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ABSTRACT

This article describes the characterization (structural, topological, dielectric, and
electrical properties) of a lead-free complex perovskite CazBi,WOy (CBWO)
prepared by a solid-state reaction method. The room-temperature X-ray struc-
tural analysis of the material suggests crystallization of the material in mono-
clinic crystal symmetry with average crystallite size and lattice strain of
73.29 nm and 0.0023, respectively. Studies of microstructural and compositional
properties of the sample using scanning electron microscopy (SEM) and EDX
(energy-dispersive analysis X-ray) revealed the good quality of the sample
(uniformity and compactness of grains and grain boundary). A careful exami-
nation of the temperature and frequency dependence of the impedance,
dielectric, and ac conductivity characteristics of the material shows the existence
of large dielectric dispersion, relaxation mechanisms, and a non-Debye type of
conduction mechanism in it. The diminishing of resistance or radius of semi-
circular arcs in Nyquist plots and impedance analysis show the semiconductor
behavior of the material. Fitted parameters obtained using ZSIMPWIN software
also support this nature. The nature of field-dependent polarization [hysteresis
loops (P-E)] shows that ferroelectricity may exist in the sample. The negative
temperature coefficient of resistance (NTCR) character, which applies to NTC
thermistor application, is shown by calculating the temperature coefficient of
resistance (TCR) and thermistor constant (f3).
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1 Introduction

Ferroelectric materials and equipments take part in
the production of different types of devices in the
area of device engineering, for example, in actuators,
printing devices, super-capacitors, dynamic non-
volatile memory (RAM), ultrasonic transducers, and
electro-optic detectors [1, 2]. Several bulk ferroelectric
materials are extensively studied for their distinctive
features, such as electro-mechanical coupling factor,
high dielectric constant, and a piezoelectric coeffi-
cient useful for devices [3, 4]. The advancement of
relaxor materials and lead-free ferroelectrics as
opposed to lead-based ferroelectrics is now in high
demand for device manufacturing. The toxicity of
lead is the main reason for the getaway of lead-based
perovskites for the fabrication of devices. To that end,
the World Forum has adopted many directives,
including 2002/95/EC and 2002/96/EC, to limit the
utilization of lead-based gadgets in the future [5]. The
processing and degrading of lead-based gadgets
cause severe concern for human health and global
pollution. Considering the problems, major efforts
are being made to create new materials which are
lead-free a choice. Then, in 1949, the bismuth layer-
structured ferroelectric (BLSF) of the Aurivillius
family was discovered to fabricate a lead-free mate-
rial with ferroelectric uniqueness [6]. Since then,
numerous (BLSF) materials of the family were
reported for the purpose [7]. Researchers have now
carved a large number of compounds in the Auriv-
illius family due to their outstanding switching
speed, high retentivity, minimal leakage current
density, and low working voltage [8].

The Aurivillius family consists of [Bi,O,]** layers
with perovskite [An_1BnOsni1]* Normally ‘A’ is a
mono, di, or trivalent cation, which has dodecahedral
coordination, and ‘B’ is a transition element that has
octahedral coordination and denotes the number of
perovskite-like slabs [9]. The significance of the bis-
muth layer in identifying the electric and ferroelectric
characteristics of these materials has been discovered
[10]. The bismuth layer is said to be paraelectric,
whereas perovskite unit cell structures are ferroelec-
tric. As a result, doping in these multilayer ceramics
to raise their characteristics has grabbed the attention
of researchers. These bismuth-layered structure fer-
roelectrics (BLSFs) and their solid solutions are the
better promising materials for use in ferroelectric
random access memory (FeRAMs) [11]. The influence
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of the A- and B-site replacements in these materials
on their physical and chemical characteristics have
been generally to be useful. Several ways have also
been generally employed to increase the performance
of such types of ferroelectrics. Over the last few
decades, researchers have been eager to learn more
about the novel features indicated in perovskite-type
materials [12]. Sun et.al have reported the approaches
to building a neural network and the potential
applications of ABOs;-type multiferroic perovskite
materials in hardware artificial intelligence systems
[13]. These classes of materials have distinctive elec-
trostriction, ferroelectric, pyroelectric, and piezoelec-
tric capabilities allowing them to perform realistically
as passive components in a variety of modern
appliances [14]. Due to the extraordinary resistive
and electric properties, the synthesis of lead zirco-
nium titanate (Pb(ZrTi)Oz = PZT) series including
barium titanate (BaTiO; = BTO) and calcium titanate
(CaTiO3 = CTO) perovskite materials has many
applications in the industry. CTO types of materials
were considered for their potential application as
phosphors, adsorbents, catalysts, and promoters of
integration of titanium implants with bone. These
materials were synthesized via solid-state method,
wet chemical pathways, and other physical proce-
dures. Moreover, such type of materials also has
applications in dye-sensitized solar cells, piezoelec-
tric ceramics, low-temperature ferroelectric epitaxial
layers, and improved electrochemical sensors/
biosensors [15].

