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Abstract

Effect of praseodymium (Pr*") substitution at Ca>* site in calcium copper titanate, CaCu;TiyO;, (CCTO), has been investigated. Compositions
with x=0.10 and 0.20 were synthesized in the system Ca(_3,)Pr,CusTi,O;, by chemical route. Crystal structure is remained cubic. X-ray
diffraction and field-emission scanning electron macrographs indicate the presence of secondary phases such as CaTiO; and CuO. X-ray
photoelectron spectroscopy suggests the substitution of Ca** by Pr’*/Pr**. Low temperature admittance spectroscopy identified two deep
trapping levels at 0.098 and 0.073 eV for x=0.20 and 0.078 and 0.060 eV for x=0.10. High temperature impedance spectroscopy shows that the
grain boundary potential is 0.40 eV and 0.48 eV for x=0.20 and x=0.10 samples respectively. Pr’" doping decreases dielectric loss in the bulk at

low temperature but increases the dc leakage due to the lower value of grain boundary potential.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The perovskite titanate CaCu3Ti4O;, (CCTO) is known to
have a giant dielectric constant (~10%) which is temperature
and frequency independent in a wide range of temperature
[1-3]. Such a behavior makes CCTO a promising material for
capacitor applications and certainly for microelectronics and
microwave devices. The origin of the very high dielectric
response for this non-ferroelectric material has been contro-
versial [2-11]. Many applications of dielectric materials
require low dielectric losses [12]. In CCTO, dielectric constant
and dielectric loss increase proportionally, indicating that the
process of energy storage is related to the mechanisms of
energy dissipation (conduction process).

Comparison of the single crystal data measured using ohmic
electrodes clearly indicates an internal barrier layer capacitor
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(IBLC) model [13,14]. According to this model, the material
can be considered as an ensemble of semiconducting CCTO
grains and insulating region along the grain boundaries. This
IBLC model was also supported by impedance spectroscopy
measurements [4,11,14—-16]. Temperature and voltage depen-
dence of the grain boundaries resistance and capacitance
suggests the Schottky-type depletion layer as the origin of
highly blocking grain boundary region [5,6,14—16]. The exact
nature of Schottky barrier has still not been fully understood.
In fact, the electronic structure of CCTO bulk crystal has not
been well established. Although many reports presume the n-
type conduction in CCTO due to presence of oxygen vacancies
or Cu oxidation, there are also experimental evidences of
p-type conduction in CCTO [17,18].

Effect of various dopants has been investigated to improve
its dielectric loss characteristics by controlling the chemistry
and structure of interfacial regions at grain boundaries [19-27].
Each dopant has its own preferential substitutional site when
incorporated into the CCTO lattice, depending on its size and
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valence. It has been found that some dopants have a critical
influence on grain boundary barriers as well as a reduction in
the number of charge carriers in the bulk grains as well [28].
Effect of dopants on the substitution stoichiometry viz. Ti
deficiency [29] or excess [30] and Cu deficiency [31] or excess
[32] has been also investigated.

In the present investigation, Ca*" is partially substituted
by Pr’* ion via a modified sol-gel method with the stoichio-
metry Ca(_3,2)Pr,CusTisO, (x=0.10, 0.20, abbreviated as
CPCTO-1 and CPCTO-2 respectively) assuming the ionic
compensation [Prc, *]=2[Vc,"]. Recently, Xu et al. [33]
reported dielectric properties of Pr substituted CCTO ceramics
prepared by solid state reaction where the compositions were
determined assuming the multivalent Pr as in PrgOy;. Yet, very
little fundamental insight into the effects of Pr on the defects
and electronic properties of CCTO has been given. Electrical
characterization was limited to the temperature range between
290 and 490 K. In the present work electrical properties were
measured over a wide temperature range from 100 K to 500 K.
The phase and microstructure analysis have been studied by
powder X-ray diffraction (XRD) and field-emission scanning
electron microscopy (FE-SEM). X-ray photoelectron spectro-
scopy (XPS) analysis was also carried out.

