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Abstract

Ca,Cu3TisOy; (x=0.90,0.97, 1.0, 1.1 and 1.15) polycrystalline powders with variation in calcium content were prepared via the oxalate precursor
route. The structural, morphological and dielectric properties of the ceramics fabricated using these powders were studied using X-ray diffraction,
scanning electron microscope along with energy dispersive X-ray analysis, transmission electron microscopy, electron spin resonance (ESR)
spectroscopy and impedance analyzer. The X-ray diffraction patterns obtained for the x=0.97, 1.0 and 1.1 powdered ceramics could be indexed
to a body-centered cubic perovskite related structure associated with the space group Im3. The ESR studies confirmed the absence of oxygen
vacancies in the ceramics that were prepared using the oxalate precursor route. The dielectric properties of these suggest that the calcium deficient
sample (x=0.97) has a reduced dielectric loss while retaining the high dielectric constant which is of significant industrial relevance.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

High-permittivity dielectric materials have attracted ever-
increasing attention particularly for their practical applications
in microelectronics such as capacitors and memory devices. The
CaCusTigO12 (CCTO) ceramic belongs to a family of the type,
ACu3TigO1; (where A=Ca or Cd) and has been reported in
the year 1967.! This composition has been extended” and the
family of titanates with the body centered cubic (bcc) struc-
ture has been reported having the general formula: [AC3] (B4)
O12 [where A=Ca,Cd,Sr,Na or Th; B=Ti or (Ti+M5+), in
which M=Ta, Sb or Nb; and C=Cu?"or Mn3*]. CCTO has
attracted considerable attention recently due to its unusually high
dielectric constant (g ~ 10*>) which is nearly independent of
frequency (up to 10 MHz) and low thermal coefficient of permit-
tivity (TCK) over a wide range of temperatures (100-600 K).3’4
Several explanations for the origin of high dielectric constant for
CCTO have been proposed mainly based on bulk property con-
tributions as against the microstructural features which in turn
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are affected by the ceramic processing conditions including sin-
tering temperatures as well as the ambience.>>~7 Accordingly,
the incidence of giant dielectric constants has been attributed
to more than a single mechanism: (i) the barrier layer capac-
itance arising at twin boundaries;> (i) disparity in electrical
properties between grain interiors and grain boundaries;3°
(iii) space charge at the interfaces between the sample and the
electrode contacts;! 112 (iv) polarizability contributions from the
lattice distortions;'3 (v) differences in electrical properties due
to internal domains;'* (vi) dipolar contributions from oxygen
vacancies; > (vii) the role of Cu off-stoichiometry in modify-
ing the polarization mechanisms;!” (viii) cation disorder induced
planar defects and associated inhomogeneity '3 or (ix) nanoscale
disorder of Ca/Cu substitution giving rise to electronic contri-
bution from the degenerate e, states of Cu occupying the Ca site
contributing to the high dielectric constant.'®

Though various mechanisms for the origin of giant dielec-
tric response have been proposed, the reports based on
the twin boundaries,’ grain boundaries,? electrode—sample
interfaces,''!? and the first principle calculations’®?! pro-
vided the strong evidence of extrinsic effects associated with
CCTO. Moreover the internal barrier layer capacitor (IBLC)
model representing semiconducting grains and insulating grain
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boundaries® confirmed the electrical heterogeneities in the
microstructure of CCTO, and has been widely accepted as the
most likely explanation for the abnormal dielectric response in
CCTO. These inhomogeneous features at the grain boundaries
were also supported by current—voltage measurements.>>

