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bstract

axCu3Ti4O12 (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
oute. The structural, morphological and dielectric properties of the ceramics fabricated using these powders were studied using X-ray diffraction,
canning electron microscope along with energy dispersive X-ray analysis, transmission electron microscopy, electron spin resonance (ESR)
pectroscopy and impedance analyzer. The X-ray diffraction patterns obtained for the x  = 0.97, 1.0 and 1.1 powdered ceramics could be indexed

o a body-centered cubic perovskite related structure associated with the space group Im3. The ESR studies confirmed the absence of oxygen
acancies in the ceramics that were prepared using the oxalate precursor route. The dielectric properties of these suggest that the calcium deficient
ample (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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.  Introduction

High-permittivity dielectric materials have attracted ever-
ncreasing attention particularly for their practical applications
n microelectronics such as capacitors and memory devices. The
aCu3Ti4O12 (CCTO) ceramic belongs to a family of the type,
Cu3Ti4O12 (where A = Ca or Cd) and has been reported in

he year 1967.1 This composition has been extended2 and the
amily of titanates with the body centered cubic (bcc) struc-
ure has been reported having the general formula: [AC3] (B4)

12 [where A = Ca,Cd,Sr,Na or Th; B = Ti or (Ti + M5+), in
hich M = Ta, Sb or Nb; and C = Cu2+or Mn3+]. CCTO has

ttracted considerable attention recently due to its unusually high
ielectric constant (ε  ∼  104–5) which is nearly independent of
requency (up to 10 MHz) and low thermal coefficient of permit-
ivity (TCK) over a wide range of temperatures (100–600 K).3,4
everal explanations for the origin of high dielectric constant for
CTO have been proposed mainly based on bulk property con-

ributions as against the microstructural features which in turn
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re affected by the ceramic processing conditions including sin-
ering temperatures as well as the ambience.3,5–7 Accordingly,
he incidence of giant dielectric constants has been attributed
o more than a single mechanism: (i) the barrier layer capac-
tance arising at twin boundaries;3 (ii) disparity in electrical
roperties between grain interiors and grain boundaries;8–10

iii) space charge at the interfaces between the sample and the
lectrode contacts;11,12 (iv) polarizability contributions from the
attice distortions;13 (v) differences in electrical properties due
o internal domains;14 (vi) dipolar contributions from oxygen
acancies;15,16 (vii) the role of Cu off-stoichiometry in modify-
ng the polarization mechanisms;17 (viii) cation disorder induced
lanar defects and associated inhomogeneity18 or (ix) nanoscale
isorder of Ca/Cu substitution giving rise to electronic contri-
ution from the degenerate eg states of Cu occupying the Ca site
ontributing to the high dielectric constant.19

Though various mechanisms for the origin of giant dielec-
ric response have been proposed, the reports based on
he twin boundaries,3 grain boundaries,8 electrode–sample
nterfaces,11,12 and the first principle calculations20,21 pro-

ided the strong evidence of extrinsic effects associated with
CTO. Moreover the internal barrier layer capacitor (IBLC)
odel representing semiconducting grains and insulating grain

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.12.019
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Fig. 1. X-ray diffraction patterns for CaxCu3Ti4O12 where: (a) x = 0.9 (Ca0.90),
(b) x = 0.97 (Ca0.97), (c) x = 1.0 (Ca1.0), (d) x = 1.1 (Ca1.1), (e) x = 1.15 (Ca1.15)
and (f) CCTO from the ICDD data file card no. 01-075-1149.
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oundaries5 confirmed the electrical heterogeneities in the
icrostructure of CCTO, and has been widely accepted as the
ost likely explanation for the abnormal dielectric response in
CTO. These inhomogeneous features at the grain boundaries
ere also supported by current–voltage measurements.22

To further elucidate the mechanism and also to improve the
ielectric properties, cation doping effect on CCTO has been
tudied. Each dopant had its own preferential substitutional site
hen incorporated into the CCTO lattice. Certain dopants have

ritical influence on electrical barriers at the grain boundaries
nd a reduction in the number of charge carriers in the bulk
rains as well.23 The doping studies in CCTO were mainly
ttempted to improve its dielectric loss characteristics by con-
rolling the chemistry and structure of interfacial regions at the
rain boundaries.24–29 Apart from the doping effect on the spe-
ific cation site, Ti deficient,30 Ti excess,31 Cu excess,32 and
he Cu deficient33 effects have been investigated on the dielec-
ric response of CCTO. The Ti-deficient in CCTO has exhibited
ower dielectric constant,30 while the Ti-rich CCTO ceramic31

xhibited higher dielectric response. The Cu ions in CCTO
ppear to play a very important role as the segregation of cop-
er oxide at the grain boundaries is believed to be responsible
or the high resistance associated with the grain boundary.32–38

owever, the effect of stoichiometry, i.e., the relative amount
f Ca, Cu and Ti is not well studied. As the Ca and Cu occupy
he same A site in CCTO, the Ca stoichiometry studies are very
mportant and need to be understood in the light of its dielectric
roperties.

