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Abstract

In this work, the effect of bi-substitution of Zn and Ce at Cu and Ti sites on microstructure and dielectric
properties of CaCu;Ti,0,, ceramics was investigated. The doped CaCu; Zn Ti, Ce O,, (CCZTC-x) powders
(where x = 0.1, 0.2 and 0.3) were successfully synthesized via semi-wet route and the corresponding ceramics
were obtained by sintering at 950 °C for 14 h in air. The presence of major cubic CaCu;Ti,0,, phase along
with minor secondary CuO phase was observed by X-ray diffraction analysis. Scanning electron microscopy
analyses confirmed microstructure consisting of cubic-shaped grains and grain sizes of 0.76, 0.87 and 0.98 um,
for the ceramics with x = 0.1, 0.2 and 0.3, respectively. The high value of relative dielectric constant of 1500
at 100 Hz was found for the sample with x = 0.3, which may be regarded as having semiconducting grains
surrounded by insulating grain boundaries. In addition, conductivity of the sintered samples decreases with
doping concentrations and the activation energies of the samples with x = 0.1, 0.2 and 0.3 are 0.93, 0.76 and
0.74 eV, respectively.

Keywords: doped CaCu,Ti,0,,, co-substitution, semi-wet route, microstructure, dielectric properties

I. Introduction dielectric constant of single crystal and polycrystalline
) ) ) CaCu,Ti O, (CCTO) ceramics mainly arises from the

The high dielectric constant (10°~10%) at room tem- larger difference in resistance of grain and grain bound-
perature in the frequency region of 10°~10% is character-  aries which is governed by internal barrier layer capac-

istic of ACu;Ti,O,, (A = Cd, Ca, K, )La,,, Lij,La,,)  jtance (IBLC) mechanism. According to IBLC mech-
ceramics with perovskite-like structure [1,2]. The high  apism, CCTO ceramics can be regarded as inhomoge-
neous system consisting of semiconducting grains sur-
rounded by insulating grain boundaries, so that maxi-
mum charge accumulation occurs at grain boundaries.
CCTO ceramics have a good thermal stability in the
temperature range of 100—400K without any structural
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change [3-6]. The creation of large amount of oxygen
vacancies inside the grains during the cooling process,
the reduction of Cu®* ions into Cu* at higher tempera-
ture as well as other factors are responsible for different
electrical properties of CCTO ceramics [7,8].

The various preparation methods such as sol-gel
[9,10], wet chemical method [11], solid state reaction
[12], auto combustion method [13] and spark plasma
sintering [14], have been employed for the fabrication
of CaCu,4Ti,O,, ceramics. The physical properties such
as morphology, phase purity and particle size were con-
trolled by synthesis method of CaCu,;Ti,O,, ceramics
applicable in various applications like microwave de-
vices, electroceramics, memory device, electronic, gas
sensor and varistors [15,16]. From many earlier studies,
it was observed that the effect of sintering time and tem-
perature increases the grain size and aggregation of Cu
rich phases at the grain boundaries which efficiently af-
fect the microstructure as well as dielectric properties
of perovskite-type CCTO ceramics [17-19]. In spite of
this, the change of microstructure and dielectric proper-
ties could also be obtained by doping other elements in
the host materials [20-22]. Most of the work has been
reported for improvement of dielectric permittivity and
reduction in tan¢ value with incorporation of dopants
at Cu or Ti sites in the CCTO ceramics. The dielec-
tric permittivity of CaCu,Ti,O,, ceramics was boosted
by partial isovalent ion substitution of Zn or Mg on the
Cu site because this altered the mixed-valence structure.
Under these conditions, the higher dielectric response
in CCTO ceramics may be related to the Ti**/Ti** ra-
tio, rather than the modest change in the Cu*/Cu®" ratio
[23,24].

We developed CaCu,_Zn Ti, Ce O,, ceramics with
x = 0.1, 0.2 and 0.3 through semi-wet growth method
followed by auto-combustion at room temperature . This
highlights the effect of Zn and Ce in CCTO ceramics on
the dielectric properties and microstructure of this ma-
terial. This approach for preparation of CCTO ceram-
ics was used because of its reduced soaking time and
lower sintering temperature compared to other conven-
tional solid state reaction methods.