To further elucidate the mechanism and also to improve the
dielectric properties, cation doping effect on CCTO has been
studied. Each dopant had its own preferential substitutional site
when incorporated into the CCTO lattice. Certain dopants have
critical influence on electrical barriers at the grain boundaries
and a reduction in the number of charge carriers in the bulk
grains as well.”> The doping studies in CCTO were mainly
attempted to improve its dielectric loss characteristics by con-
trolling the chemistry and structure of interfacial regions at the
grain boundaries.>*2° Apart from the doping effect on the spe-
cific cation site, Ti deficient,? Ti excess,>! Cu excess,>? and
the Cu deficient? effects have been investigated on the dielec-
tric response of CCTO. The Ti-deficient in CCTO has exhibited
lower dielectric constant,>® while the Ti-rich CCTO ceramic3!
exhibited higher dielectric response. The Cu ions in CCTO
appear to play a very important role as the segregation of cop-
per oxide at the grain boundaries is believed to be responsible
for the high resistance associated with the grain boundary.3>-38
However, the effect of stoichiometry, i.e., the relative amount
of Ca, Cu and Ti is not well studied. As the Ca and Cu occupy
the same A site in CCTO, the Ca stoichiometry studies are very
important and need to be understood in the light of its dielectric
properties.

This article reports the details pertaining to the effect of Ca
variation on the dielectric properties of CCTO ceramics fabri-
cated employing the powders obtained by the oxalate precursor
route.

2. Experimental

The precursors Ca,Cu3(TiO)4(C,04)5(C0O3)3-CO; (x=0.90,
0.97, 1.0, 1.1 and 1.15) with varied x were prepared by employ-
ing the oxalate precursor route that is reported elsewhere.”
Initially, the titania gel was prepared from the aqueous TiOCl,
(0.05M) by adding NH4OH (aq) (at 25 °C) till the pH reaches
~8.0 and washed off NH4Cl on the filter funnel. To this tita-
nia gel [0.4 moles TiO,xH,O (where 92 <x < 118)], powdered
H,C,04-2H,0 was added and slightly heated to 40 °C with con-
tinuous mixing without the addition of water. The amount of
water present in the titania gel was sufficient for dissolving the
whole of the solid present and a clear solution was obtained. To
this clear solution, calcium carbonate (where calcium molar ratio
is x=0.90, 0.97, 1.0, 1.1 and 1.15) was added and stirred. The
solution remained clear without any precipitate formation. This
solution was cooled to 10 °C to which cupric chloride dissolved
in acetone + water (80/20) was added and stirred continuously.
The thick precipitate was separated out by further addition of
acetone. The precipitate was filtered, washed several times with
acetone to make it chloride-free and dried in air. The precur-
sors thus prepared were isothermally heated above 680 °C to get
the ceramic powders of Ca,Cu3TisO12 (x=0.90, 0.97, 1.0, 1.1
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Fig. 1. X-ray diffraction patterns for Ca,Cu3Ti4O12 where: (a) x=0.9 (Cag 99),
(b) x=0.97 (Cago7), (c) x=1.0 (Cay o), (d) x=1.1 (Cay 1), () x=1.15 (Cay 15)
and (f) CCTO from the ICDD data file card no. 01-075-1149.

and 1.15), which are designated as Cagp g9, Capg7, Caj g, Caj
and Caj 15, These notations have been used throughout the text
henceforth.

The X-ray powder diffraction studies were carried with an
X’pert diffractometer (Philips, Netherlands) using Cu Ko radi-
ation (A =0.154056 nm) in a wide range of 20 (5° <260 <85°)
with 0.0170 step size using the ‘Xcelerator’ check program.
The phase pure CCTO powders were cold-pressed into pel-
lets of 12mm in diameter and 3 mm in thickness using 3%
poly vinyl alcohol (PVA) and 1% polyethylene glycol as the
binders. The green pellets were then sintered at 1130 °C/4 h.
The grain size measurements were carried out using the Sig-
mascanpro image analysis software. The thin foil specimens
for TEM were prepared from polycrystalline bulk samples by
mechanical thinning and finally by Ar-ion milling using the
precision polishing system (PIPS, GATTAN, 691, CA) with
liquid N cooling to minimize the ion beam damage. Elec-
tron diffraction and transmission electron microscopic (TEM)
studies were carried out on the sintered ceramics using FEI-
Technai TEM (G-F30, Hillsboro, USA). Scanning electron
microscope (FEI-Technai TEM-Sirion) equipped with energy-
dispersive X-ray spectroscopy (EDX) capability was used to
observe the microstructure and the composition of the sintered
pellets. The densities of the sintered pellets were measured by
the Archimedes principle using xylene as the liquid medium.
The capacitance measurements on the electroded (sputtered
gold and silver) pellets were carried out as a function of
frequency (100 Hz—1 MHz) using an impedance gain-phase ana-
lyzer (HP4194A).



