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Abstract

High performance dielectric materials are highly required for practical application for energy storage technologies. In this
work, high-k pristine and modified calcium copper titanate having nominal formula Cag ¢sNd,, osCu;Ti,_ Zr, O, (x=0.01,
0.03 & 0.10) were synthesized and characterized for structural and dielectric properties. Single phase formation of the syn-
thesized compositions was confirmed by X-ray diffraction patterns and further analysed using Rietveld refinement technique.
Phase purity of the synthesized ceramics was further confirmed by Energy-dispersive X-ray Spectroscopy (EDX) analysis.
SEM images demonstrated that grain size of the modified CCTO ceramics was controlled by Zr** ions due to solute drag
effect. Impedance spectroscopy was employed to understand the grain, grain boundaries and electrode contribution to the
dielectric response. Nyquist plots were fitted with a 2R-CPE model which confirms the non-ideality of the system. Substitu-
tion of specific concentration of Nd and Zr improved the dielectric properties of high dielectric permittivity (¢’ ~ 16,902) and
minimal tand (<£0.10) over a wide frequency range. The giant €’ of the investigated system was attributed to internal barrier
layer capacitance (IBLC) effect and reduced tand accredited to enhanced grain boundaries resistance due to substitution of

Zr** jons at Ti** site.

1 Introduction

In the present age of science, there is increasing attention to
miniaturization of electronic devices with efficient perfor-
mance. For this, continuous interest to develop high perfor-
mance dielectric materials useful for technological appli-
cations. Most of the ferroelectric materials such as barium
titanate and lead zirconate titante exhibits excellent dielec-
tric properties, but change in crystal structure and space
group with temperature make them undesirable for many
practical applications. Recently, CaCu;Ti,0,, (CCTO) has
been very much famous material due to its high dielectric
permittivity (¢’ ~ 10*) in single and polycrystalline ceramics,
nearly frequency independent up tol MHz and without any
structural changes in the temperature range100—-400 K [1].
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These extraordinary features make CCTO more technical,
but one serious drawback is that the loss tangent (tand >
0.10) is too high which hinder its many commercial applica-
tions. So, investigate to origin of high tand value and reduce
to this value is an urgent issue that should be intensively
performed. Generally, solid-state reaction technique is used
to synthesize the CCTO from CaCOj;, CuO, and TiO, at high
temperatures that accompains many drawbacks like hetero-
geneity of precursor materials and long reaction time [2, 3].
Another drawbacks is formation of secondary phases during
the synthesis because of limited atomic diffusion through
micrometer-sized grains.the presence of secondary phases
increase the disorder at the grain boundaries and leads high
tand values [4, 5]. It is well known that the electric prop-
erties can be remarkably enhanced when ceramic exihib-
its homogeneous microstructure. Other effective synthesis
methods such as; wet chemistry route, sol-gel, solution
combustion synthesis, sonochemical-assisted route, co-
precipitation [6—12] and Pechini sol-gel method are avail-
able which can improve CCTO characteristics, especially
dielectric loss. The another factor that contributing to high
tand in CCTO is the high DC conductivity (c,.) at lower fre-
quencies which follows the relationship tan é ~ 6,./we €',
where €' is the dielectric permittivity at lower frequencies
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[13]. As per IBLC model, the CCTO has electrically hetero-
geneous microstructure consisting of semiconducting grains
isolated by insulating grain boundaries (GBs) and the best
approach to minimise the dielectric loss in CCTO is to con-
trol the overall insulating properties of the bulk ceramics
that might be achieve by increasing GBs layer resistance
or via endorsing dense GBs networks [14, 15]. Ion doping
in CCTO also found to be effective technique that strongly
controls the morphology, particle size, electrical conductiv-
ity of grain (conducting/semiconducting nature) and GBs
characteristics (thickness, permittivity and resistance) [14,
16]. Each dopant has its own characteristics and affect the
microstructure (sintering kinetics and grain growth) as well
as modifies the electrical properties of the host system [17].
Therefore, the selection of dopant should be done in such
a way that it should tune the grain and GBs characteristics
to attain best dielectric results. Rare earth elements (REEs)
are lithophile elements that exihibits stable oxidation state
(+3) (except for Ce** and Eu** in some environments).
The stable valence/oxidation state allow for liberal substi-
tution of the REEs into various crystal lattices to alter the
existing various properties [18]. To improve the dielectric
properties of CCTO, plenty of works have been done on
modified CCTO with rare earth ions such as; La>* [19-21],
Eu*" [19, 22], Y+ [19, 23], Gd** [14, 19, 23], Yb** [24],
Sm?* [25] and the dielectric losses were found to be quite
low. For example, La** substitution into CCTO reduced
tand value to be less than 0.03, but simultaneously it wors-
ens other dielectric parameter (large decrease in €' values)
also [20]. Recently, Xu et al. reported that co-substitution
of rare earth and transition metal (Y +Zr) in CCTO greatly
improved the dielectric properties [26]. A very low value
of tand ~0.039 alongwith high €’ ~10,196) was achieved at
room temperature at 1 kHz. Nd element exist in Nd** state
and have comparable ionic radii to the Ca®* ions among
all the rare earth elements. Wang et al. [27] studied the
effects of Nd-substitution on microstructures and dielectric
characteristics of CCTO ceramic and observed that both &’
and dielectric loss were greatly affected with Nd concen-
tration. Later on, Wang et al. [28] synthesized Nd doped
Ca,_;,,Nd,Cu;Ti,0;, ceramics and a moderate &' value
(~11,200) with low tand (~0.12 at 10 kHz) was achieved at
room temperature. It is well known that Zr** cation is more
stable than Ti** cation and substitution of Zr** at Ti** ions
in perovskite oxide ceramics leads to outstanding dielectric
properties for useful applications [29-32]. With this moti-
vation, both Nd** and Zr** were simultaneously doped into
CCTO matrix and characterised to understand the electrical
properties. There are several reports on on separately Nd and
Zr doped CCTO ceramics, but, none about the co-substitu-
tion of Nd>* and Zr** ions. Recently, we have studied the
composition Cag ¢sNd osCu;Ti; 9571 5O, co-doped with
Nd and Zr and a giant dielectric permittivity (¢’ ~19,426)
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with minimal dielectric loss (tand ~0.067 at 1 kHz) was
achieved [33]. So, the aim of the present work is to explore
the concentration of both the ions to get even better dielec-
tric properties. Nd and Zr co-substituted CCTO composi-
tions have been synthesized and effect of concentration of
both ions on the microstructure and dielectric properties is
investigated in detail.

