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Pure and chromium-doped CCTO (CaCu3TisO4;) ceramics were prepared by a conventional solid-state
reaction method, and the effects of chromium doping on the microstructures and electrical properties
of these ceramics were investigated. Efficient crystalline phase formation accompanied by dopant-
induced lattice constant expansion was confirmed through X-ray diffraction studies. Scanning electron
microscopy (SEM) results show that doping effectively enhanced grain growth or densification, which
should increase the complex permittivity. The dielectric constant reached a value as high as 20,000 (at
1 kHz) at a chromium-doping concentration of 3%. The electrical relaxation and dc conductivity of the pure
and chromium-doped CCTO ceramics were measured in the 300-500 K temperature range, and the elec-
trical data were analyzed in the framework of the dielectric as well as the electric modulus formalisms.
The obtained activation energy associated with the electrical relaxation, determined from the electric
modulus spectra, was 0.50-0.60eV, which was very close to the value of the activation energy for dc
conductivity (0.50 +0.05 eV). These results suggest that the movement of oxygen vacancies at the grain
boundaries is responsible for both the conduction and relaxation processes. The short-range hopping of
oxygen vacancies as “polarons” is similar to the reorientation of the dipole and leads to dielectric relax-
ation. The proposed explanation of the electric properties of pure and chromium-doped CCTO ceramics
is supported by the data from the impedance spectrum.
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1. Introduction

Recently, there has been considerable interest in materials hav-
ing high dielectric constants, because such materials might offer the
opportunity to enhance the performance or shrink the dimensional
sizes of fabricated devices. High dielectric constants are usually
found in ferroelectric materials and are related to atomic dis-
placements within a non-centrosymmetric structure. CaCu3TizO1o
(CCTO), which has a cubic perovskite-related crystal structure, is an
attractive material with an unusual dielectric property. It exhibits a
large dielectric constant of approximately 104 that is independent
of temperature and frequency below 108 Hz at room temperature
in both the single crystalline and ceramic forms [1,2]. Furthermore,
structural studies have indicated that CCTO does not show any
phase transitions down to temperatures as low as 35K [3-5].

Till now, the underlying operative mechanisms of the giant
dielectric response in these systems are not well established. Some
researchers reported that the high dielectric constant behavior
should be attributed to local dipole moments associated with off
center displacement of Tiions [6]. While others prefer to attribute it
to some extrinsic factors, such as the material microstructure (such
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as grainsize)[7,8], processing conditions (such as sintering temper-
ature and time, cooling rate, etc.) [7-9], twin crystals [1], an internal
barrier layer capacitance (IBLC) model in which the ceramic is
supposed to consist of n-type semiconductive grains and insulat-
ing grain or domain boundaries [5,10,11], internal domains inside
CCTO grains [11,12], electrode polarization effects [13], a multi-
pole trap charge repositioning model [14,15] and so on. Contact
electrode depletion effect [13] and other similar behavior termed
Maxwell-Wagner relaxation [16] were also proposed and generally
accepted.

In this study, the influences of Cr ion doping on the microstruc-
tures and dielectric properties of CCTO were investigated. We focus
on the variations in the electrical modulus spectra with the intent of
exploring the influences of chromium (Cr) doping on the electrical
properties of CCTO; this study is expected to provide new insights
into deciphering the physical origin of the anomalous dielectric
responses of CCTO and rationalizing the electrical behavior of these
ceramics.

2. Experimental procedure

Pure and Cr-doped CCTO ceramics were prepared by solid-state reaction. The
raw materials were the analytical grade powders of CaCOs, CuO, TiO, and Cr,0s,
which leads to the chemical formula CaCu3Tig_CrxO12_x2 (¥=0, 0.01, 0.02, 0.03,
abbreviated as CCTC-0, CCTC-1, CCTC-2 and CCTC-3, respectively). Calculated quan-
tities of the raw materials were wet ball-milled using ethanol as a solvent for 12 h.
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Fig. 1. X-ray diffraction patterns of CaCu3Tig_xCrxO1,_x ceramics (x=0, 0.01, 0.02,
and 0.03) sintered at 1070°C for 6 h.

The dried mixtures were then calcined at 950°C for 6 h in an alumina crucible and
then furnace cooled. The calcined powders were ground for 12 h in ethanol and then
were pressed into pellets of 12 mm diameter and 1 mm thickness at a pressure of
250 MPa using a cold isostatic press. The pellets were sintered in air at 1070 °C for
6h and cooled naturally to room temperature.