II. Experimental

The nanocrystalline CaCu,_ Zn Ti, Ce O,,
(CCZTC-x) powders (where x = 0.1, 0.2 and 0.3,
CaCu, ¢Zn ,Ti; 4Ce, ,0,,, CaCu,¢Zn,,Ti, ;Ce;,0,,
and CaCu,,Zn,,Ti,,Ce;;0,,) were synthesized
via semi-wet growth using Ca(NO,),-4H,0,
Cu(NO,;), -3H,0, TiO, and citric acid as the starting
materials. The metal nitrates were dissolved in doubly
distilled water and aqueous solutions containing Ca’",
Cu®*, Zn>* and Ce®* were mixed in a beaker with
stoichiometric amount of TiO,. Then, citric acid
(equivalent to metal ions) was added to the solutions.
The resulting heterogeneous solutions were heated
on a hot plate under stirring at 90—100 °C to vaporize
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the water and concede auto-combustion. The combus-
tion occurred at room temperature and burnt under
self-propagating reaction conditions, which released
huge amount of gases and churn out the fluffy mass
of CaCu, Zn Ti, Ce O, (CCZTC-x) nanocrystalline
powders. The nanocrystalline CCZTC-x powders were
calcined in air at 800 °C for 8 h in an electrical furnace.
The calcined CCZTC-x powders were mixed with
2 wt.% polyvinyl alcohol (PVA) and pressed at 4 MPa
into cylindrical pellets using a hydraulic press. The
PVA binder was burnt out at 350 °C for 2h and the
CCZTC-x pellets were finally sintered at 950°C for
14 h.

The crystalline phases of the sintered samples were
identified by using the X-ray diffraction (XRD) analy-
sis (Rich-Siefert, ID-3000) employing CuKe radiation.
The samples were scanned at 0.02 °/min over the 26
range of 20-80°. The particle size and morphology were
evaluated using a high-resolution transmission electron
microscope (HR-TEM, FEI Tecnai F30). The analy-
ses were prepared by dispersing the calcined CCZTC-
x powders in acetone by ultra-sonication and deposited
onto carbon-coated copper grids. The microstructural
features of the fractured sintered ceramics were inves-
tigated using a scanning electron microscope (SEM,
Model JEOL JSM5410).

The sintered pellets were polished using SiC abra-
sive paper and diamond paste until they had a mirror
finish. For the purpose of the dielectric and electrical
measurements, silver paste was applied to both sides of
the circular surfaces of the ceramic pellets which were
then dried at 600 °C for 15 min and cooled naturally to
room temperature. The electric and dielectric properties
of the CCZTC-x (x = 0.1, 0.2 and 0.3) ceramics were
determined using LCR meter (PSM 1735, Newton4th
Ltd, UK) over the frequency range of 10>-~10° Hz in the
temperature range of 300-500 K.

II1. Results and discussion

High resolution TEM and selected area diffraction
(SAED) were used for examination of phase purity and
crystallinity of the CCZTC-x powders. Figure 1a shows
the bright filed TEM image of an agglomerated parti-
cle of the sample CCZTC-0.1. In Fig. 1b highly sym-

(a)

100 nm

Figure 1. Bright field TEM image (a) and SAED pattern (b)
of CCZTC-0.1 particle
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Figure 2. X-ray diffraction patterns of CCZTC-x ceramics
sintered at 950 °C for 14 h in air

metrical dotted pattern is observed in the SAED which
confirms the crystalline nature of the material.

Furthermore, SAED pattern has diffraction spots cor-
responding to the (211), (123) and (220) reflections,
which correctly match with JCPDS Card No. 75-2188,
confirming the cubic phase of the CCZTC-x powders
and space group Im3. The zone axes of the diffraction
spots in between the plane (211) and (123), (123) and
(220) are found to be [153] and [662], respectively [25].