2 Experimental

Polycrystalline pure and modified CCTO have nominal
compositions Ca gsNd osCu;Tiy_ Zr, 0, (x=0.01, 0.03, &
0.10) abbreviated as (CCTO, CCTO1, CCTO2& CCTO3)
were synthesized via solid state method. The starting chemi-
cals CaCO; (99%), CuO (99%), Nd,05 (99%), TiO, (99.9%)
and ZrO, (99.9%) were taken in stoichiometric ratio, ball
milled and then calcined at 1000 °C for 12 h in a conven-
tional furnace. The mixture was dried at hot plate for half
an hour. PVA as a binder was added to the mixture to make
the pellet of thickness 1-2 mm and diameter ~ 10 mm using
uniaxial hydraulic pressing with a pressure of 20 MPa. Sin-
tering was done at 1080 °C for 6 h. X-ray diffraction (XRD)
pattern was collected at room temperature using Rigaku
Miniflex-1I X-Ray Diffractometer with CuK, (A=1.541 IOA)
radiation in a wide range of 26 (10° < 20 < 80°). Simulations
of collected XRD data by the Rietveld profile method using
Fullprof software package [34]. Microstructure of fractured
surface was observed by scanning electron microscope
(Semtrac Mini, Nikkiso, Japan). The elemental composition
was confirmed by EDX technique. For electroding, both flat
surfaces of the pellets were painted with air-drying conduct-
ing silver paste to study the electrical properties. Dielectric
measurement was performed using HIOKI 3532-50 LCR
HITESTER in the frequency range 100 Hz—5 MHz at room
temperature.

3 Result and discussion
3.1 Structural and microstructure analysis

X-ray diffraction patterns along with a magnified view of
most intense diffraction peak (~20=34°) for all the modified
CCTO compositions are shown in Fig. 1. The well defined
diffraction peaks without any secondary phase indicate that
substituted dopants occupies their assigned site and did not
influenced the crystal symmetry. Further, XRD data were
analysed to calculate the lattice parameters for all composi-
tions using Rietveld refinement. CCTO are known to have
double perovskite cubic structure described by the space
group Im3 [1].The refinement of the collected XRD data was
performed using cubic crystal symmetry with space group
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Fig.1 X-ray diffraction pattern of the pure CCTO and Ca ¢sNd, osCusTi,_,Zr, O, (x=0.01, 0.03 & 0.10) ceramics recorded at room tempera-

