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Abstract

The CaCu;TisO,, ceramics were sintered in air and pure O, atmosphere, respectively, and the effect of pure O, atmosphere on the electrical behavior
of the CaCu;Ti;O;, ceramics was investigated. It was found that the dielectric properties of the CaCu;Ti;O;, ceramics displayed a Debye-like
relaxation between 20 Hz and 1 MHz, but the permittivity of the sample sintered in pure O, atmosphere was decreased drastically. Moreover, the
I-V behavior of the ceramic sintered in pure O, atmosphere presented a linear feature. With XPS analysis, it was illustrated that the valence of Cu
and Ti elements in the CaCu;Ti4O, ceramics had obviously been influenced by the O, concentration. Based on the experimental comparison of
CaCu;Tiy Oy, ceramics sintered in air and pure O, atmosphere, it was suggested that the valence of metallic elements and defects played key role

for the origin of the giant permittivity and /-V nonlinear feature in the CaCu;TisO;, ceramics.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Much attention had been paid to the CCTO ceramics by many
researchers, !~ since its phenomenon of giant permittivity was
found, as high as about 100,000. Such kinds of materials with
high dielectric constant were usually ferroelectric ceramics such
as Pb(Zr,Ti;—,)O3 (PZT) and BaTiO3, which depended strongly
on temperature. However, the dielectric constant of CCTO is
almost the same in the range of 100-400 K.*-6

Nowadays, it is gradually accepted that this ultra-high dielec-
tric response is not an intrinsic behavior, but attributed to an
external mechanism.”® The dielectric response is thought to
be associated with one or more potential barrier layers, such
as grain boundaries, domain boundaries, or interface polariza-
tion effect.>%° A model of internal barrier layer capacitance,
IBLC, was proposed based on the analysis of the impedance
spectroscopy.® The existence of insulating grain boundaries has
been confirmed, acting as Schottky-type potential barriers in
CCTO ceramics.
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It was important to note that the dielectric properties of the
CCTO samples were extremely scattered, depending on spe-
cific preparation process. For example, the dielectric constant of
CCTO was increased from 1000 to 10,000 by changing the sin-
tering temperature only from 1000 °C to 1100 °C as indicated by
Bender and Pan. !0 Similarly, Adams et al.3 enhanced the dielec-
tric constant about an order of magnitude by prolonging the
sintering time. Most interestingly, the dielectric constant of the
CCTO ceramics increased with abnormal grain growth, mean-
while the resistance of grain boundaries decreased.!!"'> Based
on a comparison between the ceramic polycrystalline and single
crystal structures, it was proposed that the giant permittivity of
the CCTO is mainly controlled by the domain boundaries in the
grains.!>!3 A proposed twinning defect or dislocation was sup-
ported by CCTO single crystal with giant dielectric constant.® !
There was, however, no integrate statement about which barrier
layer played key role for the giant permittivity, especially for
that of ceramic samples.

In order to verify whether and how the defect and valence
of CCTO influence its electrical properties, two kinds of CCTO
ceramics were sintered in air and pure O, atmospheres in this
paper. The effect of sintering atmosphere for CCTO ceramics on
the permittivity, impedance, and -V behavior of the polycrys-
talline materials were investigated in details.
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2. Experimental

Appropriate amounts of high-purity calcium nitrate (99.9%
purity), copper(Il) nitrate (99.5%), tetrabutyl titanate(IV)
(C16H3604Ti) and citric acid as chemical reagents were used to
synthesize CCTO powder. According to a stoichiometric com-
position, calcium nitrate, copper(Il) nitrate were dissolved into
distilled water and then dropped into the solution of tetrabutyl
titanate, which was stabilized by acrylamide and citric acid in the
solution with 1:1 ratio. The mixed precursor solution was then
stirred by magnetic stirring for 0.5h at ambient temperature.
After drying at 80 °C in a water bath, a gel was formed, which
was then decomposed at a temperature 450 °C in air for 15 min
and crushed to a powdered form. The powder was calcined at
800 °C for 4h in air to form CCTO phase. The CCTO powder
was mixed with polyvinyl alcohol binder, and then pressed into
pellets of 10 mm in diameter and 2 mm in thickness. These pel-
lets were sintered at 1050 °C in air and in O3 (99.99% purity)
for 10 h, respectively, and then cooled to room temperature in
furnace.

Crystal structures of the CCTO ceramics were identified
using an automatical X-ray diffractionator (Rigaku 2500, Japan)
with Cu Ka1 radiation. Impedance measurements of the sam-
ples were performed at 1V from 20Hz to 1 MHz by a LCR
precision meter (HP 4284A, USA). The microstructures of
the ceramics were observed using a scanning electron micro-
scope (Philips XL30, Holland). Current—voltage measurements
were taken using a Source-Measure Unit (Keithley 2400, USA).
The element valence of the CCTO samples was analyzed by
XPS (PHI-Quantum 2000, USA) with Mg Ka radiation (Ke,
1253.6¢eV).

