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Abstract

Tailoring effects of Ca-doping concentration on the structural, optical, and electrical properties of Ba,_ Ca,TiO; (x=0.0
to 0.15) nanomaterials prepared via low-temperature sol-gel auto combustion technique are presented. XRD results reveal
that all the prepared nanomaterials are crystallized in tetragonal structure with space group P4mm. FT-IR measurements
are carried out in order to reveal the vibrational frequencies of bonds in the crystal lattice. A strong absorption peak due to
Ti—O bond (TiO4 octahedron) appears at 538 cm™" that shifts to a higher frequency with an increase in the doping of Ca ions.
It is explained by the Coulomb interaction. Optical band gap of the sample increases with increase Ca doping as 3.44 eV
(x=0.0), 3.48 eV (x=0.10), and 3.45 eV (x=0.15). The BCT materials with x=0.10 apparently show that the particle with
short-range order can strongly influence the formation of intermediate states in the gap. Dielectric behavior is found gov-
erned by the interfacial polarization, whereas the ac conductivity supports the non-Debye process [n < 1] that is described
using Jonscher’s power law. The conduction mechanism is found changing from small polaron to large polaron hopping as
the Ca ions increase. Moreover, the electrical conductivity arising due to the movement of charged ions is correlated with
the hopping and the lattice defects. The temperature-dependent activation energy is obtained in the range of 0.19-0.12 eV,

which evidences the NTCR behavior observed for all studied materials.

1 Introduction

Perovskite type (ABO;)-BaTiO; oxide materials are having
their physical properties such that they find various appli-
cations in ferroelectric memories as surface acoustic wave
device, micro-electromechanical systems, tunable microwave
filters, and microwave capacitors [1]. In the last few dec-
ades, the optical and electrical properties of some relaxor
ferroelectrics have been widely interrogated for application
in wireless communication, metal-oxide—semiconductor,
microwave dielectric, and field-effect transistor (FET) [2-6].
Barium titanate (BaTiO;) is an industrially important com-
pound that exhibits ferroelectric properties at and above room
temperature. It has five different crystallographic forms:
hexagonal, cubic, tetragonal, orthorhombic, and rhombohe-
dral. The hexagonal and cubic structures are paraelectric in
nature while tetragonal, orthorhombic, and rhombohedral
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show ferroelectric behavior in nature [7-9]. The research for
a suitable photo-electrode and photo-catalyst, perovskite-
based metal oxides (ABO;) has been the subject of extensive
studies during the past two decades [10-12] because they
offer a wide range of possibilities for tailoring their struc-
ture through cationic substitutions either at A or B sites in
order to tune their optical and electrical properties [13]. In
Ba,;_,Ca TiO; (BCT), a widely accepted view is that a ran-
dom field-induced ferroelectric domain state may be respon-
sible for the observation of relaxor behavior. Nevertheless,
it is ensure even if Ca>* ions can cause Ca>*-V, centers to
form dipoles and thus set up a local random electric field
[14, 15]. For both fundamental and commercial importance,
enormous efforts have been pursued to modify the dielec-
tric and ferroelectric properties of BaTiO;-based materials
by A-site substitution. It comes from alkaline-earth (Sr** or
Mg2+) and rare-earth ions (La>*, etc.) and their cation size
effects that cover up Ti off-centering hence the lower Curie
temperature. On the other side, the effects of Ca-substitutions
in BaTiO; are entirely unique and increasing interest has been
received recently [16]. In recent years, the sol—gel technique
has gained interest in the area of processing of nanomateri-
als, microstructure because of its several advantages such
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as easier composition control, better homogeneity, low pro-
cessing temperature, and low equipment cost [17]. For the
present investigations, BaTiO; nano materials have been
synthesized by Ca®* ions doping on A-site using the sol—gel
technique through organic precursor route. Ca-substitution
could be intriguingly sustain the Curie temperature while
other alkaline metals indicate the stern size affects the sus-
tainable Curie temperature. The broadened tetragonal phase
in Ba;_,Ca, TiO; system suggested the additional displace-
ment of Ca attributing this phenomenon to both the displace-
ments of Ca and their influence on Ti off-centering. They
discovered that Ca has its own ferroelectric displacement as
well as influence on Ti off-centering, which alleviates the lat-
tice strain effect, and afterward maintains the Curie tempera-
ture. These reports firstly interpret that Ca has a displacement
strength effect on its own A-site and Ti off-centering. Along
with this deliberation, Ca-substitution could be a desirable
choice to retain both the exquisite macroscopic electrical
properties and room temperature dielectrics in BaTiO5-based
materials. Therefore, the effects of Ca-substitution on the
overall ferroelectric properties such as remanent polarization,
coercive field, and temperature dependence of polarization
in BaTiO;-based materials should be a very important issue.
In this paper, we discuss the optical energy bandgap and fer-
roelectric characteristics in BaTiO5 materials that have been
achieved by Ca** substitution on A-site.