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

. Experimental

The precursors CaxCu3(TiO)4(C2O4)5(CO3)3·CO2 (x  = 0.90,
.97, 1.0, 1.1 and 1.15) with varied x were prepared by employ-
ng the oxalate precursor route that is reported elsewhere.39

nitially, the titania gel was prepared from the aqueous TiOCl2
0.05 M) by adding NH4OH (aq) (at 25 ◦C) till the pH reaches
8.0 and washed off NH4Cl on the filter funnel. To this tita-

ia gel [0.4 moles TiO2xH2O (where 92 < x  < 118)], powdered
2C2O4·2H2O was added and slightly heated to 40 ◦C with con-

inuous mixing without the addition of water. The amount of
ater present in the titania gel was sufficient for dissolving the
hole of the solid present and a clear solution was obtained. To

his clear solution, calcium carbonate (where calcium molar ratio
s x = 0.90, 0.97, 1.0, 1.1 and 1.15) was added and stirred. The
olution remained clear without any precipitate formation. This
olution was cooled to 10 ◦C to which cupric chloride dissolved
n acetone + water (80/20) was added and stirred continuously.
he thick precipitate was separated out by further addition of

cetone. The precipitate was filtered, washed several times with
cetone to make it chloride-free and dried in air. The precur-
ors thus prepared were isothermally heated above 680 ◦C to get
he ceramic powders of CaxCu3Ti4O12 (x  = 0.90, 0.97, 1.0, 1.1

g
f
l

nd 1.15), which are designated as Ca0.90, Ca0.97, Ca1.0, Ca1.1
nd Ca1.15. These notations have been used throughout the text
enceforth.

The X-ray powder diffraction studies were carried with an
’pert diffractometer (Philips, Netherlands) using Cu K�1 radi-

tion (λ  = 0.154056 nm) in a wide range of 2θ  (5◦ ≤  2θ ≤  85◦)
ith 0.0170 step size using the ‘Xcelerator’ check program.
he phase pure CCTO powders were cold-pressed into pel-

ets of 12 mm in diameter and 3 mm in thickness using 3%
oly vinyl alcohol (PVA) and 1% polyethylene glycol as the
inders. The green pellets were then sintered at 1130 ◦C/4 h.
he grain size measurements were carried out using the Sig-
ascanpro image analysis software. The thin foil specimens

or TEM were prepared from polycrystalline bulk samples by
echanical thinning and finally by Ar-ion milling using the

recision polishing system (PIPS, GATTAN, 691, CA) with
iquid N2 cooling to minimize the ion beam damage. Elec-
ron diffraction and transmission electron microscopic (TEM)
tudies were carried out on the sintered ceramics using FEI-
echnai TEM (G-F30, Hillsboro, USA). Scanning electron
icroscope (FEI-Technai TEM-Sirion) equipped with energy-

ispersive X-ray spectroscopy (EDX) capability was used to
bserve the microstructure and the composition of the sintered
ellets. The densities of the sintered pellets were measured by
he Archimedes principle using xylene as the liquid medium.
he capacitance measurements on the electroded (sputtered
old and silver) pellets were carried out as a function of
requency (100 Hz–1 MHz) using an impedance gain-phase ana-
yzer (HP4194A).
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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

Ca1.0 1.0 3.5 4.54 1.0 44.6 4.29 1.0 6.21 4.22
Ca0.97 1.0 3.41 4.27 1.0 19.03 4.28 1.0 4.01 4.38
Ca1.1 1.0 3.0 4.10 – – – 1.0 3.26 4.2
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.  Results  and  discussion

.1.  X-ray  diffraction  studies

The X-ray diffraction patterns obtained for all the composi-
ions of CaxCu3Ti4O12 (x  = 0.90, 0.97, 1.0, 1.1 and 1.15) are
epicted in Fig. 1a–e. The diffraction patterns obtained for
a0.97, Ca1.0, and Ca1.1 samples as shown in Fig. 1b–d could
e indexed to a body-centered cubic perovskite related structure
f space group Im3. Whereas, the diffraction patterns obtained
or the Ca0.90 and Ca1.15 samples (Fig. 1a and e) did not show
onophasic nature of CCTO. The Ca1.15 sample (Fig. 1a) shows

he presence of secondary phases pertaining to CaTiO3, TiO2 and
uO, whereas the Ca0.90 sample (Fig. 1e), revealed the presence
f only TiO2 and CuO.