P. Thomas et al. / Journal of the European Ceramic Society 32 (2012) 1681-1690 1683

3. Results and discussion
3.1. X-ray diffraction studies

The X-ray diffraction patterns obtained for all the composi-
tions of Ca,Cu3TizO12 (x=0.90, 0.97, 1.0, 1.1 and 1.15) are
depicted in Fig. la—e. The diffraction patterns obtained for
Cag.97, Caj o, and Caj; samples as shown in Fig. 1b—d could
be indexed to a body-centered cubic perovskite related structure
of space group Im3. Whereas, the diffraction patterns obtained
for the Cag 9o and Cay 15 samples (Fig. 1a and e) did not show
monophasic nature of CCTO. The Cay 15 sample (Fig. 1a) shows
the presence of secondary phases pertaining to CaTiO3, TiO; and
CuO, whereas the Cag 9o sample (Fig. 1e), revealed the presence
of only TiO; and CuO.

3.2. Microstructural studies (SEM/TEM)

The CCTO compositions (Cagg7, Cajo and Caj ;) which
were monophasic were chosen and sintered at 1130 °C/4 h for
further investigations. The SEM micrographs were recorded for
these pellets after thermal etching. Though all the samples are
of monophasic in nature as revealed by XRD analyses, there is a
significant difference in the microstructure. The microstructure
of the samples Caj o (Fig. 2a) exhibited fascinating microstruc-
ture in which each grain is surrounded by exfoliated sheets of
Cu-rich phase. Fig. 2b shows the SEM picture at high magni-
fication at the grain boundary region exhibiting such exfoliated
sheets of Cu-rich phase. The EDX studies carried out on the grain
and the grain boundary regions for the Caj o sample (Fig. 2c and
d) clearly indicate that the grain boundary region is rich in Cu.
Hence, the microstructural features are broadly described as the
stoichiometric grains embedded in a “pool” of Cu-rich phase.
The microstructure that is evolved for the Cag 97 sample (Fig. 3a)
more or less resembles that of the Ca; g (Fig. 2a), but the seg-
regation of such exfoliated sheets of Cu-rich phase is less and
thinner than that of Caj o sample (Fig. 2a). The EDX data for
the composition of the grain and the grain boundary regions are
shown in Fig. 3b and c for the Cag 97 sample. Fig. 4a—c shows
the SEM photographs of the pellets along with the EDAX anal-
ysis for the Cay 1 sample. The micrograph indicates that there is
no discernible grain boundary phases. Since the microstructure
reported is composition dependent, some of the samples may be
poor in stoichiometry. We had made attempts to sinter the green
pellets at lower temperatures (<1130 °C). Since the ceramics sin-
tered at lower temperatures did not exhibit reasonable density,
keeping the dielectric properties in view, these samples were
sintered at high temperatures to obtain reasonably high density
and consequently high dielectric constant. The reason for the
kind of microstructure that is encountered in the present stud-
ies is attributed to high sintering temperature associated with
the present samples. The EDX analyses carried out on the grain
(Fig. 4b) and for the overall region (Fig. 4c) for the Ca; | sample
suggest the composition to be almost the same. Table 1 illustrates
the results on compositional analyses carried out by EDX for all
the samples at different locations: grain, grain boundary and the
overall regions.

