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ctric and varistor properties of Sr,
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Calcium copper titanate (CCTO) powders associated with the chemical formula

Ca1−xSrxCu3−yZnyTi4−zSnzO12 (where x, y, z varying from 0 to 0.1) were synthesized via a solid-state

reaction route. Dense ceramics (>96% of theoretical density) were obtained by sintering these powders

comprising micrometer-sized grains at appropriate temperatures. X-ray powder diffraction studies

confirmed the formation of monophasic CCTO cubic phase, with no traceable secondary phases

present. The lattice parameter ‘a’ was found to increase on increasing the dopant concentration. The

microstructural studies performed on these ceramics confirmed a decrease in mean grain size (18 mm to

5 mm) with the increase in Sr, Zn and Sn doping concentrations as compared to that of undoped CCTO

ceramics though they were sintered at the same temperature and duration (1100 °C/15 h). The dielectric

studies (dielectric constant (3′) and the dielectric loss (D)) conducted in a wide frequency range (102–107

Hz) demonstrated an increase in 3′ and a decrease in D on increasing the doping concentration.

Impedance analysis (Nyquist plots) performed on these ceramics revealed a significant increase in grain

boundary resistance. The highest value of grain boundary resistance (6.05 × 108 U) (in fact this value was

100 times higher than that of pure CCTO) was obtained for the composition corresponding to x = y = z

= 0.075 and intriguingly the ceramic pertaining to this composition exhibited enhanced 3′ (1.7 × 104) and

lower D (0.024) at 1 kHz. Further, these co-doped CCTO ceramics exhibited substantial improvement in

breakdown voltages and nonlinear coefficients (a). The temperature independent (30 –210 °C) dielectric

response of these samples qualifies them to be suitable dielectric materials for the fabrication of

multilayer ceramic chip capacitors.
1. Introduction

Materials associated with a colossal dielectric constant (3′ > 104)
accompanied by low loss (D < 0.05) are in increasing demand for
high-energy storage applications as they facilitate miniaturiza-
tion of the capacitive devices besides electroceramic and
varistor applications.1,2 CaCu3Ti4O12 (CCTO) is one of the
ordered perovskite oxides crystallizing in the AA′

3B4O12 (where A
= Ca, A′ = Cu and B= Ti) structure coupled with very intriguing
physical properties. Polycrystalline powders of CCTO that were
synthesized via a variety of routes were subjected to various
sintering conditions, and were subsequently characterized for
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their electrical transport properties including varistor
characteristics.3–5 Owing to the existence of different schools of
thoughts for establishing the origin of the giant dielectric
constant associated with CCTO ceramics, various studies were
taken up concerning the partial replacement of cations with
suitable dopants and visualizing their inuence on their
dielectric and varistor properties. Besides, establishing the
appropriate mechanisms (intrinsic and/or extrinsic) for under-
standing the dielectric behavior of CCTO ceramics, the
researchers also became curious to probe the parameters per-
taining to its nonlinear current–voltage (I–V) characteristics.6–10

Further, as a part of understanding the dielectric mecha-
nisms in CCTO, many groups have adopted different indepen-
dent doping methodologies, which include exclusive A-site
(Ca2+) doping with Cr2+/La2+; A′-site (Cu2+) doping with (Zn2+/
La3+/Fe3+/Sn2+/Ni2+); and B-site (Ti4+) with (W4+/Sn4+).11–17 These
individual doping effects yielded functional CCTO-based
ceramics with appreciable dielectric & nonlinear I–V proper-
ties. More diligent and conscientious efforts were made to
engineer novel CCTO ceramics using exclusive individual
doping strategies. For example, Sn4+ was doped at Ti4+ site in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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CCTO which has opened up a newmeans to fabricate dielectrics
suitable for industrially relevant multilayer chip capacitors like
X5R/X7R/X9R.18 However, these samples with superior func-
tionality were obtained only through non-stoichiometric
compositions. Another unconventional fabrication of Zn
doped CCTO ceramics involves direct sintering of precursors
through high power laser irradiation. Although this process is
found to be rapid & efficient, there was no signicant
improvement in the dielectric response owing to doping.19

