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Abstract

The effects of Ta>* substitution on the microstructure, electrical response of grain boundary, and dielectric properties of CaCu;Ti, O, ceramics were
investigated. The mean grain size decreased with increasing Ta’* concentration, which was ascribed to the ability of Ta>* doping to inhibit grain
boundary mobility. This can decrease dielectric constant values. Grain boundary resistance and potential barrier height of CaCu3Ti;O,, ceramics
were reduced by doping with Ta>*. This results in enhancement of dc conductivity and the related loss tangent. Influence of charge compensations
on microstructure and intrinsic electrical properties of grain boundaries resulting from the effects of replacing Ti** with Ta>* are discussed. The
experimental data and variation caused by the substitution of Ta>* can be described well by the internal barrier layer capacitor model based on

space charge polarization at the grain boundaries.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

CaCu3TigO12 (CCTO), a lead-free giant dielectric and non-
ferroelectric material, has attracted considerable attention since
its anomalous dielectric response was first reported by Subra-
manian et al.! Their discovery stimulated research in the field
of high-permittivity materials in recent years. This is for two
main reasons. First, CCTO has high potential for use in many
electronic applications such as capacitors, memory devices, gas
sensors, humidity sensors, and varistors.!~® Second, for purely
academic reasons, the mechanism of an anomalous dielectric
response and the origin of n-type semiconductivity of grains
are still not clear. This needed to be elucidated. Several mod-
els and explanations have now been proposed to clarify these
phenomena.>’~12
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It is now widely accepted that the giant dielectric response
in CCTO ceramics is attributed to an extrinsic effect. The inter-
nal barrier layer capacitor (IBLC) effect is based on interfacial
polarization (also known as Maxwell-Wagner polarization) at
grain boundaries (GBs). It is quite widely accepted as the origin
of giant dielectric response in CCTO ceramics.>*%7 According
to the IBLC model, dielectric response in polycrystalline ceram-
ics is due to a special electrically heterogeneous microstructure,
consisting of insulating GBs and conductive grains. Changes
in electrical properties of GB can cause large changes in the
material’s dielectric properties. In the other words, if the giant
dielectric response in a polycrystalline ceramic results from
polarization at GBs, variations of dielectric properties are related
to changes in electrical properties in GB regions.

In addition to their giant dielectric properties, CCTO ceram-
ics can also exhibit non-linear electrical behavior. The form
of this behavior is seen as a nonlinear relationship between
current density (J) and electric field (E).*'3-20 This behavior
was also observed in other related-perovskite oxides such as
NajpLaipCusTigOqn ceramics.2! The cause of this behavior
is the existence of intrinsic potential barriers at the GBs, i.e.
the Schottky barrier.*!> This special behavior originates in the


http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.048
mailto:prasitphysics@hotmail.com
mailto:pthongbai@kku.ac.th
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.048

2424 P. Thongbai et al. / Journal of the European Ceramic Society 32 (2012) 2423-2430

GB regions just as its giant dielectric behavior. Therefore, data
obtained from nonlinear J-E behavior of CCTO ceramics is
strongly related to the electrical properties of GBs and the overall
dielectric response.

To clarify the origin of the giant dielectric response and
to improve electrical properties of CCTO ceramics, the influ-
ences of doping ions substituted into Ca®*, Cu®*, Ti**, and
0~ sites in CCTO crystal lattices have been extensively
investigated.>7-14.16.18.19.22-33 Nt substitution ions have sig-
nificant effects on the values of dielectric permittivity (&), loss
tangent (tan §), electrical conductivity of GBs (o), and activa-
tion energies for conduction processes at both the GBs (E,) and
inside the grains (Ep). They also show a great impact on some
important behaviors such as dielectric relaxation behavior, bulk
nonlinear J—FE characteristics, and microscopic J—E character-
istics at individual GBs. Unfortunately, complete research data
from published literature for every type of doping ion substitu-
tion in CCTO ceramics has not been developed. To obtain more
and new data, systematic investigation of electrical and dielectric
properties of CCTO ceramics complimenting data of previous
work is very important. These studies will give us more under-
standing of the physical mechanism of giant dielectric properties
and the relationship between dielectric and electrical responses
at GBs.