2. Experimental

Calcium acetate hydrate [Ca(C,H50,), - H,O 98+%, Yakuri
Pure Chemicals], copper acetate monohydrate [Cu(C,H30,); -
H,0 98+%, Sigma-Aldrich], titanium butoxide [(C¢H3604)Ti
97%, Sigma-Aldrich], praseodymium (III) nitrate [Pr
(NO3)3 - 6H,O 99.9%, Sigma-Aldrich] and citric acid (99.5%,
Merck, India) were used as raw materials. Calculated amount
of titanium butoxide was first mixed with acetic acid for
30 min with constant stirring using a magnetic stirrer. Then
citric acid (equivalent to metal ions) previously dissolved in
deionized water was added to the titanium solution and stirred
for 30 min. A second solution consisting of measured calcium
acetate, copper acetate and praseodymium nitrate was made in
deionized water and added to the titanium—citric acid solution
with constant stirring, resulting in a clear blue solution. A few
drops of aqueous ammonia (34%) were added to the solution.
The solution was heated to 80-90 °C with constant stirring to
evaporate the water. During evaporation, the homogeneously
mixed solution became viscous and turned into a blue gel. It
was then dried in an oven at 150 °C overnight. Dried CPCTO
gel was calcined in air at 800 °C for 5 h. The calcined powder
was pressed into cylindrical pellets using a hydraulic press.
The pressed samples were sintered at 1000 °C for 5 h in air.
Heating as well as cooling rates were maintained at 5 °C/min
during calcination and sintering.

Differential thermal analysis (DTA) and thermo gravimetric
(TG) analysis of this as-prepared powder was performed in air
atmosphere using TGA/DTA Analyzer, (TA instrument-SDT
Q 600) from room temperature to 1000 °C at a heating rate of
5 °C/min. The phase composition of the samples was studied
by powder X-ray diffraction analysis (Shimadzu X-ray dif-
fractometer) with Cu Ka radiation (A1=1.5406 A) in 26 range

20-80°. The microstructures of the fractured surfaces were
examined using a field-emission scanning electron microscope
(FE-SEM, S-4700 Hitachi). Dielectric measurements were
made using a pellet both surfaces of which were polished
and coated with silver paint. An impedance analyzer (HP-
4284A) was used to measure the impedance response in the
temperature range 100-510 K controlled by a closed-cycle-
refrigerator (CCR) having a high temperature option (CCS-
400/202, Janis, USA).

3. Results and discussion

Fig. 1 shows the representative TG/DTA curve of the
powder precursor of CPCTO-2. The figure shows that, there
are three stages of weight loss: the first one is observed at the
temperature ~240 °C, the second one is at ~350 °C and the
third one is around 650 °C. Decomposition of citric acid and
partial decomposition of precursor in the present material will
lead to combustion. The first weight loss was assumed to be
due to loss of residual water and decomposition of excess citric
acid [34]. Corresponding changes in DTA curve are also
observed as exothermic peaks in the same temperature range.
The second steep decrease in weight may be due to the burnout
of organic species involved in the precursor powders (organic
mass remained after decomposition of citrate nitrate gel). This
major weight loss in TG analysis is also supported by an intense
exothermic peak in the DTA curve. The third minor weight loss
in TG curve is an exothermic reaction accompanied by the
decomposition of intermediate compound. No further weight
loss and no thermal effect were observed above 650 °C.

Fig. 2(a and b) shows the X-ray diffraction patterns of
CPCTO-1 and CPCTO-2 powders sintered at 1000 °C for 5 h
respectively. The diffraction data obtained for CPCTO-1 and
CPCTO-2 samples could be indexed to a body-centered cubic
perovskite related structure. Copper oxide (CuO) and calcium
titanate (CaTiO;) are identified as impurity phases. From the
peak intensity ratio, more impurity phases are shown to exist in
CPCTO-2 with a higher Pr substitution. It has been shown that
Ti excess can induce similar multi-phasic system [35]. The
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Fig. 1. Simultaneous TG—DTA curves for the precursor powder Cag_zy.)
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Fig. 2. X-ray powder diffraction patterns of Ca_3,)Pr,CusTi4O1, ceramics
(a) x=0.10 and (b) 0.20 sintered at 1000 °C for 5 h.
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presence of CaTiO; may suggest a substantial Ca deficiency in
CCTO crystal structure. The general observation appears
consistent with the energetically favorable formation of anti-
site defects Cuc, which are as high as 10" cc? [36].