The crystalline phase of all samples was examined using X-ray diffraction (XRD;
X’pert PRO MPD, Philips, Eindhoven, Netherlands) with Cu Ko radiation with an
applied voltage of 40kV and current of 500 mA. The XRD data for Rietveld anal-
ysis were collected over the range of 26=20°-120° with a step size of 0.02° and
a count time of 2s. The microstructure of the ceramics was investigated using a
scanning electron microscopy with an applied voltage of 15 kV (SEM; Model JEOL-
6700F, Japan Electron Co., Tokyo, Japan). The sintered bulk density p was measured
by the Archimedes method. For the electrical property measurements, silver paste
was painted on the polished pellets as the electrodes and fired at 550 °C for 20 min.
The dielectric properties and impedance spectra were measured using a frequency
response analyzer (4294A, Agilent, CA, USA) at a signal amplitude of 500 mV/mm
in the frequency range from 100Hz to 1 MHz and the dc electric conductivity as a
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Fig. 2. Profile fits for the Rietveld refinement of CaCu3Ti4_xCrxO12_x ceramics.

function of temperature was carried out by using a high resistance meter (4339B,
Agilent, CA, USA) associated with component test fixture (16339A, Agilent, CA, USA)
in conjunction with a temperature controller (TP94, Linkam, Surrey, UK) at the
heating rate of 3 °C/min.

3. Results and discussions

Fig. 1 shows the XRD patterns of sintered pure and Cr-doped
CCTO ceramics with different doping concentrations. All the diffrac-
tion peaks appeared in the patterns matched with the peaks of
the pseudo-cubic CCTO by comparing with the standard powder
diffraction file database (JCPDF File No. 75-2188), with no traces
from other impurity phases, indicating that a solid solution has
been formed. The profile fits of the Rietveld refinement for the
CaCu3Tig_xCrxOqp_x» (x=0.03) ceramic was shown in Fig. 2. The
refinements were carried out in the cubic space group Im3 by
using the software FULLPROF. The final weighted residue factor
Rwp and the goodness of fit S (Rwp/Rexp) were 10.6% and 1.59.
These refinement parameters were reasonable values, indicating

Fig. 3. Scanning electron microscopy graphs of CaCusTig_xCrxO12_x ceramics (a) x=0, (b) x=0.01, (c) x=0.02 and (d) x=0.03 sintered at 1070°C for 6 h.
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Table 1

Lattice parameter (a), density (p) and mean grain size (D) of the samples.
Samples a(A) p(g/cm3) D (pm)
CCTC-0 7.382(3) 4.49 £+ 0.05 259 +£ 0.5
CCTC-1 7.385(1) 4.42 £+ 0.02 237 £ 0.6
CCTC-2 7.389(4) 4.50 £+ 0.01 264 +03
CCTC-3 7.390(8) 4.57 £+ 0.02 3.62 +£ 0.7

the reliability of the refined structural parameters. In addition, the
refinements were performed on the basis of the assumption that Cr
ions substituted Ti occupied on B sites at perovskite structure. The
structural parameters obtained by Rietveld refinement clearly indi-
cated that Cr ions indeed entered the lattice site for Ti. The lattice
parameter increased with increasing Cr substitution, these refined
lattice parameters were a=7.382(3) A, a=7.385(1)A, a=7.389(4)A,
a=7.390(8) A for CCTC-0, CCTC-1, CCTC-2 and CCTC-3, respectively,
which were shown in Table 1.

Fig. 3 shows the SEM microstructures of the CCTO ceramics as a
function of chromium concentration. At Cr dopant contents (x) up
to 0.02, loosely linked grains having clear a grain boundary and a
mean grain size ranging from 2 to 3 wm are observed along with
some holes. SEM images indicate that very little microstructural
difference between the pure CCTO and the doped pellets. How-
ever, as the Cr doping content is increased up to x=0.03, there is
a further increase in the mean grain size to approximately 4 pm
(Table 1) with no clear grain boundary. The density of the pellets
was measured using the Archimedes method. It can be seen that the
density increases to reach a value of 4.57 g/cm? as the chromium
concentration increases (Table 1). The effects of variations in the
microstructural characteristics were evaluated by monitoring the
dielectric properties of the various Cr-doped CCTO ceramics.

