implementation
applications
10:30 T Banys: Dielectric dispersion in 10:30 T Wu : Preparation and characterization
nanograin PMN ceramics: of Co-BaTiOx/MgO(100) and Co-
comparison with PMN nanopowders BaTiO4/Si(100) nano-composite films
10:50 T Lente: Intrinsic and extrinsic 1050 T Strunskus : Polymer-metal
contributions to the dielectric nanocomposites for functional
|response in ordinary and relaxor applications
ferroelectric ceramics
11:10T Thongbai: Giant dielectric response |11:10T Larsen: Nano structured polymers
in CaCu;TisO12/(Li, Ti)-doped NiO with proton conductivity
nanocomposites subjected to post-
sintering and uniaxial stress
11:30T Jha: Impedance-spectroscopy 11:30T Lanceros-Méndez : Electroactive
analysis of BasSmTisNb;O; Ipolymer micro- and nano-composites
ferroelectric ceramics: Effect of based on PVDF
sintering conditions
1150T Maensiri: Fabrication,
characterization and magnetic
properties of electrospun Fe-doped
TiO, nanofibers
Lunch break




Thursday, 2007-08-30 11.10 Talk Dielectrics Room: 7

Giant dielectric response in CaCu;TisO,2/(Li, Ti)-doped NiO
nanocomposites subjected to post-sintering and uniaxial stress

Prasit Thongbai', S. Maensiri", Teerapon Yamwongz. and Rattikorn Yimnirun®

! Integrated Nanotechnology Research Center (INRC), Khon Kaen University and Small &
Strong Materials Group (SSMG), Department of Physics, Faculty of Science, Khon Kaen
University, Khon Kaen, Thailand

? National Metals and Materials Technology Center (MTEC), Thailand Science Park,
Pathumthani, Thailand

2 Department of Physics, Faculty of Science, Chiang Mai University, Chiang Mai, Thailand

This paper reports the influences of the post-sintering annealing in argon and uniaxial
compressive pre-stress on the giant dielectric properties of the CaCusTisO12—Lig3Tip.02Nipes0
nanocomposites ceramics sintered at 1100 C in air for 16 h. The giant values of the
dielectric permittivity as high as £~10° at various frequencies (f =100 kHz—1 MHz) over a
broad temperature range of -50 to 190 °C have been observed in polycrystalline
CaCugsTisO4, ceramics that are reinforced with small amount of Liy3Tige2NigssQ nanoparticles
of 39 nm. The dielectric behavior of CaCuzTisO;z and CaCusTisOi2—Lig3TigezNigsO
nanocomposites exhibits Debye-like relaxation which can be interpreted based on Maxwell-
Wagner model and discussed based on internal boundary layer capacitor effect. Post-
sintering annealing in argon for 5 h lead to a significant increase in &’ for CaCusTi,O,;
ceramic but a slight decrease in &” for the CaCusTisOi2—LigaTio02Niggs©O nanocomposite
ceramics. The dielectric properties of the argon-annealed samples change significantly with
the applied compressive stress (the absolute change can reach 16% at a maximum stress of
130 MPa). However, the changes in dielectric properties with the stress in the samples
subjected to different amount of LigaTige2NigesQ follow opposing trends. The mechanisms
responsible for this difference are discussed.
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Synthesis of Nanocrystalline Lig gs1ng 5Nl 900
Powder and Its Bulk Giant Dielectric Properties

Prasit Thongbai'”, Tanachat Eknapakul®, Sarawut Pongha®, Teerapon Yamwong?, and Santi Maensiri*

Abstract- LiggsIngosNiggO (LINO) nanoparticles of 100-300 nm
were successfully prepared by a direct thermal decomposition
method. X-ray diffraction and scanning electron microscopy were
used to characterize the phase formation and microstructure of
the LINO powder and ceramic, respectively. Dense LINO ceramic
was obtained by sintering the LINO nanocrystalline powder at
1200 °C for 4 h . Giant dielectric properties of the sintered LINO
ceramic were investigated as functions of temperature and
frequency and can be ascribed to the interfacial polarization
mechanism and the small polaron hopping inside the grains.