ture alongwith magnified view of peak at around 26 ~ 34.19°

Im3 Initially, the zero point shift, unit cell and background
and then all input parameters required for the simulation
were refined. Pseudo-Voigt function was employed to fit the
diffraction peak profile. Rietveld refined X-ray pattern of all
prepared compositions are shown in Fig. 2. A low value of
goodness of fit () factor for all the compositions indicates
good fitting between the theoretical and experimental data
and refined structural parameters are listed in Table 1. A
small decrease in lattice parameters and unit cell volume was
observed for CCTO1 ceramic as compared to pure CCTO

might be due to substitution of effective small ionic radii of
Nd** (1.27 A) at Ca?* (1.35 A) site. For CCTO2 and CCTO3
ceramics the trend is reversed because of the dominance
effect of Zr** ions at Ti** site. The average crystallite size
(D) was estimated by Debye Scherrer formula, for highly
intense diffraction peak (at around ~20=34°).

KA
- pcos@ 1)

Table 1 Rietveld refined

Sample  Crystal structure  Cell parameters ~ Atoms  Position coordinates Profile R-factors
structural parameters and profile
R-factors for undoped CCTO X y z
and doped namely CCTOI, -
CCTO2 and CCTO3 ceramics CCTO Cubic a=7.3897 A i Ca 0 0 0 Rp=3.998
V=403.548 A> 0 0.50 0.50 szp =6.204
Ti 025 025 025 X =330
(0} 0.1649 03067  0.00
CCTO1  Cubic a=7.3890 A . Ca/Nd O 0 0 Rp=4.07
V=403419A° 0 0.50 0.50 szp =5.90
Ti/Zx 0.25 0.25 025 X =3.11
(0} 0.1744 03043  0.00
CCTO2 Cubic a=7.3911 A . Ca/Nd O 0 0 Rp=5.98
V=403.763 A 0 0.50 0.50 R2wp =8.80
Ti/Zx 0.25 0.25 025 * =319
(0} 0.1812  0.3298  0.00
CCTO3  Cubic a=7.3917 A . Ca/Nd O 0 0 Rp=4.94
V=403862A° 0 0.50 050 Rwp=5.89
¥*=2.96

Ti/Zr 0.25 0.25 0.25
o 0.1840 03124  0.00
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Fig. 2 Rietveld refined patterns of X-ray diffraction data of a CCTO, b CCTO1, ¢ CCTO2 and d CCTO3 ceramics

Table2 Summary of structural data of crystallite size (D), X-ray den-
sity (d,), Experimental bulk density (d,,,), porosity (P) and grain size
for all the CCTO compositions

exp

Sample D (nm) d, (g/cm3) dCXP (g/cm3) P (%) Grain size
(pm)
CCTO 74 5.08 4.96 3.0 7.48
CCTOl 175 5.11 4.90 5.0 7.43
CCTO2 58 5.12 4.92 4.3 4.16
CCTO3 59 5.19 5.02 32 2.84

where, K~0.9 (constant), 0 is the Bragg’s angle and p is
Full Width Half Maxima (in Radian). The average crystallite
size obtained from the XRD analysis is reported in Table 2.

@ Springer

Theoretical X-ray density (d,) for all the samples was calcu-
lated by the following equation;

2M 3
d,=—g/cm
=y Y 2
where all the parameters have their usual meanings. The
experimental bulk density (d,,,,) for all the samples was cal-
culated by Archimedes principle using Xylene as buoyant
liquid. The porosity was also calculated using the equation;

dex
Porosity (%) = (1 — d—") x 100 3)

X
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Fig.3 SEM images of fractured surfaces of a CCTO, b CCTO1, ¢ CCTO2 and d CCTO3, ceramics

The calculated values of all the parameters are sum-
marized in Table 2.

Figure 3a—d shows the SEM micrographs of the fractured
surface of all the CCTO compositions. Images clearly indi-
cated that the presence of dopants strongly influenced the
microstructure. The mean grain size of the doped CCTO
was decreased with increase in subsequent concentrations of
Zr** ions. For undoped CCTO, the abnormal grain formation
was appeared which usually occurs due to presence of CuO/
Cu,0 liquid phase formation at grain boundaries due to high
temperature sintering process [35]. With subsequent doping
of Nd and Zr in CCTO lattice, the grain growth is suppressed
and normal grain matrix starts to appear. These observations
indicate that the grain growth of the system was strongly
controlled by of Zr** ions due to solute drag effect. As per
solute theory substituted aliovalent ion with larger radii than
host ion strongly segregate at grain boundaries and restricts
the grain boundary movement. The similar microstructure
observation was also reported earlier [36]. The average grain
size for all the samples are listed in Table 2. The chemical
composition and purity of product was confirmed through
EDX technique. As illustrated in Fig. 4a—e, pure CCTO

ceramic composed of three different elements, Ca, Cu and
Ti whereas, Nd and Zr co-doped CCTO ceramics have five
different elements, Ca, Nd, Cu, Ti, and Zr. Furthermore, no
impurity peaks were seen which indicate high purity of as-
prepared CCTO ceramics.