As previously reported by Chung et al.,'® doping of CCTO
ceramics using Nb>* and Ta>* cations can modify their non-
linear Ohmic properties and the total macroscopic electrical
resistivity of GBs (Rgp). The breakdown voltage obtained from
J-E curves and Ry, decreased with increasing concentration of
dopants. By using local microcontact current—voltage measure-
ments, a decrease in the macroscopic values of the breakdown
voltage and Ry, are attributed to the decrease in microscopic
values of the breakdown voltage, measured across individual
single GB layers. These measurements indicate that the macro-
scopic properties of CCTO ceramics are determined by electrical
properties of each GB. For the Nb-doped CCTO ceramics,
dielectric properties and electrical response at GBs have been
reported.”>?’ Unfortunately, the influence of Ta doping ions
on the dielectric properties and resulting electrical responses
at GBs, as well as the microstructure of CCTO ceramics, have
never been reported.

In this work, we systematically investigated the effects of
Ta doping ions on the microstructure, dielectric properties, and
electrical response at GBs for CCTO ceramics prepared by a
solid state reaction method. The results revealed that Ta dop-
ing ions have significant influences on microstructure, dielectric
response, and electrical properties of GBs. The possible mech-
anisms related to these observations are discussed.

2. Experimental

In this work, CaCu3Tig_,Ta, O ceramics, where x=0, 0.02,
and 0.04, were prepared by the conventional solid state reaction
method. These materials are referred to as CCTO, CCTTO-1 and
CCTTO-2, respectively. CaCO3 (99.95% purity), CuO (99.9%
purity), TiO; (99.9% purity), and TapOs (99.99% purity) were
used as starting raw materials. Each stoichiometric mixture of

the starting materials was ball-milled in ethanol for 24 h. The
mixed slurries were dried and then calcined at 900 °C for 15 h.
The calcined powders were ground and pressed into pellets
of 9.5 mm in diameter and ~1 mm in thickness by a uniaxial
compression at 200 MPa. Finally, these pellets were sintered at
1100°C for 5h.

X-ray diffraction (XRD) (Philips PW3040, The Netherlands)
and scanning electron microscopy (SEM) (LEO 1450VP, UK)
were used to characterize the phase composition and microstruc-
ture of the sintered CCTO and Ta-doped CCTO ceramics.
Energy dispersive spectroscopy (EDS) (JEOL 5410, UK) was
used to investigate the chemical compositions of the pol-
ished ceramic samples. Valence states of cations in CCTO and
Ta-doped CCTO ceramics were investigated using X-ray pho-
toelectron spectroscopy (XPS) (AXIS Ultra DLD, UK). The
dielectric response of the samples was measured using an Agi-
lent E4980A Precision LCR Meter over the frequency and
temperature ranges of 10°~10° Hz and —70 to 150 °C, respec-
tively. An oscillation voltage of 500 mV was used in each case.
Each temperature was held constant with an accuracy of +1 °C.
Current—voltage measurements were made using a high voltage
measurement unit (Keithley Model 247). Prior to measurements,
Au was sputtered on each pellet face at a current of 25 mA for
8 min using a Polaron SC500 sputter coating unit.

The complex impedance (Z*) was calculated from the rela-
tion,

1 1

e =¢ —j&' = - == o ey
joCoZ*  jwCo(Z' — jZ")

where ¢’ and &’ are, respectively, the real (dielectric constant)
and imaginary parts (dielectric loss) of the complex permittiv-
ity (¢*). Z' and Z” are the real part and imaginary part of Z*,
respectively. e is the angular frequency (w=27f) and j = v/—1.
Co=¢0S/d is the empty cell capacitance, where S is the sample
area, d is the sample thickness, and ¢ is the permittivity of free
space, o =8.854 x 10~ 12 F/m.

3. Results and discussion

Phase formation and crystal structure of the sintered CCTO
and Ta-doped CCTO ceramics were studied using an XRD tech-
nique (does not presented). The main phase of CaCu3TizO1>
was detected in all ceramics without any impurity phases. Fig. 1
shows the surface morphologies of the sintered ceramic samples,
revealing grain and grain boundary structures. Ta>* substitu-
tion for Ti** can cause a great change in the microstructure of
CCTO ceramics. The mean grain size decreases significantly
with increasing Ta dopant content. Ta>* doping ions reduce the
grain growth rate of CCTO ceramics. This result is similar to
that observed in CCTO ceramics doped with Nb>* cations.?>?