Table 1
The EDX analysis carried out on the grain, grain boundary and the overall regions
for three different compositions.

Samples EDAX analysis

Grain region Grain boundary Overall region

Ca Cu Ti Ca Cu Ti Ca Cu Ti
Cajg 1.0 35 454 1.0 446 429 1.0 621 422
Cag.o7 1.0 341 427 1.0 19.03 4.28 1.0 401 438
Cay 1.0 30 410 - - - 1.0 326 42

The grain size measurements were carried out by line inter-
cept method using the image analysis software. The grain size
distribution obtained is given in Fig. 5a—c. For Caj o sample
(Fig. 5a), the grain sizes vary from 10 to 100 wm with most
grains lying in the 30-70 wm range. The population of grains
in the range of 20-30 pwm and 70-100 pm are significantly low
(around 10% each). In the case of Cagg7 sample, the popula-
tion of grains in the range of 5-10 pm and 3040 pm are also
significantly low (around 10% each) with most grains lying in
the 10-20 wm range (51%). The noticeable difference is that,
the grains in the 10-20 wm range is totally absent for the Caj g
sample. The Caj; samples (Fig. 5c), had grains in the range
of 5-30 wm and the population of grains is in the range of
10-20 wm (57%) which is slightly higher than that of Cag .97
samples (51%). Overall, it is observed that, the Cag g7 sample
(Fig. 5b), has small grains as compared to that of Ca; o sample
(Fig. 5a).

The TEM studies were carried out to probe domain features
or local distortion, if any including stacking faults or 2D defects
in CCTO as observed by the others.!#*%4! The Cag 97 sample
which exhibited smaller grains and thinner CuO segregation at
the grain boundaries was chosen for these studies. The trans-
mission electron microscopy (TEM) on the Ar* ion-thinned
specimen (Cag 97) was carried out. Thin samples (<1000 A) suit-
able for the electron diffraction (ED) were prepared from the
bulk polycrystalline Cag g7 ceramic. Fig. 6a shows the SAED
pattern with the zone axis as [1 11]. The ED pattern recorded
along the [1 1 1] zone axes are consistent with the space group
Im3. There are no elongations, streaks or distortion discernible
for the diffraction spots indicating the absence of stacking faults
or 2D defects. Fig. 6b indicates the high resolution electron
microscopy (HRTEM) image recorded for the Cagg7 sample
along the [1 1 1] zone axis. The micrograph does not strikingly
show the presence of any lattice defects such as stacking faults or
dislocations. The micro domain features within the grains'# and
the lattice misfit*’ between the domains in a single grain causing
local distortion were totally absent for the CCTO prepared via
soft chemistry route. Zhu et al.' had observed that nanoscale
disorder of Ca/Cu substitution giving rise to electronic contri-
bution from the degenerate ey state of Cu occupying Ca site
facilitate high dielectric constant. This needs to be substantiated
by making detailed studies using quantitative electron diffraction
and extended X-ray absorption.
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Fig. 2. (a) Scanning electron micrographs of the Caj o sample sintered at 1130 °C/4 h, (b) the high magnification image showing the exfoliated sheets of Cu rich
phase at the grain boundary region, EDX spectrum of: (c) the grain and (d) the grain boundary region.