Moving on, we turn our attention to double per-
ovskite, which has amazing properties and is now the
focus of the present study. A;B,Og is a common for-
mula for double perovskite, where A- and B-sites can
be considered host matrices, yielding a new structure
as AA'BB'Og where A and B are filled by foreign
cations [16]. When two dopants derived from alkali
metals, alkaline-earth metals, and rare-earth elements
are shared by the A- and B-sites of a double per-
ovskite, fresh unique features emerge. The double
perovskites have fresh unique features like stability,
tunable properties, and also massive potential lead-
ing to extraordinary performance, which is used as
an environmentally friendly optoelectronic device
[17]. The synthesis of perovskite materials has fasci-
nated researchers in recent years because of its
supremacy in the field of lithium-ion battery devices,
photoluminescence, photocatalytic, super-capacitors,
welding, and capacitors [18-23].
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Furthermore, the present research is mostly devo-
ted to examine several perovskites to improve their
multifunctional characteristics. As a result, the cur-
rent study is primarily focused on the synthesis and
characterization of a triplet perovskite by combining
two non-perovskite materials or exchanging an ele-
ment of one with the other. So a two-layer Aurivillius
phase ferroelectric ceramic, A3;Bi;BOy (A symbolizes
the A-site cation), has piqued the interest of both
technological and scientific researchers due to its
amazing overall performance, which has pushed it
into the spotlight of the current study. The typical
formula of the layered ferroelectrics (LFE) with
multiple perovskite structures can be written as A,
1BisB1O3m 3, where A = Ca*", Pb*", Sr**, Ba>", Na™,
K*, and B = W, Ti**, Fe®*, Ta®*, and different ions
configured to fit into the oxygen octahedrons [24].
Researchers have discovered several members of the
Aurivillius family. Duran-Martin et al. [25] studied
the influence of the Bi-site substitution on the ferro-
electricity of one of the Aurivillius compounds Bi,.
SrNb,Oy. Susan et al. [26] reported that BiSrNb,Oq
has cation disorder with a more distorted niobium
octahedral environment as compared to that of the
Bi,SrTa;O9 model. Jae-Hyun et al. [27] have reported
the synthesis, structure, and optical properties of two
new perovskites: BayBiy;3TeOg and BazBi;TeOs.
Moure et al. [28] have investigated texture and the
microstructure dependence of the dielectric proper-
ties with some exceptions. The dc conductivity of the
BizTiNbOg ceramic, formed by natural sinter-
ing and hot pressing from amorphous precursors,
has also been discussed in the study. Wang et al. [29]
reported the electrical transport, magnetic, and ther-
moelectric behavior of a series of Fe, Mn, and Cu-
doped CazCo409. Xinchun et al. [30] have reported
the better electrical behavior of CaBi,Nb,Ogy-based
Aurivillius piezoceramics via structural distortion.
Hepeng et al. [31] studied the lead-free Ca;.,CeBis.
I\Ib]_w5 (Cu0A25W5)o_02509 (CBNCW-XCEZ X = OOO, 002,
0.04, 0.06, and 0.09) to find out piezoelectric proper-
ties. To the best of our knowledge, there is no direct
information in the literature regarding any phase of
the CBWO system. This has motivated us to learn
various properties of the solid-state reaction method
that prepared the CBWO system to illustrate the
structures with electronic properties.