Fig. 3 shows FE-SEM images of fractured surface of CPCTO-1
and CPCTO-2 samples, respectively. The presence of the
secondary phases can be clearly noted. Their distribution was
rather inhomogeneous as indicated by two micrographs for each
sample. Overall more secondary phases can be seen in CPCTO-2
in accordance with XRD results, Fig. 2. The grain—grain junctions
by intergranular fracture can be noted. Pure CCTO also exhibits a
transgranular fracture [34]. The free grain surfaces suggest the
rounded or spherical CCTO grain shape when the grains do not
impinge upon each other. Some parts of the microstructure
suggest the crystallographic facets. The microstructure of Pr-
doped CCTO is similar to that of La-doped CCTO [34]. Doping
decreases the grain size. Similar doping effects on the grain size
can be seen in PrgO;—CCTO samples prepared by solid state
reaction [33]. The grain boundary segregation of dopants a
retarding the grain growth may be responsible for the lower grain
boundary potential discussed later.

XPS analysis was carried out to investigate the oxidation
states of polyvalent ions present in Cagj_zy2)PryCusTizO
(x=0.20) ceramics. Fig. 4(a—e) shows the representative core
level XPS spectra of C-1s, O-1s, Ca-2p, Pr-3d, Cu-2p and
Ti-2p regions of CPCTO-2 ceramic respectively. Shift of core-
level spectra due to charging effect was calibrated using the
C-1s peak located at 284.6 eV as shown in Fig. 4(a). The O-1s
spectrum shown in Fig. 4(b) represents a binding energy of
530.05 eV along with two or more different types of oxygen
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Fig. 3. FE-SEM micrographs of fractured surface of Ca(j_3,2)Pr,CusTi4O;, ceramics with x=0.10 (a and b) and x=0.20 (c and d).
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species, which seem to be due to the substitution of Pr in Ca
[37,38].

Ca-2p core-level region shows two peaks at 346.8 eV and
350.4 eV corresponding to spin—orbit doublets of Ca-2p;/, and
Ca-2py, respectively as shown in Fig. 4(c). The spin—orbit
splitting between the Ca-2p;, and 2p;, components is about
3.6 eV. Asymmetric Ca-2p;, peaks are reported in the
literature for CaTiO; compounds. These were attributed to
the Ca binding energy variation related to Ca superficial atoms
[39]. Probably, Ca is precipitated at the grain boundary regions

in CCTO ceramics and then two types of energy would be due
to bulk and superficial Ca atoms. This result is also similar to
that observed in Ba,_,Ca, TiO3. In Ba,_,Ca, TiO; prepared by
the ceramic method, some of the Ca®* occupies Ti** sites in
spite of a large difference in their sizes [40]. XPS analysis is
similar to that observed in Fe’* and Nb>* doped CCTO
ceramics [41] as well as undoped CCTO [42]. In CCTO
ceramic, the respective shoulders on higher energy sides have
been ascribed to two different occupation sites of Ca ions viz.,
in the CaQ, icosahedron and in the CuQO,4 planar square [42].
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Fig. 4. X-ray photoelectron spectrum (XPS) of (a) C-1s core level, (b) O-1s core level, (c) Ca-2p core level, (d) Cu-2p core level and (e) Ti-2p core level for Caj_3,)
Pr,CusTi40, (x=0.20) ceramic.
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However, the asymmetry or the presence of shoulders is not
significant in CPCTO-2 ceramic of the present study, suggest-
ing that there is no disorder present on Ca and Cu site observed
in CCTO. Presence of calcium in +2 oxidation states is clear
not only from the binding energy (346.8 eV) of Ca-2p;,, level
but also from the shape and symmetry of the peak.

Fig. 4(d) displays the XPS spectra of Cu-2p region of
CPCTO-2 ceramics. XPS shows Cu-2ps/, and Cu-2p;,, peaks
at 934.1 eV and 954.3 eV, respectively in Fig. 4(d). Cu-2p3.
spectra have a satellite on the higher binding energy side
which is similar to that reported for Cu®* in CuO [43] or Fe**
and Nb>* doped CCTO ceramics [41]. The satellite peaks
correspond to 2p3d° configuration where 2p indicates that
there is one electron missing (core hole) in the Cu-2p [30]. In a
photoelectron emission process, electron charges are trans-
ferred from the surrounding to the core holes. Such a situation
causes the main peak to be associated with a satellite at higher
binding energy, as observed here [44]. The satellites confirm
the existence of copper as Cu®*. The satellite peak is absent in

a

185

Cu,0 because it has a completely filled d shell (d'°). Since Pr
peaks (Pr-3ds/, and the Pr-3d;/,) overlap exactly with those of
Cu [45], small amount of praseodymium doping did not allow
direct information of the Pr valence state.

