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Abstract: The influences of calcination temperature and doping with cobalt in A-site on structural and dielectric
properties of CaCus,Co,Ti,0:, (CCCXTO, x = 0.00, 0.02 and 0.10) ceramics sintered at 1050 °C for 8h were
investigated. The ceramic samples are prepared by the conventional solid-state method using high purity oxide
powders, and they are calcined at 850 °C, 950 °C and 1050 °C for 4h. The X-ray diffraction (XRD) analysis of
pure and doped CCTO samples calcined at 950 °C and 1050 °C showed no traces of any other secondary phases,
while impurity phases alongside CCTO phase in the x=0.00 sample calcined at 850 °C was observed. Scanning
electron microscopy (SEM) investigation showed an increase in grain size with increasing of Co content and
calcining temperature. Dielectric measurements indicated that the dielectric constant of the pure CCTO calcined
at 1050 °C/4h has a low value in the frequency range of 1kHz up to 1MHz, whereas the substitution of Co up to
x = 0.10 into CCTO caused a huge increase in the dielectric constant value of the calcined samples which is
equal to 153419 and 18957 at 950 'C and 1050 °C respectively. The complex impedance analysis of all samples
shows a decrease in resistance with an increasing temperature, which suggests a semiconductor nature of the
samples.
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Introduction

There are a great number of applications for
ceramic materials due to their giant relative
permittivity, electrically insulating and electrical
conducting properties. Nowadays, advanced ceramics
became the key to success for the development of
integrated circuits in microelectronic . Calcium
copper titanate (CaCuzTizO1,)(CCTO) is well known
for the treatment of radioactive wastes since these
properties form a vast number of solid solutions with
rare earth metals *°. CaCusTi,O;, based dielectric
ceramics have been extensively investigated for their
microwave dielectric properties®. CCTO exhibits a
combination of high permittivity and modest
dielectric loss. It has been extensively investigated for
their temperature independent dielectric permittivity
without a ferroelectric transition over a large
temperature range “"°. These investigations concern
the origin of the huge dielectric permittivity.

Numerous theoretical '>*? and experimental ***°
attempts have been made to understand the
extraordinarily high value of the dielectric
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permittivity. Extrinsic and intrinsic origin, and the
internal barrier layer capacitor model has been
proposed to account for such high g, .

Other interesting  features  observed in
CaCusTisOp, are the strong nonlinear -V
characteristics ascribed to the intrinsic electrostatic
barrier at the grain boundary ‘"** and optical
responses “*?. All these properties are controlled by
the chemistry of the ceramics.

Hence, CaCusTi,O1, ceramics were synthesized
by different methods and chemically modified by
doping to tune the microstructure, grain size,
boundary and surfaces, which are the dominant factor
to determine the dielectric properties of CCTO "%,

This paper aims to study the effects of calcination
temperature and to dope with Cobalt on A-site (Cu-
site) on the microstructure, electrical and dielectric
properties of CaCus,Co,Ti4O1,, (CCCLTO). For this
purpose, three sets of CCC,TO (x = 0.00, 0.02 and
0.10) specimens have been prepared at different
temperatures of calcination and characterized by
XRD, SEM and dielectric measurements.
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Experimental

In this work, the solid state method is used to
prepare the polycrystalline samples of CaCus.
xC0,Ti,0p. In this method, the high purity oxide
powders of calcium carbonate (CaCOi; 99.5%,),
copper oxide (CuO, 99.7%,), cobalt oxide (Co30,,
99.8%,) and titanium dioxide (TiO,, 99.8%,) were
used as starting materials. The raw powders were
weighted according to the stoichiometric ratio of
CaCus,Co,Ti 01, formula based on the following
reaction.