3.3. Electron spin resonance (ESR) studies

Fig. 7 illustrates the ESR spectra recorded for the sin-
tered ceramics (Caj g, Cagg7 and Caj 1) at room temperature
using an X-band (9.839) Bruker (Germany) spectrometer. It is
well established that oxygen vacancies and/or intrinsic defects
in oxides have been demonstrated to play a crucial role in
the physical properties of different classes of transition metal
oxides.*!** The broadening of the ESR line-width of CCTO
when annealed in argon atmosphere is reported to arise from the
oxygen vacancies.’>* It decreases on reannealing in oxygen
atmosphere. The ESR spectra obtained for all the samples show
single-line symmetric signal of g=2.15 having no hyperfine
structures and nearly Lorentzian line shape. The appearance of
the single-line spectra of g =2.15 for all these samples indicates
the formation of copper (II) with square planar coordination.
The spectra obtained for all the samples are quite comparable to
those reported for CCTO,354546 which have been assigned to
copper (II) in square planar coordination. Hence, based on the
ESR studies, the presence of oxygen vacancies in the ceramics
that were fabricated using the oxalate precursor route is ruled
out.

3.4. Dielectric studies

The frequency dependent dielectric constant (¢}) and dielec-
tric loss (D) at room temperature for the samples, Cag 97, Caj o
and Caj 1 are shown in Fig. 8a and b. The dielectric constant
value obtained for Caj g samples is around 25,300 at 100 Hz
and decreased to 6747 as the frequency increased to 1 MHz. The
Ca; ; sample, which has higher calcium content (by 0.1 mol%)
exhibited a dielectric constant value of around 13,160 at 100 Hz
and 8557 at 1 MHz. The Ca; ; sample shows low frequency dis-
persion as compared to that of Caj o samples. Interestingly, the
Cag.97 sample, which is calcium deficient by 0.03 mol%, exhib-
ited very high dielectric constant as compared to that of other
samples (Caj | and Caj o) at all the frequencies under study. The
value of dielectric constant for Cag 97 sample vary from 32,900
to 27,980 in the 100 Hz—1 MHz range and the loss varies from
0.10t0 0.087. At 1 kHz, the dielectric constant value obtained is
31,470 and the loss is around 0.087. This sample also exhibited
low frequency dispersion (100 Hz—1kHz) as compared to that
of Caj . The dielectric loss did not show any relaxation at low
frequency, though there is a relaxation at high frequency. The
dielectric loss (at 1kHz) values obtained for Ca;y and Caj g
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Fig. 3. Scanning electron micrographs of the Cag 97 sample (a) ceramic sintered at 1130 °C/4 h, (b) the high magnification image showing the Cu segregation at the
grain boundary region, EDX spectrum of: (c) the grain and (d) the grain boundary region.

are 0.14 and 0.10, respectively. It is to be noted that the cal-
cium deficient sample (Cagg7), exhibited low dielectric loss
(0.087 at 1kHz), while retaining the high dielectric constant.
It is known in the literature that various dopants were tried>>-2°
to bring down the dielectric loss in CCTO. It was also observed
that, reduction in the loss in CCTO also affected the dielectric
constant to a large extent. However, in this work, without any
dopant, only by controlling the chemistry and engineering the
interfacial regions at the grain boundaries, the dielectric loss
was suppressed remarkably while retaining the giant dielectric
constant.

The temperature dependent (50-200 °C) characteristics of
dielectric constant (¢}) and dielectric loss (D) were monitored at
three different frequencies (1 kHz, 10 kHz, 100 kHz) for all the
samples (Cag 97, Caj g and Caj 1) under investigation which are
depicted in Figs. 9 and 10, respectively. The dielectric constant
decreases as the frequency increased from 1kHz to 100kHz
in the 50-200°C temperature range. The dielectric constant
increases steadily with increasing temperature for all the sam-
ples. The dielectric constant value at 1 kHz has increased from
23,400 to 62,200 as the temperature increased from 50 °C to
200°C for the Cajo sample and for the Cagg; sample, the
increase is from 29,400 to 79,000. In the case of Caj | sample,
it has increased from 11,700 to 20,700 when the temperature
is increased from 50 °C to 200 °C. The temperature dependent
characteristics of dielectric loss (D) at various frequencies for all

the samples (Cag 97, Caj o and Caj 1) are shown in Fig. 10. The
frequency independent dielectric loss was observed up to 75 °C
and subsequently it decreased with increasing frequency for all
the samples under study. The dielectric loss increases rapidly
beyond 100 °C for all the samples indicating the dominance of
leakage current at elevated temperatures.