3.2 Impedance spectroscopy

In the present section, we undertook the impedance analy-
sis for the synthesized ceramics for revealing the effect of
dopants on electrical properties and to recognize the various
transport mechanisms existing within the material. Figure 5
shows the simulated complex impedance plane plots at 303
K for pure and doped CCTO compositions.The Nyquist plots
elucidate that all samples exhibit single semicircular arc in
the measured frequency range, which may be resultant of
two or more relaxation process, respectively. Generally,
high frequency semicircular arc identifies as bulk contribu-
tion, whereas the arc at intermediate frequencies ascribes
as GBs response, while an electrode interface effect com-
monly appears at very low frequency domain. For all the
synthesized ceramics, a single semicircular arc appears

@ Springer
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Fig.4 EDX pattern of fractured surfaces of a CCTO, b CCTO1, ¢ CCTO2 and d CCTO3, ceramics

and the diameter of arc continuously increases with subse-
quent doping of Zr** ions in CCTO lattice. To facilitate the

5x10° 3 (e exact information about the contribution of grain and grain
CCTO3

ﬂ ﬂ g Eggf boundaries to the total dielectric response, impedance data

4x10° - 2, | Qb > CCTO were simulated using two R-CPE equivalent circuit model.

== Theoritical fitting

CPE has been adopted instead of conventional capicatance
(C) to accommodate the non-ideality of the system, which
c might be due to multiple relaxation time, non-uniform cur-
N rent distribution and surface roughness [37]. The frequency
dependence of real and imaginary part of the impedance of
the equivalent circuit can be expressed as [38].

1x10° | geeresss
7! = Rg + Rgb
,,,,,, = > 3
o L+ (@R G 1+ (R Cy)
0 1x10° 2x10° 3x10° 4x10° 5x10° a)Rng szngb “4)
Z!(Q) Z//: 8 + 8

2 2
1+ (wR,C,)” 1+ (wR,Cy,)
Fig. 5 Nyquist plots fitted to the 2R-CPE equivalent circuit model for
pure CCTO and doped CCTO compositions at temperature 303 K

@ Springer



Journal of Materials Science: Materials in Electronics (2018) 29:10825-10833

10831

where R, and C, are grain resistance and capacitance,
respectively, and Ry, and Cy, are the corresponding quanti-
ties for grain boundary.

The capacitance of CPE can be calculated using the
relationship;

C = Ql/nR(l—n)/n (5)
where the value of n represents ideality (Debye or non-
Debye behaviour) of the system. The calculated parameters
[resistances (R,, Ryp) and CPEs (Q,, Q)] of fitted equiva-
lent circuit are listed in Table 3. Further, looking at table
results it is clear that grain resistance continuously decreases
and GBs resistance increases with subsequent doping of
Zr** ions. The GBs resistance value is approximately 10
times of magnitudes of grains resistance which signifies that
the system are electrically heterogenous and approaches to
IBLC structure. Therefore, impedance results suggest that
the dielectric response of the investigated system may be
accredited to IBLC effect.

3.3 Dielectric properties

Figure 6a, b represents the frequency dependent behaviour
of ¢’ and tan d at room temperature for all the composi-
tions. It is clear that all the sample exhibits low frequency
dielectric dispersion with high value of €’ is attributed due
to Maxwell-Wanger effect or can be understood with Koop’s
theory [39, 40]. The impedance spectroscopy also identi-
fies the co-existence of insulating regions (GBs) with less
resistive regions (grains) results to the dielectric heterogene-
ity. In the low frequency domain, the charge carriers cannot
migrate easily through highly resistive grain boundaries and
piles up in interfacial layers gives rise to strong polarization
and result in enhanced values of €'. At high frequencies the
decrease in €’ is observed due to lack of ability of electric
dipoles to switch with the applied electric field leading to
a lower dipolar response. According to Koop’s model, at
lower frequencies high energy is required by the charge car-
riers to move across the resistive GBs and leads to high tand
values. Pure CCTO exhibits frequency independent plateau