Alternatively, Sr2+ doping at the Cu site in CCTO was also
attempted, which yielded low dielectric loss with no substantial
increase in dielectric constant.20 Later, doping strategies were
further extended to investigate into the simultaneous doping of
cations at the lattice sites of (A & A′) with (La2+ & Zn2+, Sr2+ &
Mg2+), (A & B) with (Sr2+ & Ni4+), (A′ & B) with (Zn2+ & Sn4+, Al2+ &
Ta5+, Zn2+ & Ge4+) which opened up yet another window for
obtaining CCTO ceramics with the improved dielectric
response.21–26 The aforementioned studies affirmed that the
dopant ions result in modifying the chemical compositions of
grain & grain boundaries (GBs) of CCTO ceramics and a conse-
quent enhancement in dielectric performances which were
rationalized by invoking IBLC models.27 However, the arduous
objective of accomplishing a high dielectric constant accom-
panied by low dielectric loss associated with doped CCTO
ceramics is not yet realized.

The above challenge has prompted us to go in for simulta-
neous doping on all the cationic sites (A, A′ & B) with the
appropriate dopants and evaluate their effects on the dielectric
and varistor characteristics of CCTO ceramics. In the present
study, we have investigated into the structural and electrical
characteristics of CCTO ceramics co-doped with Sr2+, Zn2+, and
Sn4+ isovalent ions (the sizes being in the same range) at Ca2+,
Cu2+, and Ti4+ sites, respectively. In this report, we elucidate the
details concerning the synthesis and characterization of Sr, Zn
and Sn co-doped calcium copper titanate (CCTO) powders with
the chemical formula Ca1−xSrxCu3−yZnyTi4−zSnzO12 (x = y = z =
0 to 0.1). The sintered ceramics of these aforementioned
compositions were systematically examined for their micro-
structural (grain size and grain boundaries) changes, dielectric
response, electrical conductivity and activation energies asso-
ciated with the GBs to delineate the mechanisms involved in
yielding high dielectric constants encountered in these fabri-
cated ceramics.

2. Materials and methods
2.1. Fabrication of co-doped Ca1−xSrxCu3−yZnyTi4−zSnzO12

(x = y = z = 0 to 0.1) ceramics

Polycrystalline powders of co-doped calcium copper titanate
were synthesized via the solid-state synthesis route.28 Analytical
grade CaCO3 (SD ne, 99%), SrCO3 (SD ne, 99%), CuO (SD ne,
99%), ZnO (SD ne, 99%), TiO2 (SD ne, 99%), SnO2 (Merck,
99%) were employed to obtain CCTO powders with the chemical
formula Ca1−xSrxCu3−yZnyTi4−zSnzO12 (x = y = z = 0, 0.025,
0.05, 0.075 & 0.1) which are abbreviated as CCTO, SZS025,
SZS05, SZS075 and SZS1 respectively. The starting materials
were mixed in predetermined stoichiometric ratios and
© 2023 The Author(s). Published by the Royal Society of Chemistry
homogenized in an ethanol medium using mortar and pestle.
These nely ground powders were calcined initially at 450 °C for
3 h. Subsequently, these were homogenized by further grinding
and were later subjected to heat treatment at 850 °C for 5 h. The
calcined powders of all the above compositions were compacted
to obtain pellets of 10 mm in diameter & 1.5 mm in thickness.
These were subjected to sintering at an elevated temperature of
1100 °C/15 h for electrical transport studies.
2.2. Characterization

The crystal structures and phase purity of these co-doped CCTO
ceramics were investigated using X-ray powder diffractometer
(XRD, model: Panalytical X'Pert3) with Cu Ka radiation (l =

0.154 nm) at a scanning rate of 3° min−1. The microstructural
features of the thermally-etched (1120 °C/1 h) surfaces of the
ceramics were probed by scanning electron microscope (SEM,
model: JEOL-JSM-IT300LV). Microscopic elemental analysis
based on energy dispersive X-ray spectroscopy was employed to
examine the elemental compositions of these co-doped
ceramics. The densities of these sintered pellets were deter-
mined using the conventional method based on the Archimedes
principle (xylene was used as an immersion liquid having
a density of 0.87 g cm−3 at 25 °C). Dielectric property studies
were carried out at both ambient and non-ambient tempera-
tures (30 °C to 210 °C) using a high precision impedance
analyzer (WAYNE KERR, 65120B) in the frequency range of 102

to 107 Hz with a signal strength of 10 mV. The nonlinear current
(I)–voltage (V) measurements were done using a sensitive elec-
trical workstation (RADIANT Technologies, Precision LC II) with
the voltage rising rate of 1 V s−1. Silver electrodes were depos-
ited on either side of the polished surfaces of the pellets and
subsequently copper leads were bonded rmly for investigating
into the dielectric dispersion behavior and nonlinear current
measurements.
3. Results and discussion
3.1. Structural studies

To investigate into the phase purity of the co-doped CCTO
ceramics, powders of the sintered pellets were used for X-ray
structural studies. Fig. 1 depicts the XRD patterns obtained
for the co-doped powders of various compositions under study
at room temperature in the 2q range of 20° to 80°. All the Bragg
peaks in these patterns were indexed to the cubic phase of the
pristine CCTO [JCPDS card no. 75-2188] reported in literature.