.2.  Microstructural  studies  (SEM/TEM)

The CCTO compositions (Ca0.97, Ca1.0 and Ca1.1) which
ere monophasic were chosen and sintered at 1130 ◦C/4 h for

urther investigations. The SEM micrographs were recorded for
hese pellets after thermal etching. Though all the samples are
f monophasic in nature as revealed by XRD analyses, there is a
ignificant difference in the microstructure. The microstructure
f the samples Ca1.0 (Fig. 2a) exhibited fascinating microstruc-
ure in which each grain is surrounded by exfoliated sheets of
u-rich phase. Fig. 2b shows the SEM picture at high magni-
cation at the grain boundary region exhibiting such exfoliated
heets of Cu-rich phase. The EDX studies carried out on the grain
nd the grain boundary regions for the Ca1.0 sample (Fig. 2c and
) clearly indicate that the grain boundary region is rich in Cu.
ence, the microstructural features are broadly described as the

toichiometric grains embedded in a “pool” of Cu-rich phase.
he microstructure that is evolved for the Ca0.97 sample (Fig. 3a)
ore or less resembles that of the Ca1.0 (Fig. 2a), but the seg-

egation of such exfoliated sheets of Cu-rich phase is less and
hinner than that of Ca1.0 sample (Fig. 2a). The EDX data for
he composition of the grain and the grain boundary regions are
hown in Fig. 3b and c for the Ca0.97 sample. Fig. 4a–c shows
he SEM photographs of the pellets along with the EDAX anal-
sis for the Ca1.1 sample. The micrograph indicates that there is
o discernible grain boundary phases. Since the microstructure
eported is composition dependent, some of the samples may be
oor in stoichiometry. We had made attempts to sinter the green
ellets at lower temperatures (<1130 ◦C). Since the ceramics sin-
ered at lower temperatures did not exhibit reasonable density,
eeping the dielectric properties in view, these samples were
intered at high temperatures to obtain reasonably high density
nd consequently high dielectric constant. The reason for the
ind of microstructure that is encountered in the present stud-
es is attributed to high sintering temperature associated with
he present samples. The EDX analyses carried out on the grain
Fig. 4b) and for the overall region (Fig. 4c) for the Ca1.1 sample

uggest the composition to be almost the same. Table 1 illustrates
he results on compositional analyses carried out by EDX for all
he samples at different locations: grain, grain boundary and the
verall regions.

f
b
a

The grain size measurements were carried out by line inter-
ept method using the image analysis software. The grain size
istribution obtained is given in Fig. 5a–c. For Ca1.0 sample
Fig. 5a), the grain sizes vary from 10 to 100 �m with most
rains lying in the 30–70 �m range. The population of grains
n the range of 20–30 �m and 70–100 �m are significantly low
around 10% each). In the case of Ca0.97 sample, the popula-
ion of grains in the range of 5–10 �m and 30–40 �m are also
ignificantly low (around 10% each) with most grains lying in
he 10–20 �m range (51%). The noticeable difference is that,
he grains in the 10–20 �m range is totally absent for the Ca1.0
ample. The Ca1.1 samples (Fig. 5c), had grains in the range
f 5–30 �m and the population of grains is in the range of
0–20 �m (57%) which is slightly higher than that of Ca0.97
amples (51%). Overall, it is observed that, the Ca0.97 sample
Fig. 5b), has small grains as compared to that of Ca1.0 sample
Fig. 5a).