Fig. 2(a) and (b) shows EDS spectra for CCTO ceramics
measured at grain and GB regions, respectively. Two measured
points on the CCTO surface are shown in Fig. 2(c). It was
observed in some regions on the CCTO surface, especially for the
region shown in Fig. 2(c), that CuO phase is segregated along the
GB regions. This is confirmed by a relatively high Cu peak mea-
sured in the GB region, as shown in Fig. 2(b). At high sintering
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Fig. 1. SEM images of surface morphologies of (a) CCTO, (b) CCTTO-1, and (c) CCTTO-2 ceramic samples.
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Fig. 2. EDS spectra of (a) CCTO sample detected in grain region, (b) CCTO sample detected at GB region, (c) SEM image of CCTO’s surface, and (d) EDS spectrum
of CCTTO-2 sample detected in grain region; inset of (d) shows the surface morphology of the CCTTO-2 sample.
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temperatures, Cu can be removed from the CCTO. Fig. 2(d)
shows the EDS spectrum of the CCTTO-2 sample measured in
the grain region. The peak corresponding to Ta is observed in
the EDS spectrum of the CCTTO-2 sample. This indicates incor-
poration of Ta>* ions into the CCTO structure. No evidence of
Cu-rich boundary was observed in the EDS spectrum measured
at the GB region for the CCTTO-2 sample (does not show).

In general, the grain growth in ceramics is primary driven by
GB mobility. This is controlled by the diffusion of ions, atoms,
and/or charge species of the grain across the GB. It is reported
that the sintering process of CCTO ceramics is associated with
the liquid phase sintering mechanism.>* During the heating pro-
cess, CuO is a source of a liquid phase, which can increase the
densification rate and grain boundary mobility through enhanced
matter transport across the GBs. The appearance of a very large
mean grain size in the undoped-CCTO sample [Fig. 1(a)] is
therefore attributed to the high mobility of GBs. Dopants can
often serve several functions during the sintering process, result-
ing in both kinetic and thermodynamic factors. As shown in
Fig. 1(b) and (c), the decrease in grain size of Ta-doped CCTO
ceramics may be due to a reduced GB mobility. It is likely that
a major role of Ta>* doping ions is their ability to inhibit GB
mobility. This observation of Ta’* doped CCTO ceramics is
similar to that observed in Nb>* doped BaTiO3 ceramics, which
was described in terms of the defect chemistry and space-charge
concept.>> According to the GB model proposed by Chiang and
Takagi,® electrons and Ti vacancies are expected to accumulate
in the negative space charge region. Above the doping thresh-
old, the accumulated Ti vacancies in the space charge may be
correlated with a depletion of oxygen vacancies. The diffusivity
of oxygen ions (O?~) across the GB is very slow due to the rel-
atively large size of O?~. This provides a possible mechanism
for the significant reduction of GB mobility. In CCTO ceramics,
Ta>* substitution for Ti** requires charge compensation. This
can be achieved by one or more of the following mechanisms:
(1) filling of oxygen vacancies, (2) decrease of cation valence,
(3) creation of cation vacancies, or (4) creation of conduction
electrons. It is likely that creation of Ti vacancies and/or con-
duction electrons may be responsible for the observed decrease
in grain size of Ta-doped CCTO ceramics. Furthermore, effec-
tive charge compensations can cause changes in the electrical
properties and related dielectric response in these ceramics.