2 Experimental procedure
2.1 Required materials

Barium (II) nitrate (Ba(NO3), Merck-99.0%), titanium (IV)
butoxide (C,cH;,0,~Ti, Aldrich-97%), calcium (II) nitrate
(Ca(NO3),, Merck-98.0%), citric acid (C4HgO-), ammo-
nia solution (NH,OH), and nitric acid (HNO;) were used
to prepare all the required materials used in the present
experiments.

2.2 Synthesis of BaTiO; and Ca ion-modified BaTiO,
nanomaterials

BaTiO; and Ca ion-modified BaTiO; nanomaterials were
synthesized via a low-temperature sol-gel method as fol-
lows. Stoichiometric amounts of barium nitrate, titanium (IV)
butoxide, and calcium nitrate as metal oxide precursors, and
citric acid as a chelating agent were used as raw materials.
These metal nitrates were homogeneously mixed in a molar
ratio of Ba(NO;),:Ti(C;¢H350,):C¢HgO;=1:1:2 in double-
distilled water. Ammonia (NH,OH) solution was drop wise
added to the above solution while stirring using the magnetic
stirrer. The prepared homogeneous solution was maintained
at pH ~ 7 with the help of litmus paper. The resulting solution

was heated to 80 °C for 2 h to obtain a very viscous gel.
After that increasing the heating temperature up to 100 °C
leads to the ignition of gel form. The gel was dried in a hot
air oven at 160 °C for 3 h. The dried precursor was obtained
and ground to fine nanocrystalline powders then calcined at
900 °C for 2 h. For Ca substituted BaTiO; catalysts, a similar
procedure was followed with the stoichiometric addition of
calcium nitrate to the above solution in the following ratio
(1 = x)Ba(NO;),:xCa(NO3),:Ti(C,;(H3,0,):C4HgO, where
x=0.0<x<0.15, respectively. For pelletization, polyvinyl
alcohol (PVA) was added in calcined powder and pressed
into a circular disk of 1 mm thickness and 15 mm diameter
by applying a pressure of ~ 6 tons. Sintering of the pellets was
done at 1100 °C for 2 h.

2.3 Characterization technique

The prepared nanocrystalline powder has been character-
ized at room temperature. X-ray diffraction (XRD) patterns
of the materials were recorded using a Bruker D8 advance
diffractometer using Cu Ka (wavelength 1=1.5406 A) as the
radiation source. The diffractometer uses a 1-D position-sen-
sitive detector (Lynx Eye) based on the silicon drift detector
technique, which reduces the measurement time significantly
without any reduction in the diffracted intensity. Rietveld
refinement analysis was performed in a step size 0.02 with
20 varying from 20° to 80°. The structural parameters were
obtained by using the Full Prof Suite program. The FT-IR
spectra were recorded using the Frontier Perkin—Elmer (SP 10
STD) based on attenuated total reflectance (ATR) FT-IR spec-
trometer. A powerful sampling technique is given by the ATR
system that removes sample preparation. The FT-IR spectra
can be measured in the frequency range of 4000400 cm™".
The optical absorption spectra were recorded by UV—Vis spec-
trometers using a Perkin—Elmer, USA Model: Lambda 950
having scanning double beam, double monochromator, and
ratio recording spectrometer over the range of 200-800 nm
and BaSO, were used for calibration before the test and as
a reference sample. The dielectric properties of the prepared
samples were assessed with frequency at room temperature
(RT) using a 6500B series Wayne Kerr precision impedance
analyzer and Novo Control impedance analyzer. The experi-
mental data were collected using software that allows power,
dielectric constant, and dielectric losses to be acquired directly
over a range of frequencies (20 Hz to 120 MHz).