The TEM studies were carried out to probe domain features
r local distortion, if any including stacking faults or 2D defects
n CCTO as observed by the others.14,40,41 The Ca0.97 sample
hich exhibited smaller grains and thinner CuO segregation at

he grain boundaries was chosen for these studies. The trans-
ission electron microscopy (TEM) on the Ar+ ion-thinned

pecimen (Ca0.97) was carried out. Thin samples (<1000 Å) suit-
ble for the electron diffraction (ED) were prepared from the
ulk polycrystalline Ca0.97 ceramic. Fig. 6a shows the SAED
attern with the zone axis as [1 1 1]. The ED pattern recorded
long the [1 1 1] zone axes are consistent with the space group
m3. There are no elongations, streaks or distortion discernible
or the diffraction spots indicating the absence of stacking faults
r 2D defects. Fig. 6b indicates the high resolution electron
icroscopy (HRTEM) image recorded for the Ca0.97 sample

long the [1 1 1] zone axis. The micrograph does not strikingly
how the presence of any lattice defects such as stacking faults or
islocations. The micro domain features within the grains14 and
he lattice misfit40 between the domains in a single grain causing
ocal distortion were totally absent for the CCTO prepared via
oft chemistry route. Zhu et al.19 had observed that nanoscale
isorder of Ca/Cu substitution giving rise to electronic contri-
ution from the degenerate eg state of Cu occupying Ca site
acilitate high dielectric constant. This needs to be substantiated
y making detailed studies using quantitative electron diffraction

nd extended X-ray absorption.
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Fig. 2. (a) Scanning electron micrographs of the Ca1.0 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.
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.3.  Electron  spin  resonance  (ESR)  studies

Fig. 7 illustrates the ESR spectra recorded for the sin-
ered ceramics (Ca1.0, Ca0.97 and Ca1.1) at room temperature
sing an X-band (9.839) Bruker (Germany) spectrometer. It is
ell established that oxygen vacancies and/or intrinsic defects

n oxides have been demonstrated to play a crucial role in
he physical properties of different classes of transition metal
xides.41–44 The broadening of the ESR line-width of CCTO
hen annealed in argon atmosphere is reported to arise from the
xygen vacancies.35,45 It decreases on reannealing in oxygen
tmosphere. The ESR spectra obtained for all the samples show
ingle-line symmetric signal of g  = 2.15 having no hyperfine
tructures and nearly Lorentzian line shape. The appearance of
he single-line spectra of g  = 2.15 for all these samples indicates
he formation of copper (II) with square planar coordination.
he spectra obtained for all the samples are quite comparable to

hose reported for CCTO,35,45,46 which have been assigned to
opper (II) in square planar coordination. Hence, based on the

SR studies, the presence of oxygen vacancies in the ceramics

hat were fabricated using the oxalate precursor route is ruled
ut.

o
f
d

.4.  Dielectric  studies

The frequency dependent dielectric constant (ε′
r) and dielec-

ric loss (D) at room temperature for the samples, Ca0.97, Ca1.0
nd Ca1.1 are shown in Fig. 8a and b. The dielectric constant
alue obtained for Ca1.0 samples is around 25,300 at 100 Hz
nd decreased to 6747 as the frequency increased to 1 MHz. The
a1.1 sample, which has higher calcium content (by 0.1 mol%)
xhibited a dielectric constant value of around 13,160 at 100 Hz
nd 8557 at 1 MHz. The Ca1.1 sample shows low frequency dis-
ersion as compared to that of Ca1.0 samples. Interestingly, the
a0.97 sample, which is calcium deficient by 0.03 mol%, exhib-

ted very high dielectric constant as compared to that of other
amples (Ca1.1 and Ca1.0) at all the frequencies under study. The
alue of dielectric constant for Ca0.97 sample vary from 32,900
o 27,980 in the 100 Hz–1 MHz range and the loss varies from
.10 to 0.087. At 1 kHz, the dielectric constant value obtained is
1,470 and the loss is around 0.087. This sample also exhibited
ow frequency dispersion (100 Hz–1 kHz) as compared to that

f Ca1.0. The dielectric loss did not show any relaxation at low
requency, though there is a relaxation at high frequency. The
ielectric loss (at 1 kHz) values obtained for Ca1.0 and Ca1.1
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ig. 3. Scanning electron micrographs of the Ca0.97 sample (a) ceramic sintered
rain boundary region, EDX spectrum of: (c) the grain and (d) the grain bounda

re 0.14 and 0.10, respectively. It is to be noted that the cal-
ium deficient sample (Ca0.97), exhibited low dielectric loss
0.087 at 1 kHz), while retaining the high dielectric constant.
t is known in the literature that various dopants were tried23–29

o bring down the dielectric loss in CCTO. It was also observed
hat, reduction in the loss in CCTO also affected the dielectric
onstant to a large extent. However, in this work, without any
opant, only by controlling the chemistry and engineering the
nterfacial regions at the grain boundaries, the dielectric loss
as suppressed remarkably while retaining the giant dielectric