3. Results and discussion

XRD patterns of two kinds of CCTO ceramics sintered at
different atmosphere are shown in Fig. 1, which illustrated that
single perovskite phase was obtained for both samples with-
out noticeable other phases. The peaks of the ceramics matched
well with those of standard spectrum of cubic structured CCTO
(PDF01-075-1149).1

In Air

o
N
9
s 8
8 g
g N
~ | @&g¢g g g
- - N N N
2| b s es@l 3 e
2 A | T ) k
[]
8
£
i |
| I VY k L
PDF01-075-1149
. . [ . . | . | P L
P | PUTYRT ST U BT SRS S 1 PR 1 PR | PR SRTT S Y PRRTURT S ST '
20 30 40 50 60 70 80 90
2 Theta

Fig. 1. XRD patterns of CCTO samples sintered at 1050 °C for 10 h in air (a) and
in high O, partial pressure atmosphere (b), comparing with the reference that
corresponds to CaCu3TisO1, obtained from the literature (PDF01-075-1149).

Fig. 2 shows the scanning electron micrograph of the samples.
In general, the grains in sample sintered in air are larger than that
of the sample sintered in pure O,. However, the sample sintered
in air has fewer pores, which implies it is more compact. The
relative density of the sample sintered in air is 96%, and the
other sample sintered in pure O3 is 90%.

Both CCTO samples behaved quite high dielectric permittiv-
ity, as shown in Fig. 3, for the frequency dependence of dielectric
constant and loss of two kinds of ceramics sintered in different
atmospheres. However, the most important difference was that
the dielectric constant of the sample sintered in air was 60,000,
while those of other samples sintered in oxygen atmosphere
was much lower, only about 2000, at the frequency of 1kHz.
With increasing frequency, the dielectric constant of the sam-
ples decreased slowly between 100 Hz and 10kHz, while the
dielectric constant decreased drastically when frequency was
higher than 10 kHz, corresponding to a peak value of dielectric
loss. Therefore, both kinds of ceramics showed typical charac-
teristics of dielectric relaxation, which was in good agreement
with that of barrier mechanism reported in literature > 14

Although the IBLC model had received quite support,>>!1
the origin of the inner barrier layer still remained unclear. There

Fig. 2. The scanning electron micrograph of the samples sintered in air and in pure O, atmosphere, respectively.
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Fig. 3. Frequency dependence of dielectric constant and loss of two kinds of
CCTO samples sintered in different atmospheres, at room temperature (25 °C).

were different kinds of suggestions about the location and the
form of the barrier layer.'>!® Fang and Liu!? have observed
internal domains existed in the large grains of CCTO ceramics.
But the internal domains were almost invisible in the fine grains.
However, the effective dielectric constants for both kinds of the
samples only with fine grains were estimated to be in the orders
of 10 magnitude based on the IBLC model, which was only
consistent with the experimental value of the samples sintered in
oxygen atmosphere, but was not with that of the sample sintered
in air.

In addition, both samples presented a clear Debye type relax-
ation characteristic in higher frequency, which had almost no
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Fig. 4. Impedance complex plane measured at room temperature (25 °C),
namely, Z' of both samples sintered at different atmosphere. The inset shows an
expanded view of the high frequency data close to the origin.

relation with the condition of heat treatment for the ceramics,
either in air or in oxygen atmosphere. To explain this phe-
nomenon, a hypothesis of nanoscale barrier layer capacitance
(NBLC) was suggested by Bueno, '3 and was further confirmed
with the experiment results by Ribeiro et al.!” in which the
dielectric constant for the ceramics simultaneously increased
with that of grain conductivity.

The complex impedance spectra are shown in Fig. 4, in which
there were semi-circular arcs with non-zero intercept on the Z’
axis at high frequencies. With the complex impedance analysis
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Fig. 5. Temperature dependence of grain and grain boundary conductivity, (a), (b) for the sample sintered in the air, and (c), (d) for the sample sintered in the oxygen
atmosphere. The inset in (a) and (c) shows an expanded view of the high frequency data close to the origin.
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based on the model of IBLC, internal barrier layer capacitors,
the resistance values of grain and grain boundary were 20 Q2 cm
and 6 k€2 cm for the sample sintered in air, and, 38 2 cm and
8 MQ cm for the one sintered in oxygen atmosphere, respec-
tively.