Fig. 3(a) demonstrates frequency dependence of & at 30°C
for CCTO and Ta-doped CCTO ceramics. This shows an effect
of Ta>* doping ions on &’ of CCTO ceramics. &’ tends to decrease
as Ta concentration is increased. To exclude the possible effect
of sample-electrode contact, the values of ¢ are presented
in the low temperature of —70°C, as shown in Fig. 3(b). A
plateau of &’ values is observed at frequencies below 10° Hz for
all samples without an apparent increase in &’ at frequencies
below 103 Hz. A low-frequency plateau of &' decreases with
increasing concentration of Ta dopant. This indicates that sub-
stitution of Ta>* can cause a decrease in primary polarization in
CCTO ceramics. Based on the IBLC effect, this decrease in &’
is attributed to reduction in the intensity of interfacial (space
charge) polarization at GBs. Under an applied electric field,
interfacial polarization is generally produced at the surfaces of an
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Fig. 3. Frequency dependence of ¢ at (a) 30°C and (b) —70°C for CCTO and
Ta-doped CCTO ceramics.

insulating GB sandwiched between two semiconducting grains,
acting as a micro-parallel plate capacitor. Therefore, the capac-
itance of a GB (Cjp) decreases as the grain size is decreased.
It is worth noting that the substitution of Ta>* has not only
a great influence on the microstructure of the CCTO ceram-
ics, but also a significant effect on their dielectric properties. It
is observed that ¢’ decreases with decreasing mean grain size.
Such dielectric behavior is similar to that observed in undoped-
CCTO ceramics.!>!3 By considering only the relationship of &’
and grain size, it is likely that the decrease in &’ for Ta-doped
CCTO ceramics may be explained by the IBLC model,*37

EopS
S/eff = fgih7 2

where s/ef , €gb, S, and 1, are the effective dielectric constant,
dielectric constant of the GB, an average grain size, and the
thickness of GB, respectively. In this case, reduction of grain size
may be a primary cause of the decrease in ¢’. However, this result
is still insufficient to explain the origin of dielectric response in
CCTO ceramics. Variations of other parameters caused by Ta>*
substitution need to be suitably modeled.

As shown in Fig. 3, a decrease in ¢’ in the high-frequency
range is seen. It shifted to slightly higher frequencies as the con-
centration of Ta dopant was increased. To study the effect of Ta>*
substitution on dielectric relaxation behavior in CCTO ceram-
ics, the frequency dependence of ¢ at various low-temperatures
was investigated. As shown in Fig. 4 for the CCTTO-1 ceramic,
thermally activated dielectric relaxation is observed. The step-
like decrease in &' and relaxation peak (¢” peak) shift to low
frequency with decreasing temperature. Normally, the dielec-
tric relaxation in CCTO-based ceramics can be empirically
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Fig. 4. Frequency dependence of (a) ¢’ and (b) &” at different temperatures for
CCTTO-1 ceramic. Inset shows experimental and fitting results at —70 °C for
CCTTO-1 ceramic; the solid curves represent fitting of Eq. (3).

described well by the modified Debye relaxation model, i.e. the
Cole—Cole model.®13-2431 This is given by:

Es — Ex0
+ 77
1 + (jor)' ™

where ¢; and e, are the limiting values of the real part of the
permittivity for frequencies below and above the relaxation fre-
quency, T is the average relaxation time, and « is constant value
representing the distribution of relaxation times. As shown in the
inset of Fig. 4, both ¢” and &” can be well fitted by the Cole-Cole
model. Values of « obtained in this manner were in the range
of 0.04-0.05 for all samples. Using the fitted results, values of
T at different temperatures for all samples were achieved and
followed the Arrhenius law,

E,
T =19 exp (W> : )

/ . I
g =¢ — ji =¢ex

3

where t¢ is the pre-factor, E, is the activation energy required
for relaxation process, kp is Boltzmann constant, and 7' is abso-
lute temperature. The data fitted using Eq. (4) are presented in
Fig. 5. The E, values for the CCTO, CCTTO-1, and CCTTO-
2 samples were found to be 0.086¢eV, 0.088 eV, and 0.088 eV,
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Fig. 5. Arrhenius plots of relaxation time () data for CCTO and Ta-doped
CCTO ceramics; inset shows the influence of Ta doping on relaxation time ()
at selected temperatures.
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Fig. 6. Frequency dependence of tan § at 30 °C for CCTO and Ta-doped CCTO
ceramics; inset shows an effect of Ta doping content on the values of ¢” and tan 8.

respectively. These values are comparable to reported values
of 0.098-0.116¢eV,'? 0.102eV,?* 0.101eV,?® 0.103eV,*! and
0.011-0.012eV.3® Substituting Ta>* dopant for Ti** has no
effect on the activation energy of CCTO ceramics. However,
it has an impact on the average relaxation time of electric dipole
moment, as shown in the inset of Fig. 5. At a certain temperature,
7 decreases with increasing Ta>* content.