XRD analysis of the CCZTC-x ceramics sintered at
950 °C for 14 h in air are depicted in Fig. 2. The main
CCTO phase (with Im3 cubic symmetry) was confirmed
together with some extra peaks of CuO as impurity
phase. Present CCTO and CuO peaks in the CCZTC-
x ceramics correspond to the standard data of JCPDS
Cards No. 75-2188 and 45-0937, respectively. The in-
tensity of CuO XRD peaks increases with increasing the
dopant content. Therefore, the peaks of CuO are almost
not observed in the case of the CCZTC-0.1 sample and
very weak in the CCZTC-0.2 sample.

Figure 3a shows SEM micrographs of the CCZTC-x
ceramics sintered at 950 °C for 14 h in air. Cubic-shaped
grains are noticeable in the SEM micrographs, but they
are not dominant in all compositions of CCZTC-x ce-
ramics [26]. The average grain sizes of CCZTC-x ce-
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ramics were measured with ImagelJ software and found
to be 0.76, 0.87 and 0.98 um for doping concentrations
of x = 0.1, 0.2 and 0.3, respectively. From the above
results, it is observed that calculated average grain size
increases with increasing the concentrations of Zn and
Ce in CCZTC-x ceramics [27]. At the same time, unifor-
mity of grain size distribution decreases and some much
larger CCTO grains can be seen in the sample CCZTC-
0.3 ceramics (Fig. 3c).

Dielectric properties at different temperatures and
frequencies were analysed by using high-precision
multi-meters. Values of € and tan ¢ were calculated from
capacitance data at measured temperatures and frequen-
cies. The following general expression was used:

_Cl
_80'A

ey

where, € and gy are the dielectric permittivity and free
space permittivity (8.85x 10712F/m), and A, C and [ are
area of cylindrical pellets, capacitance and thickness of
the pellets.

Figures 4a and 4b depict the frequency dependent
trends of relative dielectric permittivity (e,) and tan-
gent loss (tan 0) at 303 K of the CCZTC-x ceramics. De-
creases in both the value of &, and tand are observed
with increasing frequency until they become constant
in higher frequency regions [28,29]. The values of &,
and tan ¢ at 100 Hz of the CCZTC-0.3 sample are 1500
and 32.2, respectively. The higher values of both &, and
tan ¢ at lower frequency are due to the semiconducting
nature of grains surrounded by insulating grain bound-
aries. This causes interfacial charge polarization at the
grain boundaries supported by internal barrier layer ca-
pacitance (IBLC) mechanism [30].

The change of &, and tan ¢ of the prepared CCZTC-
x ceramics with temperature at 10kHz is shown in the
Fig. 5. Values of ¢, and tan ¢ increase with increasing
dopant concentration and for the CCZTC-0.3 sample at
500K are 314 and 4.7, respectively. The higher &, values
at higher temperatures may arise from the difference of
conductivity in the materials which enhance the space
charge polarization [31].

The change of conductivity with frequency of the
CCZTC-x ceramics at temperature of 303K was also
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Figure 3. SEM micrographs of CCZTC-x ceramics: a) x = 0.1,b)x = 0.2 and ¢) x = 0.3
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Figure 4. Frequency dependent dielectric constant, g, (a) and
dielectric loss, tand (b) of CCZTC-x ceramics
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Figure 5. Temperature dependent dielectric constant, &, (a)
and dielectric loss, tand (b) at 10 kHz of CCZTC-x ceramics

AC and DC contributions obeys the Almond-West type
power law, expressed by following formula:

2

O'=0'Dc+O'AC=O'Dc+A'a)S

The frequency dependent conductivity of material due
to AC contribution follows the Jonscher’s power law,
given by the following expression:

gac =A- ' (3)
where, A is the temperature dependent constant, w is an-

gular frequency and s frequency exponent term indicat-
ing the degree of interaction between mobile ions whose
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Figure 6. Plot of the AC conductivity (o 4¢) vs. frequency of
CCZTC-x ceramics

value lies between 0 and 1 and it depends both on tem-
perature and concentrations of mobile ions. Lower value
of s represents the frequency independence of electrical
conduction and its higher value (s = 1) represents fre-
quency dependent conductivity.