The grain conductivity was weakened for the ceramics sin-
tered in the oxygen atmosphere. And comparing with that of
the sample sintered in air, the grain resistances of the sample
sintered in the oxygen atmosphere were almost doubled from
20 Q2cm to 38 Q2 cm. However, the grain boundary resistance
of the sample sintered in the oxygen possesses a remarkably
high resistance. The resistance of the grain boundary increased
more than 10 times, comparing with that of ceramic sintered in
air. Therefore, the grains are less susceptible to the atmosphere
than the grain boundaries. This phenomenon could be partially
explained by that the semi conductance of grains in CCTO orig-
inated from the anti-site defect of Cu/Ca without loss oxygen,
which was confirmed not only by the theoretical analysis but also
the TEM observation.'® The concentration of anti-site defects
are the main intrinsic defects and far outweigh the concentration
of vacancies were also confirmed by the first-principles study.'®

Moreover, the resistance of the ceramic samples changing

with temperature can be expressed as:
p = poe!Fa/KD) M
where p is the resistance of the ceramic sample, pg is the pre-
exponential factor, and E, is the activation energy. By fitting the
Arrhenius plot of ceramic resistance against temperatures, the
activation energy of the samples can be figured out (Fig. 5), in
which the activation energy of grain is 0.105eV and 0.171 eV,
respectively. There is little difference for the activation energy
of grain between the samples. However, the activation energy of
grain boundary for the sample sintered in the oxygenis 1.057 eV,
which is much higher than that of the sample sintered in air. Fur-
thermore, the Arrhenius plot of the sample sintered in air was not
able to be fitted with a straight line, meaning that there was more
than one kind of the activation energies in the samples. Actually,
the activation energies were 0.320 eV below 70 °C and 0.625 eV
above 70 °C, respectively. It was known that large quantities of
oxygen vacancies may be resulted for the perovskite structure
ceramic materials like BaTiO3 during the sintering process at
high temperature.”’ Deep donor levels may be introduced by
Ti** and Vo®* in perovskite structures that were far from the
lower level of the conduction band.?! The captured electrons in
the ceramic sample were excited and injected into the conduction
band by raising temperature, so as to enhance the electrical con-
ductivity of the CCTO sample. According to the defect model
proposed by Whangbo?! there were the planar defects of Cu™,
Ti** and oxygen vacancy in the form of disorder. The region
of grain boundaries was more disordered than that of grains
in ceramics. These defects, including oxygen vacancy and low
valence cations, were easy to be enriched in the region of grain
boundary, which were susceptible to the sintering atmosphere
and were closely related with the interface property, such as
the conductance and nonlinear I-V characteristics of the CCTO
ceramics.
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Fig. 6. Plotof current density against electric field for both of the CCTO samples.

The current density—electric field (J-E) curves for the two
kinds of samples are displayed in Fig. 6. The results indicated
that high O, partial pressure can induce a significant effect on
the I-V characteristic of CCTO ceramics. Comparing with the
sample sintered in air, a remarkably high resistance and ohmic
characteristics were shown in the sample sintered in the oxygen.
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Fig. 7. X-ray photoelectron spectroscopy analysis of the samples sintered in the
air atmosphere and in the oxygen atmosphere.
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It is reported that the Schottky-type barrier of CCTO formed
at grain boundary is dependent of the metal atoms segregated
at grain boundary, especially for Cu*,?? unlike the more stud-
ied varistors such as ZnO and SnO;, which mainly in regard to
the presence of oxygen.?>> The low valence cations would be
fully oxidized when sintered in an oxygen atmosphere. Thus, the
negative charges of acceptors at the boundaries were effectively
compensated by the oxygen, resulting in a decrease of conduc-
tivity, thereby, decreasing the non-linear electrical properties of
the material.

To verify this point, X-ray photoelectron spectroscopy were
used to detect the cations valence. The Cuyp and Tizp XPS curves
for both of the samples are shown in Fig. 7 respectively. As to the
sample sintered in air, it was shown that the Cuzp3/2 and Tizpz2
peaks can be divided into two peaks by Gaussian—Lorentzian
profile fitting. The Cuzpz/2 core-level peaks are located at about
932.39eV and 933.67 eV and the Tizp32 core-level peaks are
located at about 457.48 eV and 458.11 eV, which is in accor-
dance with Deng.?® Oppositely, the sample sintered in oxygen
shows nearly fully oxidized Cu and Ti ions. The dielectric relax-
ation and electrical property must have been both affected by the
drastically decreased content of Cu* and Ti** ions as discussed
above.

4. Conclusions

CCTO ceramics have been sintered at 1050 °C for 10 h in air
and in oxygen atmosphere, respectively. We found that the sin-
tering atmosphere of high O, partial pressure brought significant
influence on the dielectric, impedance and -V characteristics of
the CCTO ceramics. Comparing to the CCTO ceramics sintered
in air, the CCTO ceramics sintered in pure O, possess lower
permittivity, higher resistance and linear /-V characteristic. It
could be confirmed that the high O, partial pressure has effec-
tively influenced the valence of the Cu and Ti elements during
sintering of CCTO ceramics, combining with the results of XPS
analysis. Therefore, the results provided the evidence to prove
that the valences of Cu and Ti and the related defects at the grain
boundary in CCTO ceramics play key roles for their electrical
properties.
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