I. INTRODUCTION

High-permittivity dielectric materials with good thermal
stability and Ba/Pb-free have been playing a significant role in
microelectronics, since they have been used as important
elements in capacitors and memory devices. In recent years
there have been many intensive researches to investigate new
high dielectric materials because they might offer the
opportunity to increase the choices of materials for various
practical applications. High permittivity NiO-based ceramics, a
non-perovskite, and non-ferroelectric materials, AB,Niy..,O
(where A are monovalents of Li, Na, K and B are Ti, Al, Ta,
Si) [1-7], have attracted considerable attentions in recent years
due to their impressive high apparent dielectric permittivity (&)
of 10%-10°, which remains constant in the temperature range of
-50 to 150 °C [1,5]. Moreover, the dielectric properties of such
material systems can be tuned by changing the composition of
the additive of A and B [1]. However, an explanation of such
high dielectric permittivity is still unclear and uncompleted.
Therefore, it is vary important to search the new giant
dielectric materials of NiO-based ceramic systems and attempt
to clarify the origin of the giant & and the polarization
relaxation behavior of these ceramic.

In this present, we prepared the LINO nanocrystalline
powder by a direct thermal decomposition method. Dense
LINO ceramic can be obtained by sintering the LINO
nanopowder. It was revealed that the LINO ceramic exhibited
the giant dielectric properties, which were attributed to the
internal barrier layer effect (IBLC) combined with the hopping
of charge carrier in the grain interiors.

Small & Strong Materials Group (SSMG), Department of Physics, Faculty of
Science, Khon Kaen University, Khon Kaen, 40002, Thailand

National Metals and Materials Technology Center (MTEC), Thailand Science
Park, Pathumthani, 12120, Thailand

“Contacting Author: Mr. Prasit  Thongbai; Email address:
prasitphysics@hotmail.com; Tel.: +66-43-202222 to 9 ext. 2248; Fax: +66-43-
202374

Il. EXPERIMENTAL

(CH3COO)2N|4H20, C2H3Li02.2H20, and |nC6HgOG, were
employed as starting raw materials. The nanocrystalline LINO
powder was simply prepared by the following procedure.
Firstly, stoichiometric amounts of the starting powders were
dissolved in distilled water and mixed in alumina crucible.
Then, the mixed powder was decomposed at a temperature of
650 °C for 10 h. The LINO powder was pressed into pellet of
9.5 mm in diameter and ~1-2 mm in thickness. Finally, this
pellet was sintered at 1200 °C for 4 h.

The sintered ceramic was characterized by X-ray diffraction
(XRD) and scanning electron microscopy (SEM). The LINO
ceramic was polished and electroded by silver paint. It was
allowed to dry overnight. The dielectric response of the sample
was measured using a Hewlett Packard 4194A impedance gain
phase analyzer over the frequency ranging from 100 Hz to 10
MHz and at the oscillation voltage of 1.0 V. The measurement
was performed over the temperature ranging from -60 to 50 °C
using an inbuilt cooling-heating system. Each measured
temperature was kept constant with an accuracy of +1 °C.

()

SCISEM 2050

.

Fig. 1. SEM images of LiosIng.0sNio.90O (2) powder and (b) ceramic.



I1l. RESULTS AND DISCUSSION

Morphology of the calcined LINO powder and ceramic is
revealed by SEM as shown in Fig. 1. The powder, shown in
Fig. 1(a), is in a nearly spherical shape and of sizes of about
100-300 nm. Some agglomerates are observed in the calcined
powder. Sintering of LINO nanopoder results in a bulk LINO
ceramic with good microstructure. The SEM micrograph of the
LINO ceramic, shown in Fig. 1(b), reveals that the LINO
ceramic is dense and has obvious grain and grain boundary
structure.
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Fig. 2. Frequency dependence of (a) dielectric constant ¢’ and (b) loss tangent
tand at different temperatures for the LINO ceramic.

As demonstrated in Figs. 2(a) and 2(b), the ¢’ shows the
high values at low frequencies, and it rapidly decreases if the
frequency is sufficiently high. Two sets of thermally activated
relaxations are observed, i.e., low- (LFDR) and high- (HFDR)
frequency dielectric relaxations. These two step decreases shift
to higher frequency with increasing the temperature,
corresponding to the movement of the tand peaks. The LFDR
is identified to originate from the internal barrier-layer
capacitor effects related to the grain boundaries [8], and the
HFDR is ascribed to the dipolar effects induced by charge-
carrier-hopping motions inside the grains [9].