From Fig. 6 a flat response of conductivity is ob-
served in the lower frequency region for all composi-
tions which may be due to the DC contribution of con-
ductivity (opc). Rapid increase of conductivity is ob-
vious at higher frequencies. The values of exponent s,
calculated by plotting In oy¢ vs. Inw, are 0.811, 0.792
and 0.773 for the samples with x = 0.1, 0.2 and 0.3,
respectively. The decreasing value of s with increasing
concentration obtained by linear fitting may be due to
the hopping charge conduction mechanism.

Figure 7 depicts the AC conductivity plots versus in-
verse temperature (In o4¢ vs. 1/T) performed at 10 kHz
for the CCZTC-x ceramics. The temperature depen-
dence of AC conductivity defined by the Arrhenius law
is expressed by the following relation:
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Figure 7. Plot of the AC conductivity (o 4¢) vs. temperature
of CCZTC-x ceramics
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=) @

where, 0 pre-exponential factor, E, is the activation en-
ergy for ionic conduction, k is the Boltzmann constant
and T is the absolute temperature. The activation en-
ergies of the CCZC-0.1, CCZTC-0.2 and CCZTC-0.3
ceramics were calculated from the slope of the Ino4¢
vs. 1/T curve and obtained values were 0.93, 0.76 and
0.74 eV, respectively. The lower activation energy val-
ues of the CCZTC-0.2 and CCZTC-0.3 ceramics indi-
cate on their more conducting nature than for the lowest
dopant composition. Lower conductivity values of the
CCZTC-0.3 are correlated to high space charge polar-
ization at the grain boundary regions which enhances
its dielectric constant.

Ferroelectric properties of the CCZTC-x ceramics
were investigated by measuring polarization versus
electric field (P-E hysteresis loop) at room temperature
and operating frequency 50 Hz under the application of
applied electric field up to 4.8kV/cm (Fig. 8). The ab-
sence of saturation in the P-E hysteresis loop is most
probably due to the low applied electric field and the
loosely behaviour of the CCZTC-x ceramics [32]. Fur-
thermore, improper hysteresis loop of banana type is
apparent and might result from both domain switching
and electric conductivity contributions [33]. However,
the decrease in remnant polarization (P,) and increase
in coercivity (E.) with the increase of dopant concentra-
tion are obvious. The calculated P, and E,. values of the
samples with x = 0.1, 0.2 and 0.3 are 0.0042, 0.0047,
0.0058 uC/cm2 and 0.645 0.421, 0.354kV/cm, respec-
tively. The observed change of P, and E. might be cor-
related to grain size effect [34].

o= o-o-exp(—

0.154 — CCZTCe00.1
s CCZTCe00.2
—~ 0.10- == CCZTCe00.3
£
2
QO  0.054
&
=
S 0.00
N
<
")
= .0.054
2
2
-0.10 4
-0.154
L} L} L L}
-6 4 2 0 2 4 6
Electric field (kV/cm)

Figure 8. Plot of polarization versus electric field (P-E
hysteresis loop) at 50 Hz of CCZTC-x ceramics
for x = 0.1, 0.2 and 0.3

IV. Conclusions

CaCu, 7Zn Ti, Ce O,, (x=0.1,0.2 and 0.3) ceram-
ics were fabricated by semi-wet growth route and sinter-

ing at 950 °C. The presence of major CCTO phase along
with the minor CuO phase was confirmed by XRD anal-
ysis. Cubical shape grains have been seen in SEM mi-
crographs for all selected compositions and the average
grain sizes were 0.76, 0.87 and 0.98 um for the samples
with x = 0.1, 0.2, 0.3, respectively. Conductivity of the
sintered samples decreases with doping concentration
and values of dielectric permittivity and tangent loss at
lower frequency are observed to be 1500 and 32.2, re-
spectively. P-E hysteresis curve shows loose behaviour
due to the absence of saturation. Although, the dielec-
tric constant of the present materials is not too high, it
is found that the bi-substitution in CCTO enhances the
ferroelectric properties.
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