3 Results and discussion
3.1 Phase and structure analysis

BaTiO; and Ca ions-modified BaTiO5 powders synthesized
using sol-gel chemical methods have been characterized
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by the XRD technique. The XRD patterns of the BTO and
Ca-BTO indicate about the tetragonal structure with space
group P4mm (99) PCPDF (file no. 82-2234). Figure la
shows the diffraction peaks of pure and doped Ca ions with
different concentration (x=0.10, 0.15). The intense diffrac-
tion peaks are observed at 20 =22.17 (100), 31.63 (110),
38.87 (111), 45.20 (200/002), 50.86 (210), and 56.28 (211),
respectively. The diffraction peaks of BTO shift towards
lower angle 20 after Ca doping [18]. Even for the con-
centration of x=0.10, an orthorhombic phase of barium

carbonate (BaCO;, PCPDF 85-0720) was noted, as shown
in Fig. 1a. The formation of carbonates in the samples may
have resulted from atmospheric contamination or, less likely,
due to the presence of the carbon precursor titanium (IV)
butoxide (C,;cH;,0,-Ti). X-ray patterns were analyzed for
lattice parameters (a, c), unit cell ¢/a, and particle size. The
lattice parameter (a, ¢) value of the pure and Ca-doped mate-
rials was carefully determined by the Full Prof program as
shown in Table 1. The tetragonality factors (c/a ratio) of
the materials are slightly increased caused by Ca doping
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Fig.1 a XRD pattern of Ba,_,Ca,TiO; (x=0.0, 0.10, 0.15) materi-
als. b Lattice strain—size analysis of 0% BT, 10% Ca-BT, and 15%
Ca-BT materials. ¢ Rietveld Refinements of Ba,_,Ca, TiO; material.
The black open circles represent the observed pattern, The red color
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where as the unit cell volume of the BTO and Ca-BTO sam-
ples decreases because of the smaller ionic radius of Ca®*
(1.34 A) than that of Ba®* (1.61 /ok). The average crystalline
size (¢) is determined by using the Debye—Scherrer’s formula
and the accurate values of average crystalline size (D) is
estimated using Williamson—Hall relation as given below:

pCos® = (kA/Dy_y) + 4€Sind 1)

where k is the shape factor having value for the spherical
particle as~0.9, ¢ is the lattice micro-strain due to imperfec-
tion in crystals, and 4 is the wavelength (0.154 nm) [19, 20].
Figure 1b shows the plot of fCos,,, vs. 45inb,,, where the
slope is fitted by linear regression line that directly gives
the value of lattice micro-strain (&) according to the Wil-
liamson—Hall method and is given in Table 1. The W-H plot
(Fig. 1b) shows a positive slope which indicates the presence
of tensile strain at the lattice site. The accurate crystalline
size (D) is also obtained by the intercept of the fitted linear
regression line as follows:

D = kA/intercept )

The powder XRD pattern has been analyzed and their
Rietveld refinements are performed for synthesized nanoma-
terials to estimate the changes in crystalline parameters as a
result of the Ca-modified system. The powder XRD pattern
along with Rietveld refined parameters using the Full Prof
program is shown in Fig. 1c. The powder diffraction pattern
is one of the most exciting tools to obtain qualitative and
crystal structure information. XRD can be used not only for
qualitative identification of polymeric forms of some multi-
elemental ceramics but also for quantitative estimation of
the different Bragg positions of various crystalline phases,
which makes traditional X-ray diffraction pattern unsatis-
factory. To resolve these problems, the Reitveld refinement
method which is probably the most accurate and reliable
technique to simulate the whole-pattern by least-square fit-
ting refinement technique and has been successfully used for
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where W, is the weight parameter, I;, and I, is the
observed and calculated intensity for 26, diffraction angle,
(n—p)—number of degree of freedom, here ‘n’ is the total
number of experimental points and ‘p’ is the number of
refined parameters. The patterns are refined for the lattice
parameter, background, Scale factor, Pseudo-Voigt profile
factor (u, v, w), atomic (Wyckoff) position, and isothermal
temperature factors (B,,). In tetragonal pure and modified
BTO structure, the Ba atoms are in the Wyckoff position Ba
at la (0, 0, 0), Ca at 1a (0, 0, 0), Ti at 1b (0.5, 0.5, 0.5224),
O1 at 1b (0.5, 0.5, 0.0326), and O2 at 2c (0.5, 0, 0.4895).
The fitted refined XRD patterns are in good agreement with
the respective experimental data, noted by Rp’ RWP, Rexp,