CaCO,+ (3-X)CUO + (X/3)C040, + 4Ti0, =
CaCug_XCOXTi4012+ CO, (gaS)

The raw powders for each concentration were
mixed in an agate mortar for 1h and stirred in acetone
for 3h. The mixed powders at concentrations of
x=0.00 were calcined in air at 850 °C, 950 °C and
1050 °C for 4h, while the doped powders (x = 0.02
and 0.10) were calcined at 950 °C and 1050 °C for
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4h. All calcined powders were then pressed into the
1.5mm thickness and 12 mm diameter pellets using
polyvinyl alcohol (PVA) as a bhinder. The final
sintering of the pellets was performed at 1050 °C for
8h using a heating rate of 3 °C/min.

Results and Discussion

In general, the primary objective of the
calcination is to complete the solid-state reaction to
form the CCTO ceramic from the raw materials.
XRD can confirm the completion of the calcining
process. Fig 1. shows the XRD patterns of CCCy o0 TO
powder calcined at 850 °C, 950 °C and 1050 °C for 4
h. For CCCyTO calcined at 850 °C, the XRD
analysis showed the formation of CCTO phase with
the existence of a small amounts of CuO, TiO, and
CaTiO; phases, this indicates that the reaction was
not complete after calcination at 850 °C, while the
CCCp0oTO samples calcined at 950 °C and 1050 °C
show a single CCTO phase.
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Figure 1. XRD patterns of the CCCqy o TO samples calcined at 850, 950 and 1050 °C for 4h

The X-ray diffraction data have been analyzed by
employing the Rietveld method using Fullprof
software “*and Im-3 space group for CCCqyTO. The
X-ray diffraction patterns and Rietveld refined data
are presented in Fig. 2a and b. In these figures, the
black points represent our observed results, and the
solid red line represents Rietveld refined data. The
bottom line shows the difference between the
experimental and refined data. The small vertical blue
lines represent Bragg positions allowed. Rietveld
analysis confirms the formation of the pure body-
centred cubic perovskite-related structure of space
group Im3 and the unit cell parameters were
calculated. The lattice parameters obtained of pure
CCCyTO at 950 °C and CCCyqTO at 1050 °C
(Table 1) are in good agreement with those reported
in literature ", Rietveld refinement results show that

the crystal structure and lattice parameters do not
change when the temperature of calcination changes
from 950 °C to 1050 °C for 4 h.

The average crystallite size was estimated
employing the peaks corresponding to the Bragg’s
angles (20 from 20° to 80) for all samples by using
Scherrer's formula and the results are given in Table
1. It can be observed that the crystallite size increases
with the increasing the temperature of calcination,
which may indicate the increasing rate of crystallites
formation %°.

The quality factors from Rietveld refinement of
the observed data have been assessed by computing
the parameters such as the y? (quality of fit), Rg
(Bragg factor) and R (structure factor) and are listed
in Tablel.
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Figure 2. Rietveld refined XRD pattern of; a) CCT0O/950 °C and b) CCTO/1050 ‘C sample

Table 1. Reliability factors (Rgagq, Rr and X?), crystalline size D, lattice parameters and cell volume for the

CCT0/950 °C and CCT0/1050 °C.

Parameters CCCyTO/950 'C CCCpTO 1050 'C
Reragg 1.39 6.31
Re 413 7.98
X2 1.30 2.19
D (A) 545.260 983.137
Lattice parameters (A) a=b=c=7.391 a=b=c=7.391
V (A3 403.817 403.665

The XRD patterns of the CaCu,¢3C0q0,Tiz» and
CaCu,¢9C0q 19 Tiy, ceramics calcined at 950 °C and
1050 °C for 4h are shown in Fig. 3. These XRD
patterns are identical to the un-doped CCCgygTO
ones, and confirm the formation of a pure cubic phase
of CCCTO at the considered calcination temperatures

Im-3 according to (JCPDS75-2188). This indicates
that the crystal structure of CCTO remains
unchanged. The magnified view of the intense peak
of CCCTO (220) shows an observable shift of the
peak position toward the lower angles for the Co-
doped samples indicating the solubility of the Cobalt

(Fig. 3a). All diffraction peaks could be indexed by a in  calcium  copper titanate  (Fig.  3b).
body-centred cubic related structure of space group
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Figure 3. XRD patterns of the CCCy,TO samples calcined at 950 °C and CCC,,,TO and CCC, 14TO calcined
at 950 and 1050 °C