onstant.
The temperature dependent (50–200 ◦C) characteristics of

ielectric constant (ε′
r) and dielectric loss (D) were monitored at

hree different frequencies (1 kHz, 10 kHz, 100 kHz) for all the
amples (Ca0.97, Ca1.0 and Ca1.1) under investigation which are
epicted in Figs. 9 and 10, respectively. The dielectric constant
ecreases as the frequency increased from 1 kHz to 100 kHz
n the 50–200 ◦C temperature range. The dielectric constant
ncreases steadily with increasing temperature for all the sam-
les. The dielectric constant value at 1 kHz has increased from
3,400 to 62,200 as the temperature increased from 50 ◦C to
00 ◦C for the Ca1.0 sample and for the Ca0.97 sample, the
ncrease is from 29,400 to 79,000. In the case of Ca1.1 sample,

t has increased from 11,700 to 20,700 when the temperature
s increased from 50 ◦C to 200 ◦C. The temperature dependent
haracteristics of dielectric loss (D) at various frequencies for all

C
s
i

30 ◦C/4 h, (b) the high magnification image showing the Cu segregation at the
ion.

he samples (Ca0.97, Ca1.0 and Ca1.1) are shown in Fig. 10. The
requency independent dielectric loss was observed up to 75 ◦C
nd subsequently it decreased with increasing frequency for all
he samples under study. The dielectric loss increases rapidly
eyond 100 ◦C for all the samples indicating the dominance of
eakage current at elevated temperatures.

The higher dielectric constant exhibited by Ca0.97 ceramic is
ationalized by invoking essentially extrinsic effects. The Ca0.97
ample does not exhibit broadening in the ESR line width.
ence, the large dielectric constant associated with this sam-
le could not be attributed to the presence of oxygen vacancies.
he transmission electron microscopy also did not reveal any

attice defects such as stacking faults or dislocations. The micro
omain features and the lattice misfit were also totally absent in
hese ceramics. Hence, these findings have provided the strong
vidence of extrinsic effects in CCTO. The SEM analysis very
learly indicated that there is a remarkable difference in the
icrostructural features for these ceramics and is evidenced that

he dielectric response in these ceramics has strong microstruc-
ure dependence. The increase in the dielectric constant values
ith the grain size supports the argument for an internal bound-

ry layer capacitor model to explain the dielectric behaviour
f CCTO.11 However, in this work, it is observed that, the

a0.97 sample which exhibited very high dielectric constants has

maller grains (Fig. 5b) than that of Ca1.0 (Fig. 5a). Hence, there
s no correlation that could be clearly drawn between the grain
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Fig. 4. (a) Scanning electron micrographs for the Ca1.1 sample sintere

ize and the dielectric constant based on these results. Similar
bservations were reported in the literature.47 It is well known
hat the Cu ions in CCTO play a very important role as the seg-
egation of copper oxide at the grain boundaries is believed to
e responsible for the high resistance associated with the grain
oundary.17,32–36

It is to be noted that, Capsonia et al.35 have reported high
ielectric constants for the samples containing small amounts of
uO segregation at the grain boundaries. This was further sup-
orted by Yeoh et al.36 wherein, it was observed that the higher
mounts of CuO segregation at the grain boundaries exhibited
ow dielectric constants as compared to that of the samples
ith lower CuO segregation. Interestingly, the microstructure

volved (Fig. 3b) for the calcium deficient samples (Ca0.97)
xhibited less CuO segregation at the grain boundaries. This
ample exhibited very high dielectric constant as compared to
hat of the Ca1.0 sample which has higher amounts of CuO
egregation (Fig. 2b) at the grain boundary. Though the sin-
ered ceramics, subjected to XRD analysis (not reported in
his manuscript) did not reveal the presence of any detectable
econdary phases pertaining to CuO phases, the formation of

egatively charged species as reported in the literature37 exist-
ng at the grain boundaries due to the oxidation of the secondary
hase (minor amount) during cooling after sintering cannot be

t
l
l
t

130 ◦C/4 h, EDX spectrum of: (b) the grain and (c) the overall region.

uled out. However, the secondary phase that was detected using
DX (atomic %) at the grain boundaries is close to that of CuO
hich is more stable than Cu2O in air at room temperature.38

lso as revealed by SEM micrograph, the grain boundary layers
exfoliated sheets) seem to be less in thickness than that observed
n Ca1.0 which might be the reason for the higher dielectric con-
tant associated with the Ca0.97 sample. It has been reported
n the literature that for CCTO, Rgb �  Rg and Cgb �  10Cg