The XRD patterns obtained for CCTO and SZS025 are similar
wherein there are no detectable unreacted or secondary phases
of metallic oxides i.e., SrO, ZnO, SnO2, CuO, etc., however, on
increasing the dopant concentration, a very low intense peak
corresponding to the CuO phase (indicated byC) emerged, and
its intensity increased with an increase in the dopant concen-
tration. The most intense peak (220) of CCTO was found to shi
towards lower diffraction angles on increasing the dopants
concentration. This observation is in line with our anticipated
outcome of an increase in lattice parameters due to the doping
of cations with larger ionic radii (rSr2+ = 1.44 Å; rZn2+ = 1.38 Å and
RSC Adv., 2023, 13, 10476–10487 | 10477
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Fig. 1 (a) X-ray powder diffraction patterns obtained for the co-doped
CCTO ceramics, (b) the blown-up CuO peak positions indicated by C
in the patterns.

Fig. 2 Rietveld refinement profile fit for SZS025.

Fig. 3 (a–e) Scanning electron micrographs of pristine and co-doped
CCTO ceramics and (f–j) their corresponding grain size distributions.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

10
:5

9:
53

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
rSn4+ = 1.40 Å) than these respective cations at A, A′ and B sites
(rCa2+ = 1.35 Å; rCu2+ = 1.28 Å and rTi4+ = 0.605 Å) as in pristine
CCTO ceramic.

Prole ts of the Rietveld renement were performed on the
undoped and all the co-doped CCTO ceramics. A representative
Rietveld renement of sample SZS025 is illustrated in Fig. 2.
The quality of the renement was quantied by the standard
gures of merit like prole residual (Rp), expected residual
(Rexp), weighted prole residual (Rwp), and the goodness of t
(GOF)21 which are summarized in Table 1. The experimental
XRD patterns were well tted, which was conrmed by low GOF
values (<4.0 for all the samples) along with acceptable Rexp, Rwp,
Table 1 Lattice parameters, refinement parameters of the pristine and c

Sample a (Å) Rexp (%) Rp (%)

CCTO 7.391 6.014 6.244
SZS025 7.393 3.277 4.687
SZS05 7.395 3.381 6.782
SZS075 7.400 3.492 6.194
SZS1 7.404 3.671 5.211

10478 | RSC Adv., 2023, 13, 10476–10487
and Rp values which are less than 10%. The lattice parameter (a)
for cubic phase of the co-doped CCTO was obtained from the
Rietveld renement and was compared to the crystallographic
o-doped CCTO ceramics

Rwp (%) GOF
Relative density
(%)

8.341 1.386 96.0
6.781 2.027 98.0
9.572 3.101 96.0
9.201 2.631 97.5
7.492 2.042 98.5

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 EDS spectra obtained at selected (a) grains and (b) grain boundary regions for SZS1 ceramics. The marked regions in SEM images
correspond to above investigated areas for recording EDS spectra. Their respective relative abundance of elements present is also listed as
atomic percentage (At%).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

10
:5

9:
53

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
structure of pristine CCTO [JCPDS 75-2188]. The calculated
lattice parameter of each of the sample is included in Table 1.
The perceptible increase in the value of lattice parameter (a) in
the co-doped ceramics is believed to be caused by the presence
of larger dopant ions than the size of respective host ions in the
pristine CCTO. The densities of these sintered co-doped
Fig. 5 Frequency dependence of (a) dielectric constant (3′), (b) dielectric
CCTO ceramics. (d) Overlay of dielectric constant, dielectric loss and co

© 2023 The Author(s). Published by the Royal Society of Chemistry
ceramics as determined by Archimedes' principle are also lis-
ted in the Table 1.
3.2. Surface morphology

In order to extract information regarding the morphological
aspects of the doped and undoped CCTO ceramics, scanning
loss (D), (c) AC conductivity (s) at room temperature for the co-doped
nductivity as a function of doping concentration measured at 1 kHz.