Fig.4illustrates the real (¢’) and imaginary (&”) parts of dielectric
constant as function of frequency and chromium content. A clear
relationship can be seen between chromium amount and dielec-
tric constant or loss. In general, all the pellets show giant dielectric
constant values (>10%) in a broad frequency range. The highest
doped pellets showed highest dielectric constants (2 x 10) over
the whole frequency range, meanwhile, these pellets presented
even the highest dielectric loss. This behavior maybe attributed
to differences on the grain size, according to the internal bound-
ary layer capacitance (IBLC) model, the effective dielectric constant
is inversely proportional to the ratio of thickness of the insulating
layer (i.e. grain boundary) to the grain size. The observed increased
dielectric constant for the bigger-grained Cr-substituted pellets
may arise due to the change in the grain boundary thickness [8].
In addition, during the sintering process, trivalent element Cr can
act as an acceptor dopant to substitute Ti which is likely to occur in
CCTO grains, because the radius of Cr3* (0.615 A) is larger than that
of Ti** (0.605 A), this can be confirmed by the increase of the lattice
parameter [17]. Meanwhile, it would give rise to cations defects
or oxygen vacancies in grain boundary regions resulting in higher
conductivity, it will also impact on the dielectric properties.

In order to elucidate the electrical transport mechanism in the
Cr-doped CCTO ceramics, the electric modulus approach was ana-
lyzed. The phenomenological nature of the electric modulus [18] is
used to invoke the relaxation processes of ions in these materials.
This approach can effectively be employed to study bulk electri-
cal behavior of the moderately conducting pellets. The complex
electric modulus (M*) is defined in terms of the complex dielectric
constant (£*) and is represented as
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Fig. 4. Frequency dependence of (a) the real ¢ and (b) and imaginary &” parts
of dielectric constant of pure and chromium doped CaCu3Tis_xCryO12_x/> ceramics
measured at room temperature.

where M’, M"” and, ¢, ¢” are the real and imaginary parts of the elec-
tric modulus and dielectric constants, respectively. The imaginary
parts of the modulus at various temperatures are calculated using
Eq. (2) for the Cr-doped CCTO ceramics and depicted in Fig. 5. It can
be seen that the M” peak shifts to higher frequencies with increas-
ing temperature in the 102-108 Hz range for each pellet, indicating
the involvement of a temperature-dependent Debye relaxation
processes. These Debye processes that appear at intermediate fre-
quencies can be attributed to a grain boundary response [19]. The
grain boundary relaxation time is large, which suggests that the
grain boundary plays a crucial role in determining the electronic
property. Fig. 5 reveals the relaxation nature of the thermally acti-
vated process, and thus, the activation energy can be deduced from
this shift by the Arrhenius law [20]:

T = Tgexp (—%) (3)
where 7 is the relaxation time, 7, is the pre-exponential factor
and E, is the activation energy. Fig. 6 shows In(t) as a function
of the inverse of the M” peak temperature T; the solid lines rep-
resent the results fitted using Eq. (3). The relaxation time and
the activation energies of the dielectric relaxations were calcu-
lated from the slopes of the fitted straight lines, and the data
are listed in Table 2. The activation energy values fell within
the range of E;=0.50-0.60eV, which are very close to the value
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Fig.5. Frequency dependence of imaginary parts of the electric modulus at various temperatures of CaCusTis_xCryO12_x> ceramics (a)x=0, (b) x=0.01, (c) x=0.02, (d) x=0.03.

of ~0.54eV reported by Zhang for the extrinsic grain boundary
Maxwell-Wagner relaxation [21]. We attribute the obtained ener-
gies to the activation of oxygen vacancies. The oxygen vacancies
and space charges (electrons) are produced in the grain boundaries.
The relaxation time of the ceramics is reported to be approximately
in the range of 10-19-10-13 s, which is related to the attempt fre-
quency of ion hopping [22]. Owing to the inhibition of long-range
motions of the oxygen vacancies by the grain boundary, the relax-
ation process can be attributed to short-range hopping, similar to
the reorientation of the dipole.
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Fig. 6. Temperature dependence of the relaxation time 7 (In 7 versus 1000/T) for
dielectric relaxation.