CBWO is also prepared by adding two other non-
perovskite/layer compounds, such as Ca,Bi,Os and
CaWO;,, or by replacing a few elements from one to
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the other. However, when these two compounds are
combined, they show distinct properties and char-
acteristics from CBWO. As a result, it was synthe-
sized as a single compound, and the relation between
structural variation and electrical characteristics (di-
electric property, ferroelectric property) was system-
atically examined with some device applications.

2 Experimental approach

A conventional high-temperature solid-state reaction
technique was used to create a polycrystalline sample
of complex calcium bismuth tungstate (CBWO). A
digital balance (MODEL: ML204/A01) with an
accuracy of up to 0.0001 was used to calculate the
stoichiometric ratio of metal oxides and carbonates to
prepare the material. The materials utilized are cal-
cium carbonate (CaCQO3), bismuth oxide (Bi,O3), and
tungsten oxide (WOz;) (M/S- Loba Chemie Pvt.
Ltd.)(Purity (99%)), satisfying a chemical equation
given below:

3CaCO;3; + Bi,O3 + WO3; — CazBi,WOy9 + 3CO,.

The required amount of the constituent com-
pounds was grounded for 2 h in a dry (air) medium
and 3 h in a wet (methanol) medium using a mortar
and pestle. The ground fine homogenous powder
was calcined at 850 °C (with a heating rate of 3 °C/
min) for 5 h in a programmable furnace to make the
compound. The preliminary structure of calcinated
sample was investigated by an X-ray powder
diffractometer (Model: Rikagu ultima Japan) with a
CuK, (A = 1.5405 A) radiation source across a wide
range of Bragg’s angles (20° < 20 < 80") to confirm
the creation of the required material. The crystal
system, unit cell parameters, and peak Miller indices
were all estimated using the computer program
“EXPO 2014” [32]. Then under a hydraulic pressure
of 4 x 10° N/m?, the calcined powder was used to
make cylindrical-shaped pellets of thickness 1-2 mm
and diameter 12 mm using polyvinyl alcohol as a
binder. The pellets were sintered at 930 °C for 5 h to
make a high density of the sample. The geometrical
density of the synthesized compound was calculated
to be 5.4807 g/cm”.

SEM-EDAX was used for microstructural and
compositional analysis of the sample. To study the
electrical properties, two surfaces of the pellet were
coated with silver paint and dried at 125 °C. An LCR
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analyzer (Model: N4L PSM, 1735) was used to study
dielectric and the electrical characteristics of the
sample at various frequencies (10 kHz-1 MHz) and
temperatures (25-500 °C). The ferroelectric hysteresis
loops (P-E) were traced using a P-E loop tracer (M/S-
Marine, India) (Radiant technology version 4.8.0) at
different temperatures.