The Rietveld refinement results for CCC,TO
(x =0.02, 0.10) powders calcined at 950 °C and 1050
C for 4h are presented in Fig. 4 and Fig. 5 f

respectively. It is noticed that the fitted XRD pattern
agrees well with the measured data with no structural
phase transition from cubic one. Thus, Co
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substitution (with x < 10%) at the calcination
temperatures considered in this study does not affect
the crystalline structure of the parent compound
CCCoTO; this is important for the paraelectric
properties of the compounds characterized by a high
dielectric constant. The calculated parameters of

CCC,T (x = 0.02, 0.10) ceramics, calcined at 950 °C
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and 1050 “C were found after refinement to be in Im-
3 space group and are listed in Table 2 and Table 3.
We can see from the results that the lattice parameters
values of CCCygTO increase with increasing Co-
dopant concentration at each calcination temperature
as well as with increasing calcination temperature for
each sample.
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Figure 4. Rietveld refined XRD pattern for the CCCy 0, TO samples calcined for 4h at; a) 950 'C and b) 1050 'C

Table 2. Reliability factors (Rgagq Rr and X?), crystalline size D, lattice parameters and cell volume for

CCCo,TO /950 °C and CCCy 0, TO /1050 °C.

Parameters CCCo 0, TO/950 °C CCCo0, TO/1050 °C
RBragg 5.09 6.70
Re 4,06 5.19
X2 1.68 6.20
D (A) 281.013 910.843
Lattice parameters (A) a=b=c=7.392 a=b=c=7.391
V (R 403.911 403.567
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Figure 5. Rietveld refined XRD pattern for the CCC,1,TO samples calcined for 4h at; a) 950 °C and b) 1050 °C.

Table 3. Reliability factors (Rgrgg, Re and X?), crystalline size D, lattice parameters and cell volume for
CCCy10TO/950 °C and CCCy1,TO/1050 °C.
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Parameters CCCy1TO/950 °C CCCy1TO/1050 °C
Raragg 2.27 10.8
Re 3.29 13.9
X2 2.39 121
D (A) 576.104 929.412
Lattice parameters (A) a=b=c=7.393 a=b=c=7.397
V (A% 404.070 404.781

Fig. 6 shows the micrographs of CCCygTO
ceramics calcined at 950 °C/4h and 1050 °C/4h. It is
evident that the morphologies obtained are not
uniform. They consist of large grains with sizes more
than 13 pm and 23um for CCCy,TO at 950 °C and
CCCyoTO at 1050 °C respectively, and fine grains

ot Mg MY pressuTe W
FD 4000 x 1500V S0Pa 101 mm

with sizes less than 5 pm and 2 pum respectively. The
increasing of temperature of calcination from 950 °C
to 1050 °C leads to an increase of grain boundaries
clarity, the grain size and a change in the shape of the
grain.

Figure 6. The SEM micrographs of CCCy 4, TO powders calcined at 950 and 1050 °C for 4h.

Fig.7a—c shows the microstructure of CCC,TO
pellets surfaces (x=0.00, 0.02 and 0.10) sintered at
1050 °C for 8h obtained from powders calcined at
1050 °C for 4h. Loosely linked grains characterize
the morphology of the CCCqy,TO/1050 °C sample
with a size ranging from 2 um to 23um. For the
CCCy,TO sample, the grain size increases (Fig.7b).
This sample has a microstructure consisting of some
large grains (6 um — 26um), surrounded by small
ones. The surface of the samples doped with x=0.10
is characterized by close packing of the grains with
sizes lying between 8 pum and 30um (Fig.7c). The