Bragg-R factor, and RF factor, which are listed in Table 2.
3.2 FT-IR analysis

The FT-IR spectra of the Ba,_,Ca, TiO; (x=0.0, 0.10, 0.15)
nanomaterials are shown in Fig. 2. A strong absorption peak
associated with the vibrational frequency appears nearly at
538 cm™. This absorption peak correlates to the asymmet-
ric and symmetric stretching of the Ti—O (TiO¢) octahe-
dron bonds, highlighting with its lattice deformation. We
detected a broadening and slight shift in this band to higher
wavenumber, implying that the stretch of the Ti—O bond

Table 2 Reitveld refinement results of Ba,_ Ca, TiO; materials

quantification and characterization of inorganic and organic =~ BCTO Refinement results R factor (%) Bragg
compounds. Various profile fitting (R factors) (?f the experi- Samples (%)  Oce. (Ba:Ca) R, R, R., Rfactor
mental data such as R, (profile factor), R, (weighted profile

factor), and R,,, (expected weighted profile factor) makes it~ x=0.0 1:0 215 220 210 6.77
very prominent to conclude exact crystal structure symmetry ~ x=0.10 0.90:0.10 189 229 237 591
which is defined as follows [21]. x=0.15 0.85:0.15 1.81 203 2.09 420
Table 1 L,attice parameter, Sample Lattice parameters (/3;) c/a factor Crystalline size £(x1073)
tetragonality (c/a), avg.

crystalline size (f) obtained by a c t (nm) Dy,_y; (nm)
(Debye—Scherrer’s), D (W-H)

method and lattice strain (¢) of x=0.0 3.993 4.034 1.010 24.76 28.52 1.87
Bal_xCaXTiQ3 (x=0.0, 0.10, x=0.10 3.962 4.018 1.014 26.48 28.40 2.24
0.15) materials x=0.15 3.973 4.024 1.012 2324 29.87 375
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of BaTiO; led to the corresponding mode of Ba,_ Ca TiO;
(x=0.10, 0.15). It is explained by the weakness of Cou-
lomb interaction [22], because the electric charge of cation
Ca”" is less than that of Ti*". The electrostatic Coulomb
force between Ca’* and O®~ is weaker than that between
Ti** and O?~, which results in decreased energy of the
M-O (cation—oxygen) bond. Another reason of the shift
may be the replacement of Ba>* by Ca’*, which decreases
the cell volume of material because the ionic radii of Ca?*
(1.34 A) is less than Ba®* (1.61 A). The volume of the direct
cell parameter is decreased by doping also confirmed by
the XRD patterns of Ba,_,Ca,TiO; [Table 1]. The direct
cell volume is decreased and the resultant increase in the
electrostatic Coulomb force interaction due to the shrink-
age (order—disorder) of the Ti—O octahedron distance, the
wavenumber of absorption becomes larger [23]. The main
bands specific to the ionic NO;~ (853 cm™!) introduced in
the system by the catalyst barium, calcium, and titanium
source as Ba(NOj3),, Ca(NO3),, and TiO(NO3), in the case
of the doped precursors are also identified. Other strong
absorption bands at around 1425 cm™!, 1431 cm_l, and
1443 cm™! are well defined in BCT materials (x=0.0,0.10,
0.15) that denoted the characteristic of the presence of car-
bonates. This band can be represented as the C=0 vibra-
tion. In FT-IR spectra, we observe the presence of sharp
bands around 1639 cm™!, 1752 cm™', and 1758 cm™! for
all the samples which is related to the presence of O-H
bonds. Corresponding to the OH™ groups and water of
hydration (adsorption to the particle surface), some bands
appear around 1020 and 3525 cm™!, respectively. These are

of
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Fig.2 FT-IR spectra of the Ba;_CaTiO; samples: a x=0, b
x=0.10, ¢ x=0.15
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common in the systems that have hydrogen bonding, which
also indicate about the defects caused by OH™ groups in the
titanate lattice deformation [24-26]. The strong absorption
band at around 1431 cm™! is well defined in materials having
Ca* ion (x=0.10) and is the characteristic of the presence
of carbonate peaks, which is confirmed by the XRD meas-
urement results.