IV. CONCLUSION

In conclusion, the LINO nanocrystalline powder was
successfully prepared by a direct thermal decomposition
method. Dense LINO ceramic can be obtained by sintering the
LINO nanopowder. Our result revealed that the LINO ceramic
exhibited the giant dielectric constant, which was attributed to

the internal barrier layer capacitance (IBLC) effect combined
with the hopping of charge carrier in the grain interiors.
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Synthesis of Hierarchically Organized Nanostructured TiO, by Pulsed Laser Deposition and
Its Application to Dye-sensitized Solar Cells

Jun Hong Noh', Jong Hun Park', Hyun Soo Han', Sangwook Lee', Dong Hoe Kim', Hyun Suk
Jung’, Kung Sun Hong'
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The Effect of X-ray Irradiation on the Novella Type Photoresist

Hsin-Chiang You'*, Shao-Hui Shieh', Shiang-Jun Zhang', Fu-Hsiang Ko’, Hsiung-Min Lin®,
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Advanced Nano-Materials Research Team, Division of Nano & Bio Technology, Daegu Gyeongbuk Institute
of Science and Technology, 5th Floor, Daegu Technopark Venture 2 Plant, 75 Gongdanbulk 2gil, Dalseo-gu,
704-230, Daegu, Republic of Korea

Interest in nanostructure made from semiconducting oxide materials are exponentially grown on the last
years, due to their attracting potential application in electronic, optical and sensor field. Additionally, to
apply semiconducting oxide materials on various electronic devices, it is important to understand its
electrical properties and interaction with semiconductor-metal contacts. Cause we have focused our
attention on the electrical properties of individual zinc oxide nanorod (NR), Single crystal nanostructures
were synthesised with the aim of exploring and studying their capabilities as nano-sized sensors on form of
individual NR sensors, The Zn0O NRs for this work were synthesized by micro emulsion methods. The
solution of isopropyl alcohol suspended with the Zn0 NR was dispersed on a pre-patterned p-type silicon
wafer with a 100 nm silicon oxide layer. After that electrodes of Ti/Au, which connect the NR to the
electrodes, were patterned by using electron beam lithography and conventional lift-off method. Then we
using bi-layer electron beam resist structure, copolymer / poly-methyl-methacrylate (PMMA), was used to
make the good under-cut for the metal lift-off process. The electrical properties were measured using a
source measure unit (42005CS, Keithley) equipped with shielded probe station. Zn0O NR device shows
nonlinear and asymmetrical behaviour. These data proved to different measurements of the same device
at different time gaps after fabrication, which shows that the rectifying property of the device is stable,
According to the rectifying current voltage curves, the device can be considered as an effective diode, a
turn-on voltage of 4V for the forward bias was found. We will present and overview of the device
characteristic data that have been made and detailed possible rectifying mechanism of ZnO single NR
device.

[1] M. H. Huang, et al., Science, 292, 1897 (2001).

N5397: Effect of Nanocrystalline Film Existing on Surface of (Li, Ti)-doped MNIO Ceramics on Their
Dielectric Properties

P, Thnngbaii,T. ‘r’an‘iWDngl, S. Maensiri®
1I:h-:|::|ar'tr:mra~tr*r‘c of Physics, Faculty of Science, Khon Kaen University, Khon Kaen, 40002, Thailand.

‘National Metals and Materials Technology Center (MTEC), Thailand Science Park, Pathumthani, 12120,
Thailand.

Effect of nanocrystalline film with grain size of ~100-200 nm existing on the surface of Li,TiyNiy.,O (LTNO)
ceramics on their giant dielectric properties was investigated as functions of frequency and temperature.
X-ray diffraction and scanning electron microscopy with energy dispersive x-ray spectrometer were used to
characterize the phase formation, microstructure, and chemical compositions of the grain interior, grain
boundary, and surface layer of the LTNO ceramics, respectively. The microstructure analysis revealed that
Ti doping was rich at the grain boundary region and the outmost surface layer, forming the nanocrystalline
filmi. It was found that such nanocrystalline film had a remarkable influence on the dielectric properties of
the LTNO ceramics. Two thermally activated dielectric relaxations were detected in the dielectric spectra of
the LTNO ceramics, l.e., the high— and low—frequency relaxations (abbreviated as HFR and LFR,
respectively). Interestingly, when the nanocrystalline films were removed from the both sides of the LTNO
samples, the LFR disappeared, whereas the electrical preperties of the remaining HFR did not change. The
LFR was identified to originate from the interfacial polarization related to the insulating nanocrystalline
film. The HFR might be attributed to the internal barrier—layer capacitor effect associated with the grain
boundaries [1, 2] orfand the small polaron hopping inside the grains [3].
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[1] J. Wu, C.W. Nan, Y. Lin and Y. Deng, Phys. Rev. Lett., 89, 217601 (2002).
[2] P. Thonghai, 5. Pongha, T Yamwong and 5. Maensiri, Appl. Phys, Lett., 94, 022908 (2002).