doping has a profound influence on the morphology
and densification evolution of CaCu,Ti,O1, °. The
cobalt oxide is one of the compounds which have
mixed valences of Co*? and Co™. At partial
substitution of Cu*? by Co*, the Co*act as a donor
impurity, for this reason, the grain growth at lower
concentration is enhanced * (as it is the case in our
current samples). It is expected at or above the limit
of cobalt solubility in calcium copper titanate the
grain growth is inhibited because the cobalt ion has a
different valence than of the copper ion and the
substitution by cobalt produce a charge imbalance.
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Figure 7. SEM micrographs CCCxTO pellets sintered at 1050 °C for 8 h obtained from powders calcined at
1050 °C for 4 h a) x=0.00, b) 0.02 and c) 0.10
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Figure 8. Real parts of the dielectric constant and dielectric loss vs of frequency at room temperature for CaCus.
xC0,Ti,401, ceramics calcined at several temperatures.
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In order to study and compare the dielectric
behavior between samples, Fig. 8a-d shows
frequency dependencies of the relative permittivity
(¢’y) and dielectric loss (tand) at room temperature.
For all pure and doped samples (Fig. 8a, ¢ and d,
Table 4), the relative dielectric constants decreased
with both increasing calcination temperature and
frequency (< 1MHz). We also natice from the figure
a sharp drop of (¢’,) with frequency; this drop is
shifted to the lower frequencies with the reduction of
calcination temperature, this behavior showed a
typical ceramic IBLC structure for CCC,TO ceramic
%% 0n the other hand, the Fig. 8 shows the variation
of the dielectric loss vs frequency. We can observe
from this figure that the doping at R.T and in the
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frequency range of 1kHz to 100 kHz did not affect
calcined samples at 950 °C. When the calcination
temperature increases to 1050 °C, the effect of
doping it observed clearly, the dielectric loss of
CCCyoTO ceramic is higher than that of CCCg,TO
and CCCy41,TO ceramic in the frequency range of
1kHz to 100 kHz. Above this range, CCCg,TO
presents a higher loss as illustrated in Fig. 8d. In
CCC,T0/1050 °C (x=0.00, 0.02 and 0.10), a
dielectric loss smooth peak is observed at room
temperature in the frequency range of 1 kHz to 100
kHz (Fig. 8d). The presence of these peaks indicates
a relaxation behavior, which can be due to the
difference in the microstructural features.

Table 4. The dielectric constant and dielectric loss at 1kHz at room temperature for the CaCuz-xCo,Ti,01,

ceramics calcined at 950 and 1050 °C for 4 h.

Sample Dielectric constant Dielectric loss
CCCy 4 TO/950 °C 62430.708 0,31
CCCy 0 TO/1050 °C 15360.566 0.66
CCCy0,TO/950 °C 90908.007 0.33
CCCy0,TO/1050 °C 8275.957 0.39
CCCy1,TO/950 °C 153419.208 0.36
CCCy1,TO/1050 °C 18956.720 0.43
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Figure 9. Nyquist plot Z" vs Z' of the CCC,TO ceramics calcined at different temperatures
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In order to correlate between the electrical
properties of the samples to their morphologies, the
capacitance and resistance associated with grain and
grain boundary regions in ceramics can be estimated
by impedance spectroscopy. Fig. 9 shows Nyquist
plots (Z' versus Z") for CCC,TO ceramics calcined at
950 °C and 1050 °C. Measurements are made in the
frequency range from 50 Hz to 2 MHz at room
temperature and 220 °C. For all calcination
temperatures, the impedance spectrum of CCC,TO
(pure and doped) is characterized by only one
semicircle arc with a radii that decrease with
increasing temperature. The semicircle should be
attributed to grain-boundary response, and the
diameter of the semicircle can approximately be
equal to grain-boundary resistance ***°.