3.3 UV-Vis analysis

Figure 3a shows the UV-Vis absorption spectra of Ca-mod-
ified materials. Here, n electron in a non-bonding orbital is
excited to the corresponding anti-bonding orbital 7", due to
which the compounds containing double bonds like C=0
undergoes n — 7 transitions. These electronic transitions
require minimum energy and show absorption at a wave-
length above 200 nm (weak peak) which is accessible to
UV-Vis spectroscopy. From Fig. 3a, the BC10T absorption
peak is found at a higher wavelength compared to BTO and
BC15T absorption. The other optical property of the BCT
nanomaterials is determined by UV-Vis diffused reflec-
tance spectra for materials having different concentrations
of dopant at room temperature. The bandgap energy is one
of the fundamental characteristics, particularly, when the
optical devices are fabricated. When the material absorbs
and scatters light, then the optical bandgap can be calcu-
lated from the diffuse reflectance spectroscopy. For pow-
dered samples, the Kubelka — Munk (K-M) relation can be
expressed as follows:

K_(-R’

== F(R) (6)

where K is the K—M absorption coefficient and is directly
proportional to the linear absorption coefficient (a), S is the
scattering coefficient which is constant with the wavelength,
and F(R) is called the K—M function. The optical bandgap
E, of the nanocrystalline material is determined from the
well-known Tauc formula (Fig. 3b) when the K—M relation
is fulfilled. The absorption of the material is proportional to
F(R) and Tauc general formula can be expressed by:

(F(R)hv)" = A (hv - E,) (7)

where A is a constant and n is an electronic transition
coefficient. Generally, n=1/2 is for a direct allowed transi-
tion and n =2 is for an indirect allowed transition. (F(R)hv)"
is the modified K-M function. From Fig. 3b, it has been
clearly seen that the UV—Vis spectra (Tauc plot) are a well-
defined extrapolation of the linear fit. The optical bandgap,
which indicates the presence of localized electronic state
existing even for materials without substitution of the cation
(Ca*) at the A-site of perovskite BaTiO; in the UV region
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Fig.3 a UV-Vis absorp-

tion spectra of Ca-modified
materials. b Tauc plot of BTO,
BCI10T, and BC15T materials.
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has been obtained as an indirect wide bandgap (3.44 eV)
[27]. The Ca**-doped BTO materials show bandgap as 3.48
and 3.45 eV for x=0.10 and 0.15, respectively (Fig. 3b). The
optical bandgap in BCT-based oxide materials arises due to
the transition from the O 2p orbitals (near the valence band)
and Ca 3p orbitals as well as Ti 3d orbitals (below the con-
duction band). The observed values of the optical bandgap
for ordered and disordered (lattice defects and impurities)
materials indicate that the exponential absorption edge and
the optical bandgap energy are controlled by the order—dis-
order structural degree in the lattice deformation under the
effect of the octahedral crystal field of the six oxygen sur-
rounding the titanates.

There are many quantum approaches that originated in
low dimensional systems because the pairing and asymmetry
energy plays an important role. In the atomic level, valence
and conduction bands are associated with various degenerate
energy levels. Density function theory (DFT) and band the-
ory calculations suggest that these little bit energy states are
also known as Fermi energy states. The typical energy gap
in the Fermi level is~meV to eV range. Molecular orbital
theory revealed s—p, p—d, and d—d transitions because the
hybridization takes place between the covalent and ionic
bonds. In the present studies, Ca-modified BTO-based
nanomaterials show the charge transfer conduction, which
is based on the electron—phonon coupling mechanism that
has been explained on the groundwork of the Frank Condon
principle. Oxide-based perovskite structure (BaTiO;) origi-
nates charge transfer between Ti*" and O%~ ions. In atomic
spectra, the clouds of electrons are present in different sub-
shells. Unpaired electrons are correlated with 2p and 3d orbit
of O?~ and Ti** ions, respectively.

Figure 3b illustrates the indirect wide bandgap present in
the Ca-modified BTO-based nanomaterials. Indirect band
anomaly occurs due to the electron transit from valence band
maxima to the conduction band minima with the coopera-
tion of photons and phonons. The maxima and minima of
bands are located in a different position because the wave
vector differs. The excited electron of the highest conduc-
tion band jumps to the low degenerate energy states in the
conduction band because an excited electron releases some
energy in very less time (~ 107 s). These electronic bands
are associated with many vibrational levels. In the process of
electron—phonon interaction, some phonons absorb or emit a
very less amount of energy. Earlier reported results confirm
that the Ca®*/Ti** ions show a strong contribution to the
formation of Fermi energy levels near the conduction band
[28, 29]. Henceforth, the energy gap little bit depends on the
charge transfer conduction mechanism and this conduction
phenomenon is mainly due to electron—phonon coupling.