Fig. 6 shows the frequency dependence of tan § at 30 °C for
CCTO and Ta-doped CCTO ceramics. The increase in tan § in a
high frequency range for all samples is normally due to the effect
of dielectric relaxation process, as is clearly shown in Fig. 4. A
high value of tan § in a low-frequency range is usually associated
with dc conduction processes.”” In a low-frequency range, the
relationship between tan § and dc conductivity (o4, ) is estimated
as,

Odc

tan § ~ .
WEYEy

&)

As is shown in Fig. 6, a low-frequency tand increases
significantly with increasing Ta doping content, indicating
enhancement of dc conductivity in Ta-doped CCTO ceramics.
This means that the total resistance of CCTO ceramics, which
is governed by the total resistivity of GBs (Rgy), was reduced by
substitution of Ta>* ions. Either the geometry factor or intrinsic
electrical properties of CCTO ceramics GBs may be affected by
Ta>* dopants.

To understand the effect of Ta>* doping on tan§ values of
CCTO ceramics, the electrical properties of grains and GBs were
investigated using impedance spectroscopy at different temper-
atures. In the absence of sample—electrode effect, Ry, can be
estimated from the diameter of a large semicircular arc on the
impedance complex plane plot (Z*) in a low-frequency range.>'?
If a high-frequency semicircular arc cannot be observed in a
measured frequency range, the grain resistivity (Rp) is usually
estimated from the nonzero intercept on the Z' axis at high
frequencies.>'? Obviously, Rgp greatly decreases as the con-
centration of dopant is increased, as shown in Fig. 7. R is
reduced by a factor of 2 (from 100 to 50 2 cm, see the inset
(2) of Fig. 7). These results are similar to that observed in
Nb>* doped CCTO ceramics.?’ The inset (1) of Fig. 7 shows
J-E curves of the CCTO and Ta-doped CCTO ceramics. The



2428 P. Thongbai et al. / Journal of the European Ceramic Society 32 (2012) 2423-2430

sl @30°C
1.00x10 ceTo

—O— CCTTO-1
|—A— CCTTO-2 [

7.50x10*

5.00x10*

-Z" (Q.cm)

2.50x10°

o 8 , ,
0 100 200 300
Z'(Q.cm)
I |

0.00 | /4N

| L
500x10°  7.50x10*  1.00x10°
Z' (Q.cm)

Fig. 7. Impedance complex plane plot (Z*) at 30 °C for CCTO and Ta-doped
CCTO ceramic samples. Inset (1) J-E curves of CCTO and Ta-doped CCTO
ceramics; inset (2) shows an expanded view of the high frequency data close to
the origin.

breakdown voltage decreases with increasing the Ta>* content
and non-Ohmic behavior becomes linear. The observed reduc-
tion of Ry, and change in J-E curves for Ta-doped CCTO
ceramics are very similar to that reported in Ref. 18. In the
work,'® it was shown that the electrostatic potential barrier (Pp)
of an individual GB of CCTO ceramics could be reduced by dop-
ing with Nb>* and Ta>* ions. It decreases with increasing dopant
concentration. Decrease in @p is thought to be the primary cause
for the reduction of both R, and breakdown voltage of CCTO
ceramics. Thus, the increase in tan § for Ta-doped CCTO ceram-
ics is attributed to the reduction of Ry, (increase in og4-) and
Pp.

As shown in the inset of Fig. 5, T decreases as the concentra-
tion of Ta>* doping is increased. Based on the IBLC electrically
structure model, it was shown that T ~ R, Cy, and g=~C ob! Co.”
Experimental results revealed that both Rj, and &’ (i.e. parame-
ters related to Cgp) were decreased by substitution of Ta>* for
Ti** ions. Both results can be used to describe the decrease in .