[3] Wu, V. Ligatchev, Z.G. Yu, ). Zheng, M.B. Sullival and Y. Zeng, Phys. Rev. B, 79, 235122
{2009).

M5398: Fabrication and Characterization of Carbon Manotubes {CNTs) Reinforced Nylon 6 Composite
Filaments

P. Saengkwamsawang , 5. Pima npaeng, V. Amornkitbamrung, 5. Maensiri

Integrated Nanotechnology Research Center (INRC), and Department of Physics, Faculty of Science,
Khon Kaen University, Khon Kaen, 40002, Thailand

We report a method te fabricate COOH-functionalized carbon nanotubes [(CNTs) and pristine CNTs
reinforced Nylon & composite filaments through an extrusion process. Neat Nylon 6 and Nylon 6 reinforced
with 0.5-1 wt3 CNTs are dry mixed and extruded by a single screw extrusion method. X-ray diffraction
(XRD) results indicate that neat Nylon 6 filament exhibits y- phase while all the CNTs reinforced Nylon 6
composite filaments show a-phase. Thermo gravimetric analysis (TGA) shows the decomposition
temperature of CNTs reinforced Nylon 6 compaosite filaments increases with increasing of infusing rate. It is
observed that the CNTs reinforced Nylon 6 filaments are more thermally stable than the neat Nylon 6
filament. Fourier transform infrared spectroscopy (FTIR) reveals that CNTs enhance the bond strength to
Mylon & polymer chain with C-N amines, C-H amines, C-H Alkanes and also O-H of compound type for
COOH functionalized CNTs. Tensile tests on single filaments have demonstrated that tensile strength at
break of CNTs reinforced Mylon & compaosite filaments compared to that of the neat Nylon 6 increases
about 13-52%, whereas the percent elongation at break decreases about 48-54 % with increasing infusing
rate. Scanning electron microscopy (SEM) reveals the tensile fractured surface of CNTs reinforced Nylon 6
composite filaments showing brittle behavior with crazing. It is found from this work that the CNTs can
affect the tensile behavior of Nylon 6, and the bonds interfacial between CNTs and Nylon 6 matrix plays an
important role in mechanical properties of CNTs reinforced Nylon 6 composite filaments.

N5399: Synthesis and Structure Analysis of LapsSrgsTiO; MNanoparticles Prepared by Thermal
Decomposition Method

E. Swatsitang’?, P. Buppato®, 5. Maensiri*?
1 Department of Physics, Faculty of Science,Khon Kaen University, Khon Kaen, 40002, Thailand

£ Integrated Nanotechnology Research Center (INRC), Faculty of Sclence, Khon Kaen University, Khon Kaen,
40002, Thailand

LagsSrgsTiOs (LSTO) nanoparticles were synthesized by thermal decomposition method using Clsla,
Clz5r-6H20 and CysH2206Ti as starting materials. The obtained precursors in powder form were sintered at
700, 900, 1100 and 1300 °C for 3, 6 and 9 hours in air. The structures of all samples were analyzed by XRD
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The Second International Conference on Science and Technology for Sustainable Development
of the Greater Mekong Sub-region, Hanoi, Vietnam, 2-3 October 2008 P-07

EFFECT OF TI DOPING ON THE ELECTRICAL AND HIGH
DIELECTRIC PROPERTIES OF (Li, Ti)-doped NiO CERAMICS
PREPARED BY A SIMPLE PVA SOL-GEL METHOD

Prasit Thongbai' ", Teerapon Yam\'w:mg:e and Santi Maensiri'

! Integrated Nanotechnology Research Center (INRC), and Small & Strong Materials Group
(SSMG), Department of Physics, Khon Kaen University, Khon Kaen 40002, Thailand.
2 National Metals and Materials Technology Center (MTEC),
Thailand Science Park, Pathumthani 12120, Thailand.