The values of optical bandgap energy with increas-
ing small amounts of concentration of the Ca®* cation as
observed in the spectra may be attributed to the way these

@ Springer

intermediate states are situated within the bandgap. The
effect of local crystalline distortion associated with the
lattice defects or oxygen deficiency is also very common
in perovskite materials. The sample with x=0.10 has two
absorption regions. The calculation of the band gap is made
considering only the higher wavelength absorption region
[30, 31]. The XRD data of this sample also indicate the
presence of a carbonate peak without long-range order, and
thus, the BCT sample with x=0.10 shows particles with
short-range order as well as a particle with long-range order
(a regular shape of the particle). The sample with x=0.15
shows a bandgap energy of approximately 3.45 eV, which
is very close to BTO. Suppose the phase of BCT at x=0.0
and 0.15 were not identified by XRD and FT-IR data, for
this reason, it is evident that the value attained for the energy
bandgap of this sample correlates to the band gap of the
BCT compound and not to the energy gap of carbonates
peak (single-phase identified by XRD), which has other
optical absorption regions. The presence of a phase with
short-range order can strongly influence the formation of
intermediate states in the gap. According to the literature, a
good understanding of the structurally disordered materials
demonstrates a smooth continuous increase in the absorption
as a function of energy, and this substantiates the behavior
of UV-Vis absorption in this sample.

3.4 Dielectric study

The complex dielectric permittivity (real part (¢) and
imaginary part (¢')) as a function of frequency for the
Ba,_,Ca,TiO; materials sintered at 1100°C are illustrated
in Fig. 4a. Dielectric constants of the Ca**-doped BTO were
calculated with different frequencies and different concentra-
tions in the frequency regimes 10 Hz—1 MHz. It is observed
that in Ba,;_,Ca, TiO; materials, the dielectric constant val-
ues increase with a change in the concentration of Ca’*.
For all the synthesized materials, a decrease in dielectric
permittivity (¢' and &”) with an increase in applied fre-
quency is observed that reaches an almost constant value
at a higher frequency that is expected due to Debye-type
dielectric dispersion behavior which typically occurs in
material. The obtained dielectric constant for BaTiO; and
Ba,_,Ca, TiO; (x=0.10, 0.15) is 1490, 2188, and 1917,
respectively, at a lower frequency (10 Hz). The dielectric
constant of Ca’*-modified BTO systems is higher than the
undoped BTO system.

The result displays that the highest dielectric constant
value is noticed for Ca doping with x=0.10 in BTO. The
dielectric constant value is much higher in lower fre-
quency region, because in this region, atomic, ionic, inter-
facial (space charge), and electronic types of polarization
play important role, but in higher frequency region, only
electronic polarization affects the constant value [32]. At
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lower frequency regions, these charges have enough time
to travel long distances in the materials and creating larger
electronic polarization to achieve the dielectric constant of
higher values. As the frequency increases, the charge carrier
ions (electron hopping) cannot follow the applied external
alternating field variations, which cause the dielectric con-
stant (&) decrease indicating towards interfacial polariza-
tion, thereby resulting in a low dielectric constant due to
decreases in polarizability. This dielectric dispersion behav-
ior can be explained on the basis of the Maxwell-Wagner
model of interfacial polarization with Koop’s phenomeno-
logical theory. The variation in dielectric constant with Ca>*
concentration can be explained on the basis of their lattice
parameter ratio (c¢/a). Among these two synthesized Ca>*
doped BTO, x=0.10 shows the highest c/a ratio, which
resulted in a higher value of dielectric constant.

Energy loss (tan ) is usually referred as dissipation fac-
tor in dielectrics. It is the ratio of ¢” (imaginary part) to the
&' (real part) [tan 6 =¢”/¢']. Figure 4b illustrates the loss
tangent (tan §) response of Ca-modified BTO nanomaterials

with optimal doping (x=0.10 and 0.15). The response of
dielectric loss decreases as the frequency increases up to
1 MHz. The nature of dielectric loss peak attributes a sta-
ble relationship between the dielectric evolution and the
conduction mechanism. Energy loss also depends on vari-
ous factors such as grain and grain boundary contribution,
defects, and methods adopted in the synthesis route [33].
In low-frequency region (10 Hz—1 kHz), a hump-like peak
is observed in loss behavior, which is mainly due to a fre-
quency resonance effect. In resonance condition, fp =1/6.287
where fy is the resonance frequency and < is the relaxation
time of charge carriers. Whenever the applied frequency is
close to the hopping frequency of charge carriers (f=f3), the
maximum amount of electrical energy is transferred to the
oscillating ions (Ti*"). Henceforth, the peak appearance in
dielectric loss reveals the higher amount of energy transfer
in Ca-modified BTO nanomaterials.