According to a brickwork layer model for electroceram-
ics, the resistivity of an individual GB (R;;b) of a ceramics is
enhanced by reducing the grain size according to the following
relationship,

A Ieb

o s ©)
where a;,b is the intrinsic electrical conductivity of the GB layer.
As shown in Fig. 7, the Ry, value of Ta-doped CCTO ceram-
ics was greatly reduced even though grain size decreased. Thus,
either a large decrease in ¢y, or dramatic increase in aéb isrespon-
sible for the reduction of R/gb, which results in a decrease in the
total Rgp. It is likely that the increasing value of aé,b may be
a primary cause of the decreased R;,b (or Rgp) value. The o;b
value is intrinsic electrical properties of GBs corresponding to
the electronic structure of GBs. It was proposed that double
(back-to-back) Schottky potential barriers are created at inter-
faces of GB layers between n-type semiconducting grains.*!>18
The electron energy-band structure across the GB is equivalent
to n—i—n with acceptor-like interface traps for electrons within

O CCTO;0.614eV
O CCTTO-1;0.498 eV
< CCTTO-2; 0481 eV

L | L L
24 28 32 36 40
1000/T (K™

Fig. 8. Arrhenius plots of grain boundary conductivity (o) data for CCTO and
Ta-doped CCTO ceramics.

the band gap at the boundary regions. This structure results in
bending of the conduction band across the GB, producing an
effective @p height in the GB region.'? Therefore, electrical
transport at the GBs may be correlated to electronic structure
of GBs, i.e. Schottky potential barriers. This is consistent with
results reported in literature.3® In this work, the conduction acti-
vation energy at GBs (Eg;,) and @p height are nearly the same in
value for CCTO ceramics. We found that the macroscopic (total)
electrical conductivity of GBs (o) calculated from Ry, values
(0gh = 1/Rgp) at various temperatures follows the Arrhenius law
for the conduction process,

—Eg
Tgb = 00 X | T ) @)

where oy is pre-exponential term. The values of Eg;, were cal-
culated from the slope of plots of In o, vs. 1000/T, as shown
in Fig. 8. Eg, values for the CCTO, CCTTO-1, and CCTTO-2
samples were found to be 0.614, 0.498, and 0.481 eV, respec-
tively. Interestingly, E,;, decreases with increasing concentration
of Ta>* doping, indicating a decrease in ®p with increasing con-
centration of Ta>* doping ions. This result indicates that the
electronic structure of GBs for CCTO ceramics is modified by
Ta>* doping cations.

As shown in the inset of Fig. 6, ¢’ decreases with increasing
Ta>* content. However, tan § increases with Ta>* content. Gen-
erally, reduction of polarization intensity causes &’ to decrease.
These two results can be well described by the IBLC model
based upon space charge polarization at GBs as follows. Under
applied electric field, higher charge carriers can cross the poten-
tial barrier at GBs when @p height was reduced. The electrical
conductivity and related tan § value are enhanced by these charge
carriers which can move through the low-barrier GBs. On the
other hand, only a small amount of charge carriers can be stored
at the GBs. Small accumulated charges make the intensity of
polarization decrease, resulting in a reduction of &’.

In the absence of a dc bias, @p is expressed as,12

N3

g = —"—,
B 8eoe’ Ny

®

where g is the electronic charge, N; is the acceptor (surface
charge), ¢ is the relative permittivity of materials, and Ny is
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Fig. 9. XPS spectra of CCTO and Ta-doped CCTO ceramics.

the charge carrier concentration in the semiconducting grains.
Chung et al.,'® found that the electrical responses of individ-
ual grains are insensitive to Ta>* doping. They proposed that
the creation of Ti vacancies caused a decrease in @p, and the
number of active acceptor states that contribute to the forma-
tion of @p decreases with increasing Ta>* content. As shown
in inset (2) of Fig. 7, R), decreased with Ta>* cation doping.
This indicates an increase in Ny, which results in reduction of
@p for Ta-doped CCTO ceramics. As discussed previously, we
proposed that the creation of Ti vacancies possibly results from
charge compensation of Ta>* substitution, resulting in a decrease
in the mean grain size of Ta-doped CCTO ceramics. This is con-
sistent with the results of other researchers.'® Thus, it is likely
that Ta>* substitution is electrically compensated by both the
creation of conduction electrons and Ti vacancies. We hypoth-
esize that these two types of charge species have an effect on
the potential barrier at GBs of Ta-doped CCTO ceramics. Thus,
the decrease in R, is attributed to the creation of conduction
electrons in the grains of Ta-doped CCTO ceramics.