RSC Adv., 2023, 13, 10476–10487 | 10479
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Fig. 6 Frequency dependent dielectric constant of (a) CCTO, (b) SZS025, (c) SZS075 ceramics over a temperature range of 30–210 °Cwhile (d–f)
shows the dielectric loss variation with the frequency at different temperatures.
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electron microscopy (SEM) studies were carried out on the
sintered surfaces of the same. Through XRD analysis, all the
synthesized samples are identied predominantly as mono-
phasic in nature, however, co-doping could substantially impact
and alter their morphologies. Fig. 3(a–e) displays the back-
scattered SEM images of all the ceramics under study. All the
Fig. 7 (a–c) Temperature dependent dielectric constant and (d–f) diele
selected frequencies (1 kHz, 10 kHz and 100 kHz).

10480 | RSC Adv., 2023, 13, 10476–10487
sintered CCTO samples exhibited non-uniform grain sizes and
the mean grain sizes were lower for those with higher doping
concentrations.

The mean grain size of the sintered pellets was found to be
18 mm, 11 mm, 7 mm, 6 mm & 5 mm for CCTO, SZS025, SZS05,
SZS075 and SZS1 respectively. This observation conrms that an
ctric loss for the CCTO, SZS025, and SZS075 ceramics respectively at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Raman spectra of the co-doped CCTO ceramics in comparison
with the pristine CCTO.
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increase in the co-doping concentration of Sr, Zn and Sn
hinders grain growth. This decrease in grain size on increasing
the dopant concentration is attributed to the hindrance caused
by the presence of a copper-rich phase at the grain
boundaries.29–32 Further, to unravel the compositional hetero-
geneity in these ceramics, we obtained the elemental compo-
sitions spatially across the grain and grain boundaries using
Energy Dispersive Spectroscopy (EDS). Fig. 4 representatively
shows the EDS spectra obtained for the sample SZS1 at selected
regions (a) grain and (b) grain boundary regions. The grain
boundary of the co-doped ceramics is found to be copper rich
than the surrounding grains which might play a crucial role in
enhancing dielectric response and other related electrical
transport properties.
3.3. Dielectric response

The dielectric properties (3′ and D) of CCTO ceramics are
strongly effected by the (i) microstructure (size and uniformity
of grain size), (ii) intrinsic (Ca–Cu anti-site order and mixed
Fig. 9 (a) Nyquist plots of the co-doped CCTO ceramics at room temp

© 2023 The Author(s). Published by the Royal Society of Chemistry
valent cation state) and (iii) extrinsic effects (nature of grains/
GBs, continuity of GBs, conducting/semiconducting behavior)
of grains and grain boundaries.33–35 Fig. 5(a–c) compares the
dielectric response of pristine CCTO ceramics to that of doped
CCTO ceramics in the frequency range of 102 Hz to 107 Hz at the
room temperature (RT). It is important to note that the co-
doping of Sr, Zn and Sn has an inviolable impact on both the
dielectric properties as well as microstructural characteristics of
doped CCTO ceramics. It is observed that the co-doped
ceramics exhibit superior dielectric response i.e., lower dielec-
tric loss and better frequency stability than that of undoped
CCTO ceramics (Fig. 5(a)). The possible origin of their superior
dielectric performance is elucidated in detail below.

The pristine CCTO sample exhibited space charge relaxation
owing to the electrode polarization effects at lower frequencies
(<10 kHz), while SZS025, SZS05, SZS075 and SZS1 samples have
shown better & wider frequency stability of dielectric constant
accompanied by lesser space charge relaxation signature. As
shown in Fig. 5(b), the co-doped CCTO ceramics show much
lower dielectric loss (D) values of 0.025, 0.022 and 0.024 for
SZS025, SZS05 and SZS075 respectively. A strong reduction in D
for all the co-doped ceramics in the entire measured frequency
range augments the key role played by Sr, Zn and Sn ions, which
facilitated the chemical compositional changes of the grains
and grain boundaries vis-à-vis electrical transport properties.