When the optimal doping increases from x=0.10 to 0.15,
the dielectric loss also increases from 0.45 to~0.86 as com-
pared to the pristine BaTiO; (~0.3) observed at 10 Hz. On
the other hand, the resonance peak attributed to dielectric
loss shifts towards the lower frequency as the doping con-
centration of Ca®* ions increases. The observed resonance
frequency (fy) is~298 Hz, ~ 178 Hz, and ~ 32 Hz for BaTiO;
(x=0), Bay(Caj TiO3 (x=0.10), and Ba,¢;Ca, 5TiO3
(x=0.15), respectively. This shifting of resonance peak also
indicates the hopping frequency of charge carriers, which
is mainly due to the hopping length of the octahedral site.
Ca-modified BTO-based nanomaterials improve the capacity
of charge carriers (dielectric constant) as well as overcome
the energy loss. The frequency-dependent circuit requires a
low value of the dielectric loss. Henceforth, these nanoma-
terials are permissible for fabrication point of view in low
dimensional systems.

3.5 Electrical conductivity

In order to study the electrical transport behavior of modi-
fied materials, the samples were further characterized by
ac conductivity (o,.) variation with frequency at 300 K to
understand the mechanism of conduction. Discussing the
nature of ac conduction, Jonscher proposed the following
universal power law:

Ope = 04 + A" (8)

here o4, is frequency-independent conductivity; Aw”
denotes the transport behavior of charge carriers (polaron,
electron, and ion) within the polycrystalline materials, A is
the dispersion factor representing the strength of polariz-
ability, w is typically assigned to the hopping conduction.
Finally, ac conductivity has a power-law behavior in terms
of frequency where n is the frequency exponent value found
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in between 0 and 1 [34]. In Debye condition, n=1, and in
non-Debye condition , n> 1, which shows that the hopping
motion is localized and n < 1 shows that the motion is trans-
lational with sudden hopping. The frequency dependence of
ac conductivity (o,.) for all the materials is shown in Fig. 5a,
which shows two distinct regimes within the measured fre-
quency, (i) plateau, and (ii) the dispersion. The plateau
regime corresponds to the frequency-independent conduc-
tivity o4.. The dc conductivity value is obtained at lower
frequency. On the other side, dispersion regime is observed
at a higher frequency.

According to this dispersion, the o,. shows a strong
dependence on the frequency and increases linearly at high
frequency. The conductivity vs. frequency data is fitted using
power law and the various fitting parameters are obtained
that is tabulated in Table 3. 6,4, was found to be the order of
107% S/cm to 107 S/cm, leading to the insulating behavior
of the materials. The values of n have been found as 0.88
(x =0.0), 0.59 (x =0.10), and 0.86 (x =0.15). The value of
n <1 signifies that the charge carriers (non-Debye behav-
ior) present in the materials adopt a translational motion
with sudden hopping [35, 36]. The observed dc conductiv-
ity behavior of Ca>" ions partial substitution (x =0.10) in
BaTiO; material is maximum that might be understood in
terms of their structural defects or lattice parameters ratio
of non-stoichiometric donor doped barium titanate. The Ba
sites are generally occupied by Ca ions due to an electric
charge and ionic radii and are described by the Kroger—Vink
notation [37]:

BaCO, ¥
CaCO; — Ca-, +20% +2C0, ©)

where Ca-g, is ionized Ca donor dopants, 205)( represents
the neutral oxygen atom. The Ca ions situated at A-site of
BaTiO; lattice yields a positive charge that can be reim-
bursed by ionic radii of the atoms.

Figure 5b elucidates the temperature dependence of ac
conductivity behavior. A representative plot of the con-
ductivity spectra of the Ba;_,Ca, TiO; (where x =0.0 and
0.10) system at some selected temperature ranges is shown
in Fig. 5b. The frequency exponent factor and temperature-
dependent ‘n’ are the most important parameters used to
illustrate the applicable models for the mechanism of con-
duction. It is observed (Fig. 5c) that the x =0.0 parameter
‘n’ shows an increasing trend as a function of tempera-
ture then conduction mechanics is attributed to the small
polaron hopping (non-overlapping) [38]. In contrast with
Ca (x =0.10)-substituted BTO samples, firstly the value
of n decreases gradually and attains a minimum value at a
particular temperature and afterward increases with further
increase in temperature, which indicates to large polaron
hopping (overlapping). It is clearly seen that the minimum
value of ‘n’ corroborates the transition temperature (T,),
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which shows that there is a maximum interaction between
the charge carriers at T, [39]. This is an indication of the
evolution of large polarons and can be illustrated on the basis
of overlapping large polaron hopping model. This implies
the transition from small polaron to large polaron hopping in
conduction mechanism with the substitution of Ca.