To investigate the oxidation states of polyvalent cations in
CCTO and Ta-doped CCTO ceramics, XPS analysis was per-
formed. Fig. 9 shows the XPS spectra of Cu2p regions for all
ceramic samples. By using Gaussian—Lorentzian profile fitting,
the 2p3» peak for Cu can be divided into three peaks. Major
peaks are observed at the binding energies of 933.83, 933.85,
and 933.92eV for CCTO, CCTTO-1, and CCTTO-2 samples,
respectively. These peaks correspond to Cu?*.2>4041 Addition-
ally, the peaks’ relatively higher binding energies of 935.48,
935.68, and 935.76 eV, respectively, indicate the presence of
Cu’* in these ceramic samples.?>*? The presence of Cu’* is as
observed in Mg-doped CCTO ceramics.?? Another set of peaks
was observed at relatively lower binding energies of 931.99,
931.86, and 932.14eV for CCTO, CCTTO-1, and CCTTO-2
samples, respectively indicate the presence of Cu*.3'#! The
presence of reduced Cu* ions is extensively reported in the
literature 824283141 Quantitative analyses yielding the atomic
ratios of Cu?*/Cu’*/Cu* were found to be 1.00/0.25/0.08,
1.00/0.19/0.06, and 1.00/0.20/0.07 for the CCTO, CCTTO-1,
and CCTTO-2 samples, respectively. The ratio of Cu>*/Cu?*
was reduced by doping with Ta>* ions. The ratio of Cu*/Cu?*
was slightly changed.

As seen in Fig. 2, the second phase of CuO was detected at
the GBs of the CCTO ceramic sample. It is a decomposition
product of CaCu3TizO1, at a high-sintering temperature, pro-
ducing Cu vacancies. Thus, Cu deficiencies inside the grains
lead to the presence of Cu vacancies. To keep the electrical
charge balanced, some Cu?* ions were oxidized to Cu3* ions,
as observed in XPS spectra in Fig. 9. In the liquid phase sin-
tering mechanism for CCTO ceramics, a liquid phase of Cu is
hypothesized to spread throughout the green body during the
heating process. It is likely that Ta>* might have some role that
inhibits decomposition of Cu during the sintering process. Thus,
lower Cu vacancies inside the grains of Ta-doped CCTO ceram-
ics leads to a decrease in Cu* concentration. It was also found
from the XPS spectra that the ratio of Ti3*/Ti** was reduced by
doping with Ta>* ions (does not show). The existence of both
Ti** and Cu* are electrically compensated by the occurrence
of oxygen vacancies in ceramics during high-temperature sin-
tering processes. The reduction of Ti**/Ti** may be due to the
oxidizing property of Ta>*. XPS results show that the origin(s)
of semiconductivity for CCTO ceramic grains is very complex.
The origin of the n-type semiconducting grains of CCTO ceram-
ics may be associated with the presence of Cu* and/or Ti** ions.
However, it is still difficult to achieve an accurate explanation
of this phenomenon. The presence of these ions in very small
amount would be sufficient to induce n-type semiconductivity
in CCTO ceramics.>*

4. Conclusions

In conclusion, Ta-doped CaCu3TisO1, ceramics were pre-
pared by a conventional solid state reaction method. Their
microstructure, dielectric properties, and electrical response of
GBs were investigated. Microstructural analysis revealed that
Ta>* ions can be incorporated into the structure of CaCuzTizO15.
Decrease in the mean grain size was ascribed to the influence
of Ta>* ions inhibiting GB mobility. This may cause a decrease
in Cyp, resulting in reduction of ¢’. Ta>* doping ions cause Rgp
and @p to decrease, resulting in enhancement of o4 and tan §.
It is likely that Ta>* substitution for Ti** is electrically compen-
sated by conduction electrons and Ti vacancies. This causes a
decrease in R, @p, and the mean grain size. The values of &',
tand, T, Rgp, Egp, and @p varied with the degree of Tad* sub-
stitution. This can be explained by the IBLC model based on
space charge polarization at the GBs. XPS results revealed that
oxidation states of Cu, in Ta-doped CCTO ceramics, were found
to be +1, +2, and +3 and the oxidation states of Ti were +3 and
+4.
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