E-mail: prasitphysics@hotmail.com

Giant dielectric-permittivity LigosTi:Nigs.:O (when x = 0.05 and 0.10) ceramics were
prepared by a simple PVA sol-gel method. The dielectric properties were investigated as a
function of frequency (10°-10° Hz) at various temperatures (-60-150 °C). Both ceramic
samples exhibit a high low-frequency dielectric permittivity (&,~0.47-1.2x10%). Our results

reveal that the concentration of Ti has a remarkable effect on the dielectric properties of the
LioosTi:Nig 9540 ceramics. A frequency dielectric dispersion phenomenon in Lig ¢5TiNig 95.:O
ceramics was also analyzed by impedance spectroscopy. A separation of the grain and grain
boundary properties was achieved using an equivalent circuit model. Interestingly, the
activation energy required for relaxation is almost the same as the grain conduction activation
energy. Through the analysis by impedance spectroscopy, it is strongly believed that the high
dielectric permittivity response of the LTNO is attributable to the Maxwell-Wagner
polarization mechanism.

PACS numbers(s): 77.22.Ch, 77.22.Gm, 77.84.Dy
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Giant Dielectric Permittivity observed in Li and Fe doped NiO

(Department of Physic, Faculty of Science, Khon Kaen University, Khon Kaen, 40002, Thailand)
P. Thongbai', S. Maensiri,
(National Metals and Materials Technology Center (MTEC), Thailand Science Park, Pathumthani, 12120,
Thailand) T. Yamwong
E-mail: prasitphysics @hotmail.com

This work first reports the high dielectric response in Li Fe,Nij_,.,O (LFNO) ceramics, i.e., &'~ 10*-10*. The phase
formation and microstructure of the sintered samples were studied by XRD and SEM, respectively. The dielectric
properties as a function of frequencies (10*-10° Hz) were investigated over temperature a range of -50 to 100 °C.
Our results indicated that the concentrations of Li and Fe have remarkable effects on the dielectric properties of the
LENO ceramics. The dielectric permittivity increased with increasing Li concentration and it decreased when the
concentration of Fe increased. The analysis of complex impedance spectroscopy suggested that these LFNO
ceramics were electrically heterogeneous consisting of semeconducting grain and insulating grain boundary. It can

be proposed that such a high apparent dielectric permittivity observed in these LFNO ceramics is attributed to the
Maxwell-Wagner polarization mechanism and thermally activated mechanism.

RESULTS
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Fig. 1 The dependence of the dielectric constant at room temperature and 1 kHz on the concentration of Li and Ti
(see in the inset) doped in LiFe,Ni,_,.,O ceramics.
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Fig. 2 The frequency dependence of (a) dielectric constant &' and (b) loss tangent tand at various temperatures

for Ligg:Fep.0oNigosO ceramic.
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Effects of Insulating Layers and Dc bias on Dielectric
Relaxation Behavior of Liy¢sFeg 19NipgsO Polycrystalline
Ceramic

Y 7!3‘::91'135‘.!«!:'Jr o Yamwangz, and S. Maensiri'
'Integrated Nanotechnology Research Center (INRC), and Small & Strong
Materials Group (SSMG), Department of Physics, Khon Kaen University, Khon
Kaen, 40002, Thailand

*National Metals and Materials Technology Center (MTEC), Thailand Science
Park, Pathumthani, 12120, Thailnad

Abstract

We reported the effects of insulating layers and dc bias on the dielectric
relaxation behavior of high-permittivity LijgsFep 9NigssO (LFNO) polycrystalline
ceramic prepared by a polymer pyrolysis route. The dielectric properties of the as—
and polished—LFNO samples were studied as functions of temperature (-50-200
°C), frequency (10°~107 Hz), and dc bias (0-20 V). The phase composition and
microstructure were characterized by X-ray diffraction (XRD) and scanning
electron microscopy (SEM) with energy dispersive X-ray spectrometer (EDS),
respectively. Analysis of microstructure and phase composition revealed that the
LFNO ceramic exhibited a core/shell structure and the second phase of NiFeOy
existed as the grain boundary. It was found that the insulating surface—layer had an
influence on the high dielectric properties of the LFNO sample, but the relaxation
behavior. Our results indicated that the applied voltage had significant effects on
the electrical responses of the insulating surface—layer and grain boundary lay
The resistances of the surface—layer and grain boundary decreased with an incre:
in the applied voltage, whereas the bulk resistance remained constant. The h
dielectric properties of the LFNO sample were ascribed based on the space chat
polarization at the insulating layers. The close relationship between the diele
relaxation mechanism and the electrical transport inside the grains was observed.

Keyword: Dielectric properties, Dielectric loss and relaxation, Scanning electron
microscopy
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