XPS core level spectra of Ti-2p shown in Fig. 4(e)
demonstrate Ti-2ps;, and Ti-2p;, peaks, respectively, at
458.4 eV and 463.9 eV. These are very close to the reported
data for TiO, [46] and CCTO ceramic [47]. This shows that
the Ti ions are mainly in the tetravalent state i.e. there is no
change in the valence of Ti** ions when Pr’* is doped on Ca
site in CCTO ceramic.

Fig. 5 shows the temperature dependence of dielectric constant
(¢) and dielectric loss (tan §) of the sintered CPCTO-1 and
CPCTO-2 ceramics at selected frequencies over the temperature
range from 100 K to 510 K. With increasing temperature the
capacitance increases from 60~63 to a plateau of 700-1000 for
CPCTO-1 and 600 to 800 for CPCTO-2, respectively, followed
by a rapid increase over a range of temperature. The decrease in
the dielectric constants at high temperature, clearly indicated for
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Fig. 5. The temperature dependence of dielectric constant e (T) and dielectric loss tan & (T) at different frequencies for Ca(j_3,2)Pr,CusTi4,O, ceramics with (a)

x=0.10 and (b) 0.20.
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the data at 1 kHz, is due to the inductance effects from the lead
wires since the resistance of the samples becomes as small as a
few ten ohms. The feature should not be mistaken as a (relaxor)
ferroelectric transition.

The low temperature dielectric constants of ca. 60~63 at 1 MHz
appears consistent with the optical dielectric constant reported as
80 [3] when the porosity of the samples is taken into consideration
according to the effective medium approach [48].

It appears now clear [4-6,14] that the frequency-dependent
capacitance rises to the sloping plateau, representing the colossal
dielectric constant known for CCTO, can be attributed to the grain
boundaries. Two different electrical models for the grain boundary
barriers may be considered. More common is the brick-layer or
layer model where the grain boundary layer is in series with the
bulk response of the grains [4-6,14]. The other is the model for
the admittance spectroscopy where RC series circuits representing
the trapping due to the deep levels are correlated to the bulk
capacitance and the resistor for the leakage current [49,50]. The
latter model appears appropriate for the description of the low
temperature spectra as shown in complex capacitance plane
representation in Fig. 6(b and c). The ac bulk conductivity of
CCTO shows a power-law or deviation from the ideal Debye
behavior. Macdonald also suggests the application of anomalous
Poisson—-Nernst—Planck diffusion model for CCTO [51].

Although the spectra are slightly skewed at the high
frequency side for x=0.10 and at low frequency side for
x=0.20, respectively, the peak region appears close to the
ideal Debye response. The relaxation time constants 7 from the
peak frequencies are displayed in Fig. 6(a). Both samples
exhibit a bending or transition around —130 °C with increased
activation energy by ca. 0.015 eV at higher temperature region.
Above —130 °C the activation energy values are 0.075 and
0.098 eV, respectively. The values appear consistent with the
reported value in pure single crystal CCTO [3,4] as well as in
thin film [17]. Samples with higher Pr content exhibit larger =
values and larger activation energy. That is, the deep levels
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become larger due to Pr doping. The activation energy was
shown to increase up to 0.15 eV by annealing the thin films in
air, concomitant with the substantially decreased “colossal
dielectric constants” from 2000 to 400 and reduced the
dielectric losses [52]. The effect of different Pr doping as
shown in Fig. 5 appears similar to the oxidation effect. Pr
doping decreases the dielectric loss in the low temperature
range, which may be considered beneficial for the capacitor
applications. It should be mentioned however, that the low
temperature response corresponds to the bulk response of
CCTO in the brick-layer model of negligible portion in the
insulation resistance of the polycrystalline CCTO samples as
described below [4-6].