The AC conductivity (s) data obtained at room temperature
for the doped and undoped ceramics plotted as a function of
frequency is shown in Fig. 5(c). The s of both the doped and
undoped samples increases with an increase in frequency and
for the doped samples it is lower than that of the undoped
samples up to the frequency of 3× 104 Hz and subsequently it is
higher at all the frequencies covered in the present study. This
behavior is reected in the dielectric loss data. The dielectric
constant and the loss along with the conductivity obtained as
a function of dopant concentration are shown in Fig. 5(d). The
dielectric constant increases gradually with an increase in
dopant concentration i.e., x= y= z= 0.075. While the dielectric
loss (D) and the AC conductivity decrease with an increase in
dopant concentration up to 0.075 and subsequently increases.
The increase in dielectric constant up to x = y = z = 0.075 is
erature. (b) Rg and Rgb values of the co-doped CCTO ceramics at RT.

RSC Adv., 2023, 13, 10476–10487 | 10481
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Fig. 10 (a–c) Nyquist plots for (a) CCTO, (b) SZS025, (c) SZS075 at different temperatures (30–210 °C) and the corresponding conductivities are
shown in (d–f).
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attributed to the dopant size effects vis-à-vis intrinsic increase in
dielectric polarization. As the ionic sizes of the dopants involved
are higher than the ions present in the pristine CCTO, the
possibility of the contribution from the extrinsic effects such as
a change in grain size and grain boundary compositions is ruled
out, owing to the fact that the grain size is found to decrease as
a function of increase in the dopant concentration. It is known
in the literature that an increase in the dielectric constant in
electroceramics is mostly attributed to an increase in grain
size.21,29 Therefore, the present observation of an increase in
dielectric constant with the increase in dopant concentration
vis-à-vis decrease in grain size is chiey attributed to intrinsic
polarization effects. However, the samples with the dopant
concentrations beyond x = y = z = 0.075 exhibited a sudden
decrease in the dielectric constant and increase in the dielectric
loss and the AC conductivity. This behavior which is in contrast
with that described earlier for CCTO ceramics with lower
concentration of dopants is ascribed to the extrinsic mecha-
nism which is triggered by the copper rich phase segregation at
the grain boundaries of doped CCTO ceramics. The impedance
analyses carried out on both the doped and undoped samples
yielded 100 times higher grain boundary resistance (Rgb) value
for the doped (x = y = z = 0.075) than that of the undoped
Table 2 The values of dielectric and nonlinear parameters for doped an

Sample 3′ (1 kHz) D (1 kHz) Rgb (U

CCTO 0.94 × 104 0.150 1.96
SZS025 1.31 × 104 0.025 2.60
SZS05 1.44 × 104 0.022 1.73
SZS075 1.71 × 104 0.024 6.05
SZS1 0.92 × 104 0.048 1.24

10482 | RSC Adv., 2023, 13, 10476–10487
ceramics, whereas the grain resistance of both the undoped and
doped ceramics remain almost the same (within the limits of
the experimental error). It is to be noted that the compositions
corresponding to the dopant concentrations of 0.1 and above
exhibited much lower Rgb values which strongly supports the
extrinsic mechanism contribution to the dielectric properties of
CCTO ceramics doped with higher (>0.1) dopant concentra-
tions. This observation is corroborated by the X-ray studies
(Fig. 1) in which one notices the onset of the formation of the
CuO rich phase which grows further as the dopant concentra-
tion increases and found to get segregated at the grain bound-
aries (Fig. 2). The details of which are elucidated in the
following sections.

3.4. Temperature dependent dielectric studies

The thermal response of 3′ and D for the undoped and doped
ceramics are shown in Fig. 6 and 7. The 3′ versus frequency
obtained at various temperatures (30 °C to 210 °C) is shown in
Fig. 6(a–c). The dielectric constants of all the samples under
study decrease with an increase in frequencies in the 30–210 °C
temperature range. It is to be particularly noted that the
dielectric constant for the doped samples (Fig. 6(b and c)) is
almost invariant up to the frequency of 105 Hz for all the
d undoped CCTO ceramics at room temperature

) Egb (eV) a Eb (kV cm−1)

× 106 0.56 3.56 0.35
× 107 0.84 4.85 1.15
× 107 0.73 4.79 1.35
× 108 0.78 4.56 1.56
× 107 0.70 4.39 1.93

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Nonlinear J–E curves obtained for the co-doped CCTO ceramics at room temperature, (b) variation of a and Eb as a function of the
doping concentration.
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temperatures covered in the present study. The dielectric loss
(D) variation with frequency for doped and undoped CCTO
ceramics in the temperature range of 30–210 °C is shown in
Fig. 6(d–f). The dielectric loss for the doped as well as the
undoped samples increase with an increase in temperature at
all the frequencies under study.