Figure 5d represents the Arrhenius plot of dc conductivity
obtained from the linear fitting of the ac conductivity spectra
with the composition up to 0.0 < Ca < 0.15. The conductiv-
ity of the material is thermally approved concept that follows
Arrhenius law described as follows:
04 = ogexp (—E,/ KgT) (10)

where ¢, denotes pre-exponential factor, E, is the activa-
tion energy required to activate the mobile charge carriers,
K} is the Boltzmann constant, and 7 is the absolute tempera-
ture. The reciprocal temperature dependence of dc conduc-
tivity for all the materials with linear fitting shows that the
scale of conductivity decreases with increasing temperature
[40]. The calculated values of the activation energy for all
the materials are listed in Table 4. The conductivity of the
BCT systems is described as the sum of electronic and ionic
contributions as given below:

o =49 (ne#e + ni:ui) (11)

where n, and n; denotes the concentration of electrons and
ions, u, and y; denotes the electronic and ionic mobility, q
denotes the elementary charge of the particle. The values of
activation energy of Ba,_,Ca, TiO; (x =0.0, 0.10, and 0.15)
at 100 Hz decrease in region-I as compared with region-
II due to hopping charge carriers related to the oxidation
and reduction processes [41]. At higher-temperature activa-
tion energy for (x =0.1), the BCT sample decreases with
increasing donor concentration, which arises the interaction
between electron or hole that enhances due to non-stoichio-
metric defect chemistry or lattice deformation.

4 Conclusion

In summary, Ca-modified BaTiO5-based nanomaterials were
successfully prepared by low-temperature sol—gel auto com-
bustion technique. Laboratory X-ray diffraction and Rietveld
refinement studies confirm that all the prepared nanomateri-
als have good crystalline nature. Structural analysis witness
tetragonal crystal geometry with space group P4mm. FT-IR
spectra reveal the vibrational bond of chemical ions present
in the nanomaterials. Doping of Ca?* ion in the place of
Ba?* ions decreases the cell volume, which is due to small
ionic radii of Ca’*.

UV-Vis spectroscopy recorded in diffuse reflectance
mode shows the electronic transition (n— z*) in the
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gap values as a function of doping concentration follow the
charge transfer conduction mechanism attributed to elec-
tron—phonon interaction.
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Table 3 The non-linear fitting parameters of ac conductivity vs. fre-
quency of Ba,_,Ca TiO; nanomaterials

Concentration 0y (S/cm) A (S/cm S™) n

x=0.00 1.88x 1078 2.40x107! 0.88
x=0.10 1.75%x 107° 1.34% 1078 0.59
x=0.15 7.38%x 107 2.70x 107! 0.86

Table 4 Activation energy values (E,) calculated by Arrhenius plots
for both regions at 100 Hz of Ba,;_,Ca, TiO; nanomaterials (where
x=0.0, 0.10 and 0.15)

Concentration E, (eV) region-I E, (eV) region-II
(313-353 K) (363-473 K)

x=0.0 0.19 0.56

x=0.10 0.12 0.36

x=0.15 0.14 0.39

Dielectric constant and dissipation factor (energy loss)
both shows decreasing behavior with increase in frequency.
In high frequency region (> 10° Hz), the value of dielectric
constant is steady because space charge polarization can
not follow the applied electric field. Frequency and tem-
perature-dependent ac conductivity (o,.) behavior is well
explained using Jonscher’s power law, which provides vari-
ous parameters related with ac conductivity. Conduction in
material due to charge carriers is strongly correlated with
polaron hopping mechanism (long/short range) present in
Ca modified. Activation energy has been found to be ~0.12
to 0.19 eV, which is mainly attributed to the oxidation/reduc-
tion process in charge carriers. The inverse of temperature-
dependent dc conductivity results indicates the negative
temperature coefficient of resistance (NTCR) present in all
the prepared nanomaterials. The characteristic features of
NTCR and minimum value of energy loss (< 1) indicate that
these nanomaterials can be widely useful in high frequency
power transformer, actuator, and transducer.
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