Using a space-charge model, Bidault et al. found that the local-
ization of free charges at the metal dielectric interface is responsible
for the low-frequency dielectric relaxation in several perovskite
materials containing titania. A correlation between the dielec-
tric relaxation and the conductivity has also been established—an
increase in the oxygen vacancies leads to an increase in both the
conductivity and the dielectric relaxation [23]. Fig. 7 illustrates
In(oq4c) versus 1000/T for the Cr-doped CCTO ceramics. The plot
is found to be linear and fitted using following Arrhenius equation:

E,
Gge = OoeXp (—ﬁ) (4)

where oy is the pre-exponential factor, Eq4 is the activation energy
for the dc conduction, kg the Boltzmann constant, and T the absolute
temperature. The calculated activation energy was 0.46 eV, 0.47 eV,
0.50eV and 0.45 eV, respectively, for the CCTC-0, CCTC-1, CCTC-2
and CCTC-3 ceramics. These direct conduction activation energies
are not far from 0.70 eV, which is the conduction activated energy of
the electrons from the second ionization of oxygen vacancies [24].
These data give some hints that the dielectric relaxation in the Cr-
doped CCTO ceramics may be related to the point defects (oxygen
vacancies or space charges) in the grain boundaries. Meanwhile,
these values for activation energy are in close agreement with the
activation energy for electrical relaxation. Hence, it is reasonable

Table 2

Curve fitting results for the chromium doped CaCu3Tig_xCrxO12_x ceramics.
Samples CCTC-0 CCTC-1 CCTC-2 CCTC-3
7o (S) 0.97 x 10712 0.50 x 1012 0.29 x 10~ 023 x 10712
E, (eV) 0.51 0.54 0.52 0.56
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Fig. 7. Temperature dependence of the dc conductivity o4, (Inoq. versus 1000/T)
for pure and chromium doped CaCusTis_xCryOq,_y» ceramics.

to assume that the localized oxygen vacancies act as “polarons,”
leading to a dielectric relaxation in the Cr-doped CCTO ceramics.
In order to further observe the dielectric response of grain
and grain boundary of the Cr-doped CCTO ceramics, complex
impedance (Z*) plots were analyzed. Fig. 8 shows the Cole-Cole
impedance plots at 350K in the 100 Hz to 10 MHz frequency range.
The experimental impedance data only cover a part of the semicir-
cles or arcs because of the limit of the measured frequency range.
Only a fraction of the grain boundary arc is observed in all pellets,
which is composed of a resistor and a capacitor joined in parallel.
It can be seen that the addition of Cr has influence on the resistiv-
ity of Rg and Rgy,, especially for the grain boundary. The non-zero
intercept on the Z’ axis gives the grain (Rg) value and grain bound-
ary (Rgp ) value may also be directly obtained by the other intercept
on the Z axis from the low-frequency impedance data. The bulk
resistance of pellets are ~90, 96, 100 and 82 2cm correspond-
ing to CCTC-0, CCTC-1, CCTC-2 and CCTC-3 ceramics, respectively.
From Fig. 8, it can be observed that the Rg and Ry, first increased
with the increasing of Cr doping concentration, and then the Rg
and Rg;, are abruptly decreased when the Cr doping concentra-
tion exceeds a certain value (about 2%). This phenomenon suggests
that the chromium as acceptor dopant influences the resistance of
the grain and the grain boundary by producing oxygen vacancies
[25], which result in that the turning points of electrical properties
occur at a certain doping concentration. The fact that the dielectric
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Fig.8. Impedance complex plane plots of the chromium doped CaCuz Tig_xCrxO12_x/2
ceramics at 350 K. The inset shows an expanded view of the high frequency data close
to the origin.

constant abruptly increases when the Cr doping concentration
exceeds 2% may be due to the increase of grain size.

4. Conclusions

Pure and chromium-doped CCTO ceramics were produced using
the solid-state reaction method, and the effects of chromium dop-
ing on the microstructures and electrical properties of the CCTO
ceramics were investigated. SEM analysis indicates that doping
enhanced the grain growth or densification, which increases the
complex permittivity. The dielectric properties of the pure and
chromium-doped CCTO ceramics were rationalized by using the
electric modulus formalism. The relaxation behavior at intermedi-
ate frequencies may be explained by the modified temperature-
dependent Debye equation. The value of the activation energy
associated with the relaxation (0.50-0.60eV) was very close to
that of the activation energy for dc conductivity (0.50 +0.05eV),
which suggests that the movements of oxygen vacancies at the
grain boundaries are responsible for both the conduction and
relaxation processes. The short-range hopping of oxygen vacan-
cies as “polarons” with 79=0.97 x 10-12-0.29 x 10! s is similar
to the reorientation of the dipole and leads to dielectric relaxation,
whereas long-range motion is inhibited by the grain boundary with
increasing chromium content. The results of impedance measure-
ments corroborate these inferences.
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