The higher dielectric constant exhibited by Cag 97 ceramic is
rationalized by invoking essentially extrinsic effects. The Cag 97
sample does not exhibit broadening in the ESR line width.
Hence, the large dielectric constant associated with this sam-
ple could not be attributed to the presence of oxygen vacancies.
The transmission electron microscopy also did not reveal any
lattice defects such as stacking faults or dislocations. The micro
domain features and the lattice misfit were also totally absent in
these ceramics. Hence, these findings have provided the strong
evidence of extrinsic effects in CCTO. The SEM analysis very
clearly indicated that there is a remarkable difference in the
microstructural features for these ceramics and is evidenced that
the dielectric response in these ceramics has strong microstruc-
ture dependence. The increase in the dielectric constant values
with the grain size supports the argument for an internal bound-
ary layer capacitor model to explain the dielectric behaviour
of CCTO.!! However, in this work, it is observed that, the
Cayg .97 sample which exhibited very high dielectric constants has
smaller grains (Fig. 5b) than that of Ca;  (Fig. 5a). Hence, there
is no correlation that could be clearly drawn between the grain
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Fig. 4. (a) Scanning electron micrographs for the Ca;; sample sintered at 1130 °C/4 h, EDX spectrum of: (b) the grain and (c) the overall region.

size and the dielectric constant based on these results. Similar
observations were reported in the literature.*’ It is well known
that the Cu ions in CCTO play a very important role as the seg-
regation of copper oxide at the grain boundaries is believed to
be responsible for the high resistance associated with the grain
boundary.17’32‘36

It is to be noted that, Capsonia et al.> have reported high
dielectric constants for the samples containing small amounts of
CuO segregation at the grain boundaries. This was further sup-
ported by Yeoh et al.3® wherein, it was observed that the higher
amounts of CuO segregation at the grain boundaries exhibited
low dielectric constants as compared to that of the samples
with lower CuO segregation. Interestingly, the microstructure
evolved (Fig. 3b) for the calcium deficient samples (Cagg7)
exhibited less CuO segregation at the grain boundaries. This
sample exhibited very high dielectric constant as compared to
that of the Cajo sample which has higher amounts of CuO
segregation (Fig. 2b) at the grain boundary. Though the sin-
tered ceramics, subjected to XRD analysis (not reported in
this manuscript) did not reveal the presence of any detectable
secondary phases pertaining to CuO phases, the formation of
negatively charged species as reported in the literature®’ exist-
ing at the grain boundaries due to the oxidation of the secondary
phase (minor amount) during cooling after sintering cannot be

ruled out. However, the secondary phase that was detected using
EDX (atomic %) at the grain boundaries is close to that of CuO
which is more stable than CuyO in air at room temperature.>8
Also as revealed by SEM micrograph, the grain boundary layers
(exfoliated sheets) seem to be less in thickness than that observed
in Caj o which might be the reason for the higher dielectric con-
stant associated with the Cagg7 sample. It has been reported
in the literature that for CCTO, Rgp > Ry and Cgp > 10C,51°
Therefore, the effective dielectric constant of the sample at fre-
quencies much lower than the relaxation frequency is given
by:
/ Cgb

& = —
eff Co

ey

&g is determined by the ratio between grain boundary capaci-
tance Cgp and empty cell capacitance C,. If it is assumed that
grain and grain boundary form two layer capacitor with a thick-
ness (dg +dgp), where dg and dgyp, are the thickness of the grain
and the boundary layer, respectively, from Eq. (1), one obtains
séff = ggpl(dg + dgp)/dgp], here gy is the dielectric constant of
the grain boundary layer. Therefore, even a small &g, would
lead to a giant dielectric constant . if the ratio (dg + dgb)/dgp is
large. Hence, itis clear that £ is dependent upon the microstruc-
ture and could therefore be maximized by enhancing the grain