Accordingly, the resistance decreases with rising
in temperature, which may be related to the negative
temperature coefficient of resistance (NTCR)
indicating a typical semiconducting behavior of the
ceramics consistent with a Schottky barrier response.
The resistance changes with Co doping concentration
and  calcination  temperatures  obeying a
semiconductor behavior. The semicircle arcs obtained
in our results could be represented by two equivalent
circuits consisting of parallel combinations of both
resistance and capacitance representing the
semiconducting grains and the other representing the
insulating grain boundary regions. The inset in the
figures shows those equivalent circuits. Comparable
results have been observed for Y doped CCTO,
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where Y is an acceptor, and thus an increase in the
grain and grain boundary resistance were observed
31,32

In order to detect the effect of the smallest
capacitance and the largest resistance and to
distinguish whether a relaxation process is due to
short or long-range movement of charge carriers in
the CCC,TO samples, the electric modulus M" and
the imaginary part Z" of the complex impedance
evolution on the frequency are presented in Fig. 10.
The figure shows two peaks for the Z" and modulus
M". A higher peak (beyond 1 MHz) is correlated
with the bulk grain component of the samples, and a
lower frequency peak (between 1KHz and 100KHz)
is linked to the grain boundary relaxation. M" low-
frequency peaks amplitude decrease with Co amount
increasing for both samples calcined at 950 °C and
1050 °C. We can observe a shift of these peaks
toward low frequencies and an increasing of their
maximum amplitudes for sample calcined at 1050
°C. The same results were obtained by a Dc Bias on
pure and doped CCTO ¥,

The increase of low-frequency peaks amplitude
indicates a slight decrease of the capacitance of grain
boundaries due to the higher temperature of
calcination, while the increasing of the Co dopant
concentration increases the capacitance. We can also
see on the Figures 10 (a and b) an overlapping of
peaks between of Z" and M" which indicates a long-
range conductivity phenomena *.
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Figure 10. Bode plots of Z" and M" as a function of frequency at 220 °C for CCCxTO samples calcined at a)
950 °C and b) 1050 °C

The ac conductivity study is a useful technique
for investigating the charge carrier’s nature in
electroceramic  materials. The ac electrical
conductivity was  obtained from dielectric
spectroscopy. The plot of electrical conductivity
versus frequency at room temperature of the CCC,TO
samples calcined at 950 °C and 1050 °C is shown in
Fig. 11. The conductivity of the ceramic exhibited
four different frequency regions; these regions can be

observed when the calcination temperature of the
doped samples is increased from 950 °C to 1050 °C.
At room temperature, the conductivity follows the
power law dependence on two stages (double power
law). This conduction behaviour is more pronounced
for the compounds calcined at 1050 °C and for highly
doped CCC,;TO. This confirms the existence of two
relaxation processes in these ceramics.
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Figure 11. AC conductivity vs frequency at room temperature for the CaCusCo, Ti;01, ceramics calcined at a)
950 °C and b) 1050 °C

Conclusion

The polycrystalline samples of CaCus;.4Co,Ti401»
(x=0.00, 0.02 and 0.10) were studied. The effects of
the temperature of calcinations and Co-dopant
concentration were found to alter the structural,
morphology, dielectric and electrical properties of
CCTO at different extents. The XRD patterns showed
obvious no difference in pure and Co-doped CCTO
spectrum at all calcination temperatures. This
indicates that the crystal structure of CCTO is
unchanged, while it indicated the increase of
crystalline sizes with increasing in both calcination
temperature and lattice constant with increasing in Co
content. From SEM observations, we can conclude
that the temperature calcination and doping promotes
an increase of samples grain size. The CCCy1,TO at
950°C ceramics show higher dielectric constant and
improvement of the dielectric behavior due to a super
exchange interaction between aliovalent Co and Cu-
ions, and lower dielectric loss in the frequency range
up to 10° Hz in Co-doped CCTO calcined at 1050 °C.
The complex impedance analysis of the material
reveals the dominance of the grain effect and grain
boundary. The Z” values decrease with increasing
temperature indicating a decrease of the grain and
grain boundary resistance. This indicates a NTCR in
all samples, which could be due to an increasing of
the concentration of oxygen vacancy in grain. The
doped compounds present mixed valences of Co*?
and Co™. At partial substitution of Cu*?by Co™, the
Co*™ act as donor impurity and have a negative
influence on the dielectric losses. The Co doping and
the increase of calcination temperature have a similar
effect on the conductivity of CCTO at room
temperature.
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