The dielectric responses (3′ and D) for all the ceramics under
study as a function of temperature (30–210 °C) at selected
frequencies (1 kHz, 10 kHz and 100 kHz) are shown in Fig. 7.
The dispersion in 3′ of the co-doped ceramics with the frequency
(1 kHz, 10 kHz, 100 kHz) at all the temperatures studied is
insignicant. The 3′ of the pristine CCTO ceramic is found to
increase rapidly with the increase in temperature (1 kHz and 10
kHz) which is attributed to space charge/electrode polarization
Fig. 12 Radar charts generated based on the experimental physical data
(c) SZS05, (d) SZS075 and (e) SZS1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
effects. Interestingly, the dielectric constant for the doped
CCTO ceramics at 1 kHz, 10 kHz and 100 kHz is found to be
almost independent of the temperature covered in the present
study. This prime observation is of paramount importance for
qualifying these ceramics as key dielectric material components
for usage in fabricating temperature compensated/temperature
independent MLCC capacitor chips of various types like X5R/
X7R/X9R/Z7R/Z9R.18 The 3′ values obtained for SZS025, SZS05,
SZS075 are higher up to about 90 °C than that of undoped CCTO
ceramics at 1 kHz. Subsequently, there is a rapid increase in the
3′ for CCTO up to 210 °C while the same trend in CCTO
continues even at the 10 kHz, but for an upward shi in
temperature at higher frequencies. This qualies these co-
doped CCTO ceramics as suitable dielectric material for
for the undoped and co-doped CCTO ceramics (a) CCTO, (b) SZS025,

RSC Adv., 2023, 13, 10476–10487 | 10483
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fabrication of Z9R (D3′ < ±15%, D < 0.05 and in the temperature
range 10–200 °C) type MLCC. The dielectric measurements
carried out at 100 kHz evidently demonstrate that the 3′ values
obtained for all the co-doped samples are higher up to 190 °C
suggesting the suppression in space charge polarization in
CCTO ceramics. The almost frequency independent dielectric
behavior of the co-doped ceramics conrms the absence of
space charge polarization effects. The dielectric loss for all the
doped ceramics sluggishly increased with an increase in
temperature at different frequencies (1 kHz, 10 kHz, 100 kHz).

The superior dielectric properties encountered for the co-
doped CCTO ceramics may also have their origin intrinsically
in the rattling of Ti4+ ions within TiO6 octahedra and/or due to
the structural distortion. The A-site (Ca2+) lattice and A′-site
(Cu2+) lattice may get locally stretched when these are partially
replaced by larger ions (Sr2+ and Zn2+) associated with larger
sizes and on the same lines B-site ion may get stretched by
substituting partially by Sn4+ ions. The stretched lattice would
tend to perturb some of the neighboring ions resulting in large
ionic polarizability, which can account for the enhanced
dielectric properties of these doped ceramics. The partial
substitution of Ti4+ ion by Sn4+ ion at the B-site may result in
a shi in the lattice modes of CCTO ceramics. To conrm this
conjuncture, Raman spectroscopy studies were done on both
the undoped and co-doped CCTO ceramics and the results ob-
tained therein are illustrated below.
3.5. Raman spectroscopic studies

In order to probe the extent of the simultaneous doping impact
on the lattice modes of CCTO ceramics, a Raman microscope
with a 785 nm laser excitation beam focused to about 2
micrometers spot size was employed. Fig. 8 depicts the overlaid
Raman spectra obtained for the pristine/undoped CCTO and
the co-doped CCTO ceramics.

There are a few signicant changes which are (i) in contrast
with the acclaimed lattice vibrational modes (447 cm−1 and
514 cm−1) of CCTO arising from TiO6 octahedral rotation-like
modes (Ag(1) and Ag(2) modes). These are evidently shied to
the lower wavenumbers in the case of the co-doped CCTO
ceramics. The observed shi is found to systematically increase
with an increase in dopant concentration for all the co-doped
CCTO ceramics; (ii) the stretching and adverse stretching
vibrational modes of the O–Ti–O bonds centered at 575 cm−1 (in
undoped CCTO sample) is also greatly affected and damped
because of the presence of the incorporated dopants; (iii) the
peak at 287 cm−1 is attributed to the TiO6 octahedral rotation-
like modes (Fg(1) mode) in the undoped CCTO ceramic.37