The dielectric spectra shown in Fig. 6 are asymmetric suggest-
ing the presence of another relaxation, either at low frequency (for
x=0.10) or at high frequency range (x=0.20). The low frequency
effects more clearly observed for x=0.10 than for x=0.20 should
be related to the larger grain boundary potential and higher
insulation resistance. The dc resistance, either directly obtained
from the impedance spectra as shown in Fig. 7 or extrapolated,
exhibit a well-defined Arrhenius behavior of activation energies of
0.48 eV for x=0.10 and 0.40 eV for x=0.20, respectively. The
values are somewhat less than reported for the pristine CCTO
ceramics, e.g. 0.66 eV [6] and 0.76 eV [53]. From the present
experimental results it may be concluded Pr doping decreases the
insulation resistance by lowering the grain boundary or surface
potential of CCTO. The lowering insulation per grain boundary
may be even larger for x=0.20 composition, since the grain size
for x=0.20 is smaller and thus larger number of grain boundaries
may exist.

It should be noted that the effect of Pr doping on the electrical
properties is opposite for the high frequency bulk effects observed
in the low temperature range displayed in Fig. 6 and for high
temperature dc resistance effects determined by the grain bound-
ary potential shown in Fig. 7. Comparison of Pr doping with
oxidation effects [52] on the electronic structure in the bulk and at
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Fig. 6. The temperature dependence of dielectric relaxation time t for Cagj_3,2)PryCusTi;O;, ceramics with x=0.10 and 0.20 (a) estimated from the dielectric
spectra as shown for x=0.10 at —136 °C (b) and for x=0.20 at —132 °C (c) which is indicated by arrows in (a).
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the grain boundary suggests the p-type conduction of CCTO
[17,18] although no clear mechanism of p-type conduction in
CCTO has been yet established. It may be suggested that the
abundant anti-site defects Cug, may act as acceptor ‘Cu’c, in Cu*
state. Pr substituting Ca ions may thus affect the characteristics of
trapping acceptor levels. Assuming CCTO a p-type conductor, the
grain boundary potential can be lowered by the grain boundary
segregation of the negatively charged defects or acceptors,
opposite to the well-known n-type conductors, such as BaTiO;
PTCR and ZnO varistors. The segregated praseodymium in n-type
ZnO is one of the representative varistor-forming dopant [50].
Note that the effects of the oxidation and sintering atmosphere in
the grain boundary or electrode Schottky barriers in CCTO in the
literature seems not yet unambiguously indicating the conduction
type of CCTO [11,17,18,54,55]. It is highly likely that secondary
phases, segregation, and multiple electronic states of Cu and Ti
depending on the preparation and post-treatments are taken into
play together. The exact nature of the defects responsible for the
electrical properties of the bulk and grain boundaries in CCTO
needs further clarification. Strong disagreement between the
present work and Pr-doped CCTO [33] in the microstructural
evolution and the electrical properties is also suggested to the
difference in the initial stoichiometry with Pr dopant, i.e. Pr,O5 vs.
PrgO;1, which in addition to the preparative routes should affect
the electronic structure of bulk and grain boundaries.

4. Conclusions

In summary, Pr doped CCTO ceramics such as Caj_3y)
Pr,Cu;Ti4O;, (CPCTO) (x=0.10 and 0.20) were synthesized
by chemical route. XRD analysis confirmed the major phase
formation of CCTO in the prepared CPCTO samples with the
presence of CuO and CaTiOj3 secondary phases at 1000°C/5 h. FE-
SEM image shows faceted morphology and spherical appearance

for grains having sizes in the range of 300-800 nm for both
CPCTO samples. The low temperature dielectric relaxation
indicated the trapping levels are higher for x=0.20 than for
x=0.10 samples: 0.073 and 0.060 eV, respectively, below
—130 °C and 0.098 and 0.078 eV, respectively below —50 °C,
leading to the low loss for the sample with higher Pr doping. From
the high temperature dc behavior, the grain boundary Schottky
barrier was found lower for x=0.20 than for x=0.10, i.e. 0.48 eV
and 040 eV, respectively, with correspondingly decreased dc
insulation resistance. Pr doping apparently plays the opposite
effects on the loss mechanism of bulk and grain boundary.
A p-type conduction mechanism for CCTO is suggested for the
observed electrical behavior.
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