Table 3 The values of parameters Q,, Qg Ryp, Ry, 0, and ny, associated with grains, grain boundaries calculated by simulating Nyquist plots

using 2R-CPE equivalent circuit model at room temperature

Sample Rg Q) Qg

Ry, () Qg

g gb
CCTO 8000 8.0x 1078 0.80 3.2%10* 6.28x 1077 0.89
CCTO1 5200 7.0x1078 0.85 9.0x 10* 8.70x1077 0.90
CCTO2 3740 1.49% 1077 0.77 2.5%x10° 9.21x1077 0.97
CCTO3 1290 4.60x1078 0.79 5.0x10° 1.81x107° 0.95
(a) (b) )
—&-CCTO 5 e
9 CCTO1
—A—CCTO2 =
v CCro3 i
4 -
::‘ 10‘ a 1§: "
}E 3 ul
E o i
& = Y ” % p
.E ﬁ 24 Frequency(ilz)
2
a 1=
10°
&'x N
T T T T 1 I I 1
10° 10° 10° 10° 10° 10 10° 10’ 10* 10° 10°
Frequency(Hz) Frequency(Hz)

Fig.6 Frequency dependence of a €’ and b tand for all the compositions at room temperature. Inset of b represents the zoom view of tan (for all

the ceramics in the frequency range of 10°-10° Hz)
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with giant ¢’ value and a sudden drop in &' over 400 kHz
might be due to the conductive nature of grains [41]. The
giant value of €' ~25,345 at 1 kHz for undoped CCTO drops
to &' ~ 16,902 for CCTO3 by addition of Nd**and Zr** ions
in lattice, but the high frequency relaxation shifted toward
higher frequencies which is a desirable feature for device
applications. The decrease in dielectric permittivity may
attributed to decrease in grain size which can be explained
by IBLC model introduced by Adams et al. [42]. As per this
model, the dielectric permittivity can be correlated to the
average grain size and thickness of grain boundary is given
by the relationship as follow;

Eof = € (©)

where t, represents the mean grain size and ty, corresponds
to the grain boundary thickness. Equation (1) suggests that
the effective dielectric permittivity is directly related to grain
size and inversely related to grain boundary thickness. Due
to the large number of grain boundaries embedded in the
pool of the grains in polycrystalline materials, it is very dif-
ficult to analyse the impact of grain boundary thickness of
¢’ and hence the grain size effect dominates to determine
the effective dielectric permittivity. Therefore, the observed
dielectric behaviour of the present system can be explained
by the grain size effect. Further, the charge compensation is
required for lattice neutralization due to replacement of Ca**
by Nd>* ions in CCTO matrix. This charge compensation
may preserve the large value of €’ and prevents the propor-
tionate drop in dielectric constant values with a decrease in
grain size. The investigated system was valuable only their
dielectric losses were also controlled. As shown in Fig. 5b,
the tand spectra are similar for all the compositions, but
values of tand are different significantly. Especially, for the
CCTO3 composition, the value of tand is less than 0.10 in
wide frequency range 1-200 kHz with the minimal value of
0.031 at 2.1 kHz at room temperature which is 85% lower
than that of undoped CCTO. Zr** has larger ionic radii than
Ti**, the significant size mismatch between these cations
cause a strong driving force that segerate Zr** ions at grain
boundaries which enhances the GBs resistance. This was
primarily due to enhanced GB density occurring from reduc-
tion in the mean grain size by the solute drag effect. The
trend of Ry, is well supported with observed tand spectra
and enhanced R, values are responsible for low loss over a
broad range of frequencies (inset Fig. 5b). The low value of
tand with high €’ value in wide frequency region is greatly
desired for energy storage technologies. Therefore, the stud-
ied system can be very useful for practical applications.
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4 Conclusion

Nd and Zr modified CCTO ceramics were successfully syn-
thesized by conventional solid state route. The XRD analysis
confirmed that all the modified CCTO ceramics remained
cubic in structure. The variation in lattice parameters and
unit cell volume analyzed by Rietveld refinement of XRD
data surely indentified that the substituted dopants success-
fully incorporated in CCTO lattice. Analysis of SEM images
revealed that microstructure was strongly affected by Nd and
Zr co-substitution and its direct impact reflected on dielec-
tric properties. A huge value of dielectric permittivity (e,
~16,902) with nominal dielectric losses (tan & ~0.067 at
1 kHz) was observed in a broad frequency range from 10°
to 10° Hz for CCTO3 ceramic. Thus, it is concluded that
the both dopant ions have played an independent role to
improve the dielectric performance of CCTO system. A’
site Ca substitution by Nd may be attributed to enhance-
ment in dielectric permittivity, and Zr ions suppressed the
grain growth and yielded a high resistive GBs network that
strongly favours the improved the dielectric performance of
CCTO system.
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