8,10

herefore, the effective dielectric constant of the sample at fre-
uencies much lower than the relaxation frequency is given
y:

′
eff = Cgb

Co
(1)

′
eff is determined by the ratio between grain boundary capaci-
ance Cgb and empty cell capacitance Co. If it is assumed that
rain and grain boundary form two layer capacitor with a thick-
ess (dg + dgb), where dg and dgb are the thickness of the grain
nd the boundary layer, respectively, from Eq. (1), one obtains
′
eff =  εgb[(dg +  dgb)/dgb], here εgb is the dielectric constant of

he grain boundary layer. Therefore, even a small εgb would
ead to a giant dielectric constant ε′

eff if the ratio (dg + dgb)/dgb is
arge. Hence, it is clear that ε′

eff is dependent upon the microstruc-
ure and could therefore be maximized by enhancing the grain
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Fig. 5. The grain size distribution obtained by line intercept method for: (a)
Ca1.0, (b) Ca0.97 and (c) Ca1.1 samples sintered at 1130 ◦C/4 h.

Fig. 6. (a) [1 1 1] zone-axis selected area electron diffraction pattern of Ca0.97

(b) HRTEM lattice image of Ca0.97 sample along [1 1 1] zone axis.

Fig. 7. ESR spectra recorded for different samples at room temperature.
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Fig. 9. Temperature dependence of dielectric constant (ε′
r) measured at various

f

ig. 8. Frequency dependence of room-temperature: (a) dielectric constant (ε′
r)

nd (b) dielectric loss (D) for the pellets sintered at 1130 ◦C/4 h.

rowth (increasing dg) or by thinning down the grain boundary,
r by forming the grain boundary phase with high ε′

r. The above
oncept was adopted to rationalize the present dielectric data
nd has been observed that the ratio (dg + dgb)/dgb obtained is
igher for the Ca0.97 sample than that of Ca1.0 sample. Hence,
t is concluded that, the samples with higher concentrations of
uO segregation exhibit low dielectric constant and those with

ow CuO segregation exhibit high dielectric constant which is
n close agreement with that reported in the literature.35,36 From
hese observations, it is concluded that the dielectric response
bserved in these samples has strong microstructure dependence
specially, CuO segregation at the grain boundaries.

In order to have an insight into the relatively low dielectric
oss observed for Ca0.97 ceramic, the ac conductivity measure-

ents were carried out in the frequency of interest for all
he three samples under investigation. The frequency depen-
ence of the ac conductivity (σac in log–log scale) at room

emperature is shown in Fig. 11. The conductivity for all the
hree samples is found to increase with increasing frequency.
owever, in the case of Ca0.97 sample, the rate of increase in
ac is not that rapid and is lower than that of the other two

s
d
o
r

requencies for: (a) Ca1.0, (b) Ca0.97 and (c) for Ca1.0 samples.

amples especially at high frequencies. The mechanism of con-

uction in stoichiometric CCTO is attributed to the hopping
f the charge carriers between the Cu2+ and Cu3+.17 However,
ecently the conductivity mechanism proposed based on detailed
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Fig. 10. Temperature dependence of dielectric loss (D) measured at various
frequencies for: (a) Ca1.0, (b) Ca0.97 and (c) for Ca1.0 samples.
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ig. 11. Frequency dependence of ac conductivity for C1.0, Ca0.97 and Ca1.1

amples.

xperimental investigations point towards n-type electron hop-
ing between Ti3+ and Ti4+.48,49 One of the main reasons for
ow loss associated with Ca0.97 sample might be due to the less
vailable oxygen vacancies vis-à-vis electron hopping between
i3+ and Ti4+.

. Conclusions

CCTO ceramics with different calcium contents were fabri-
ated from the fine powders obtained by oxalate precursor route.
he samples corresponding to the compositions Ca0.97, Ca1.0
nd Ca1.1 were monophasic in nature as confirmed by the X-ray
iffraction studies. The calcium deficient sample (Ca0.97) exhib-
ted very high dielectric constant accompanied by low loss. This
ork clearly demonstrates that by controlling the chemistry and

tructure of interfacial regions especially at the grain bound-
ries, the loss could be suppressed significantly while retaining
he giant dielectric constant. The ESR and TEM studies evi-
ently suggest that the dielectric response in CCTO ceramics
s of extrinsic origin. The calcium deficient samples (Ca0.97)
xhibiting low level of CuO segregation at the grain boundaries
ive rise to high dielectric constant, which is in line with that
eported in the literature.31,32
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