Further, the peak at 260 cm−1 emerges and dominates which is
due to the presence of CuO rich phase in the co-doped CCTO
ceramics at the grain boundaries. Unequivocally, this observa-
tion strongly correlates to that made in the X-ray diffraction
studies. It is to be noted that with the increase in dopant
concentration the Bragg peak corresponding to CuO phase
emerged as shown in the X-ray diffraction pattern (Fig. 1). The
intensity of which increased with the increase in dopant
concentration. However, we could not conclusively differentiate
10484 | RSC Adv., 2023, 13, 10476–10487
the Raman signal arising from grain and grain boundaries
owing to the inherent limitations of larger laser spot size in the
current measurements. The convoluted peaks observed above
460 cm−1 to 500 cm−1 may be due to the mixing of rotation-like
and stretching vibrational modes arising from B–O6 octahedra
that are not merely restricted to TiO6 but also to the other
dopants at B-site (SnO6).36,37 These studies reinforce the
dielectric data obtained for the co-doped CCTO ceramics in the
present study.
3.6. Impedance studies

Morphology and electrical characteristics of grain and grain
boundary are the critical factors that inuence the macroscopic
properties of the ceramics. In the current study, we observed
a notable difference in the grain sizes of the doped and undo-
ped ceramics. Complex impedance spectroscopy is widely
recognized as a useful tool for investigating into the physical
nature and explicit contribution of grain and grain boundaries
to the overall electrical performance of CCTO ceramics. For
estimating the grain and grain boundary resistances and the
resultant activation energies, we carried out the complex
impedance spectroscopy analyses using the Nyquist (Z′ − Z′′)
plots.38 According to the internal barrier layer capacitance
(IBLC) model for CCTO-based ceramics, the large dielectric
response was reported to be originating from the electrically
heterogeneous nature of semiconducting grains and highly
insulating grain boundaries. This is explained using an equiv-
alent circuit with two parallel resistance and capacitance (RC)
components in series. One of these RC circuits simulates the
inherent electrical properties of the grain while the other RC
circuit models the electrical characteristics of the grain
boundary. The effective impedance of the co-doped ceramics is
modelled using the following equation (eqn (1)).

Z* ¼ Z
0 � jZ00 ¼ Rgb

1þ juRgbCgb

þ Rg

1þ juRgCg

(1)

where Z′ and Z′′ signify the real and imaginary parts of Z*, Rg

and Cg denote the corresponding grain resistance and grain
capacitance (rst RC circuit) (Fig. 9(b) inset), while Rgb and Cgb

denote the respective grain boundary resistance and capaci-
tance (second RC circuit). Fig. 9(a) shows the complex Z′ − Z′′

plots for the undoped and co-doped ceramics at room temper-
ature. A typical complex impedance plot consists of semicircles
representing Rg and Rgb. However, because of the modied
heterogeneous electrical characteristics of grain and grain
boundary in CCTO-based ceramics, the high-frequency semi-
circle arc arising from the Rg factor is suppressed. The exact
values of Rg and Rgb were derived by tting the proposed
equivalent circuit model and the experimental impedance data
using Z-view soware. Corresponding Rg and Rgb values for
CCTO ceramics with various dopant concentrations are shown
in Fig. 9(b). SZS075 exhibited 100 times greater Rgb value than
that of the undoped CCTO ceramics at room temperature, while
the Rg values for the doped and undoped ceramics are found to
be in the same range (12 U to 37 U).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10(a–c) displays the temperature-dependent complex
impedance spectra obtained over a temperature range of 30–
210 °C for CCTO, SZS025 and SZS075 ceramics respectively. The
Rgb values for all the samples are found to decrease on
increasing the temperature. Similarly, though there is
a decrease in Rg values, the order remains the same. But,
nevertheless the Rgb values of the doped samples are higher
than that of pristine CCTO ceramics at all the temperatures
under study.