P. Thomas et al. / Journal of the European Ceramic Society 32 (2012) 1681-1690 1687

30

QO

[ 1Ca,,

25 -

20

15

10

Population of grains(%)

0 T L T * T ¥ T T T T T T " T
1-5 5-10 10-20 20-30 30-40 40-50 50-70 70-100 >100
grain size,um

(o

60

L lca,,

50 +

40

30+

20

Population of grains(%)

10

0 T T T T T
1-5 5-10 10-20

T T
20-30 30-40
grain size,um

60

(9]

[ 1Ca,,

50
40 -

30+

20

Population of grains(%)

10 +

T T T
1-5 5-10 10-20 20-30

grain size,pm

Fig. 5. The grain size distribution obtained by line intercept method for: (a)
Caj o, (b) Cag g7 and (c) Caj,; samples sintered at 1130°C/4 h.

a
&3 . a
T
< 0. soup - -
©oTuol* & o - -
ot ot ¢

Fig. 6. (a) [11 1] zone-axis selected area electron diffraction pattern of Cag g7
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growth (increasing d,) or by thinning down the grain boundary,
or by forming the grain boundary phase with high &/. The above
concept was adopted to rationalize the present dielectric data
and has been observed that the ratio (dg + dgp)/dgp Obtained is
higher for the Cag 97 sample than that of Ca; o sample. Hence,
it is concluded that, the samples with higher concentrations of
CuO segregation exhibit low dielectric constant and those with
low CuO segregation exhibit high dielectric constant which is
in close agreement with that reported in the literature.?>-3% From
these observations, it is concluded that the dielectric response
observed in these samples has strong microstructure dependence
especially, CuO segregation at the grain boundaries.

In order to have an insight into the relatively low dielectric
loss observed for Cag .97 ceramic, the ac conductivity measure-
ments were carried out in the frequency of interest for all
the three samples under investigation. The frequency depen-
dence of the ac conductivity (o, in log—log scale) at room
temperature is shown in Fig. 11. The conductivity for all the
three samples is found to increase with increasing frequency.
However, in the case of Cagg7 sample, the rate of increase in
0ac 1S not that rapid and is lower than that of the other two
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Fig. 9. Temperature dependence of dielectric constant (e;) measured at various
frequencies for: (a) Caj g, (b) Cag g7 and (c) for Ca; o samples.

samples especially at high frequencies. The mechanism of con-
duction in stoichiometric CCTO is attributed to the hopping
of the charge carriers between the Cu?* and Cu’*.!” However,
recently the conductivity mechanism proposed based on detailed
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Fig. 11. Frequency dependence of ac conductivity for Cj, Capg7 and Cay
samples.

experimental investigations point towards n-type electron hop-
ping between Ti** and Ti**.*84° One of the main reasons for
low loss associated with Cag g7 sample might be due to the less
available oxygen vacancies vis-a-vis electron hopping between
Ti** and Ti**.

4. Conclusions

CCTO ceramics with different calcium contents were fabri-
cated from the fine powders obtained by oxalate precursor route.
The samples corresponding to the compositions Cag g7, Caj g
and Caj | were monophasic in nature as confirmed by the X-ray
diffraction studies. The calcium deficient sample (Cag 97) exhib-
ited very high dielectric constant accompanied by low loss. This
work clearly demonstrates that by controlling the chemistry and
structure of interfacial regions especially at the grain bound-
aries, the loss could be suppressed significantly while retaining
the giant dielectric constant. The ESR and TEM studies evi-
dently suggest that the dielectric response in CCTO ceramics
is of extrinsic origin. The calcium deficient samples (Cagg7)
exhibiting low level of CuO segregation at the grain boundaries
give rise to high dielectric constant, which is in line with that
reported in the literature.3!-32
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