The leap in grain boundary resistance at RT associated with
the co-doped CCTO ceramics is correlated to the Cu rich phase
segregation at the grain boundaries. The electrical conductivity
(sgb) data extracted based on the Rgb values were used to
calculate the activation energies that are shown in Fig. 10(d–f).
This is derived from the well-established Arrhenius formulation
which captures the variation of conductivity of the samples as
a function of temperature.39 By invoking the following Arrhe-
nius equation (eqn (2)), one could obtain the activation energy
of grain boundaries (Egb).

ln sgb ¼
��Egb

kBT

�
þ ln s0 (2)

where, kB is the Boltzmann constant, T is the absolute temper-
ature and s0 is the pre-exponential constant. The slope of the
linear tting of ln sgb vs. 1000/T plot yielded the Egb values for
the co-doped and pristine CCTO ceramics. The activation
energies obtained from the plots depicted in Fig. 10(d–f)
suggest that the co-doping in CCTO could facilitate an increase
in the Egb values (Table 2). The increase in Egb values for co-
doped CCTO ceramics reects the capability of the grain
boundaries to resist the charge carrier transfer and consequent
improvement in the dielectric properties.40–45
3.7. Nonlinear I–V characteristics

Measurement of I–V characteristics on the CCTO and co-doped
CCTO ceramics was carried out to explore the suitability of these
for varistor applications. The nonlinear variation of current
density (J) with an electric eld (E) for co-doped CCTO ceramics
at room temperature is shown in Fig. 11(a). The nonlinear
coefficient (a) which is the critical gure of merit parameter for
validating the performance of ceramic varistors was evaluated
from the I–V measurements, using the relation eqn (3).30

a ¼ logðJ2=J1Þ
logðE2=E1Þ (3)

where E1 and E2 signify electric eld strength at a specic
current density J1 = 0.1 mA cm−2 and J2 = 1 mA cm−2 respec-
tively. The a values obtained (Table 2) by the above relation are
higher for the co-doped CCTO ceramics.

Fig. 11(b) captures the enhancement in the nonlinear coef-
cient and breakdown voltages associated with the co-doped
CCTO ceramics. The breakdown eld strength (Eb) is typically
evaluated at 1 mA cm−2. One could realize that the Eb values for
SZS075 and SZS1 are 1.5 kV cm−1 and 1.9 kV cm−1 respectively
which are higher than that of pristine CCTO (0.35 kV cm−1)
ceramics. The increase in grain boundary resistance could be
© 2023 The Author(s). Published by the Royal Society of Chemistry
the prime cause for the enhancement of the nonlinear I–V
characteristics of these doped samples.24

To highlight and summarize the superior performances of
the co-doped CCTO ceramics for dual functional applications as
capacitors and varistors, we have showcased their merits in the
form of radar charts. Fig. 12 represents the radar charts for
comparison of dielectric constant (3′) (at 1 kHz), dielectric loss
(D) (at 1 kHz), breakdown eld (Eb), nonlinear coefficient (a),
and grain boundary resistance (Rgb) for the co-doped CCTO
ceramics in the present investigations and their corresponding
values are shown in Table 2.

The enclosed areas in the radar charts reveal the overall
performance of each ceramic. It is evident from Fig. 12 that the
co-doped ceramics exhibit larger enclosed areas than that of un-
doped CCTO, suggesting their superior capacitor–varistor
properties.
4. Conclusions

Sr, Zn and Sn co-doped CCTO ceramics were fabricated using
the polycrystalline powders obtained via the conventional solid-
state reaction route. The X-ray structural and Raman studies
concomitantly conrmed the important role played by the
dopants (Sr, Zn and Sn) in establishing the intrinsic effects in
CCTO ceramics. Scanning electron microscopic investigations
established a decrease in grain size (18–5 mm) with the increase
in doping concentration of Sr, Zn and Sn in CCTO and EDS
analysis associated with SEM studies ascertained the composi-
tional heterogeneity of grain and grain boundaries. The
increase in dielectric constant of the co-doped CCTO ceramics
up to x = y = z = 0.075 is attributed mostly to the intrinsic
effects and its subsequent decrease is strongly felt to be domi-
nated by extrinsic mechanisms. The temperature independent
(30–210 °C) dielectric response of these samples qualies them
to be a suitable dielectric material for the fabrication of multi-
layer ceramic chip capacitors. A systematic impedance analyses
revealed an increase in Rgb values by two orders of magnitude in
co-doped CCTO ceramics at room temperature. The I–V char-
acteristic studies on the doped CCTO ceramics were found to be
promising as the nonlinear coefficient (a) and Eb values were
higher than that of undoped CCTO ceramics. Therefore co-
doping of Sr, Zn and Sn at appropriate sites in CCTO has
been proved to be a promising strategy to obtain CCTO ceramics
associated with superior electrical characteristics and to further
explore for its multifarious applications.
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