3 Consequences and discussion
3.1 Structural and morphological studies

Figure 1a displays the X-ray powder diffraction
(XRD) pattern of the calcined CBWO powder at room
temperature. As the fabricated new compound has
no prior structural information, most of the promi-
nent reflection peaks of the pattern were used to carry
out structural analysis using various computer
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Fig. 1 a X-ray diffraction pattern of Ca;Bi,WOy and b Rietveld
refinement of Ca;Bi,WOq
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software such as POWD-MULT, FullProf Suite,
X’Pert HighScore Plus, MAUD, GSAS II etc. Each one
has given different results, which were not consis-
tence with the synthesis process (including ingredi-
ents), and physical properties of the prepared
material. Finally, the structural and refinement
parameters, obtained by computerized software
EXPO 2014, were found to be consistent with the
physical properties of the material and, thus,
acceptable. From the best structural parameters fit,
the final structural parameters (lattice dimensions)
were determined to have the smallest standard
deviation (of 0.01278) and best fit. The structural
analysis shows the creation of a single-phase mono-
clinic crystal structure of the material. The indexed
peaks are shown in Fig. 1(a), whereas Fig. 1(b) rep-
resents the Rietveld refinement (with XRD data) of
the CBWO ceramic. For Rietveld refinement, the Le-
Bail technique is adopted for EXPO 2014 program
having reliability factors (using Pseudo-Voigt func-
tion); R, = 9.721%, Ryp = 13.382%, Re = 0.009% with
calculated parameters; cell parameters a = 10.0987 Ao,
b = 14.6952 A, c = 6.8318 A, cell volume
(V) = 1013.68 (A)>, B = 91.104°. The structural analy-
sis of the material with a large number of reflections
(particularly of a single crystal or methods) is
expected to provide new and more accurate data. The
homogeneous arrangement of grains with precise
grain boundaries could be revealed by SEM (scan-
ning electron microscope).

The SEM micrograph of the prepared CBWO
ceramic is revealed in Fig. 2a. The existence of tightly
filled grains with tiny voids simplifies the creation of
dense material. A deformed polycrystalline material
is shown by the formation of regular distribution of
grains with varied sizes and shapes. The EDX picture
of CBWO ceramic is shown in Fig. 2b. The study of
the EDX picture (Fig. 2c) shows the presence of all
component elements (Ca, Bi, W, O) in weight pro-
portion. The grain distribution curve is shown here
where grain diameter (um) is taken along the x-axis
and counts in percentage (number of particles) are
taken along the y-axis. The Image] program is used to
conclude the number of particles and their grain size.
The average grain size is calculated to be 0.86 pm
after plotting the histogram.

The occurrence of wide-width peaks in the XRD
pattern is associated with lattice strain of distorted
form of structure. The Williamson and Hall (W-H)
plotting method relies on calculating the peak width
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Fig. 2 a SEM micrograph, b display of EDX picture of Ca;Bi, WO, ¢ histogram plot of weight% of the element, d diameter distribution
curve, e W—H plots and f O, Bi, Ca, and W elements of the compound across the full cross section

as a function of 20. They give a relation for estimation
of average crystallite size and lattice strain, such as
peost = 4esinf + ki/D, where 0 = angle of diffraction,
p is the FWHM (full width at Half maxima),
k = constant which have value 0.89, and ¢ = lattice
strain, Z is the wavelength have value 0.154 nm, and
D denotes average crystallite size. For this reason, a
plot is drawn by choosing 4sin0 on the x-axis and
pcosO on the y-axis (Fig. 2.e). The slope of the cur-
ve gives the lattice strain, whereas the y-intercept
represents average crystallite size. In this work, the
average crystallite size is approximately 73.29 nm,

and the strain is about 0.0023 [33]. The energy-dis-
persive spectra (EDS) of CBWO are depicted in
Fig. 2f, revealing a consistent distribution of elements
over the whole cross section of the sample with an
appropriate stoichiometric ratio.

3.2 Topological studies

Figure 3a, b shows three-dimensional topographic
pictures generated by the mountainslab computer-
ized program, with high-intensity grains and voids
visible on the surface of CBWO, indicating surface
roughness. The surface roughness is calculated from
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Fig. 3 a Topography of SEM, b 3D view of compact surface (c) the polar graph with texture direction

this topography using the ISO25178 characteristics of
a scale-limited surface, as shown in Table 1 [34].

Table 1 Parameters of surface roughness

Symbolized parameters Values

Sq 28.77 (nm)
Sp 239.8 (nm)
Sv 159.5 (nm)
Sz 399.3 (nm)
Sa 21.90 (nm)
Ssk — 0.3666
Sku 4.502
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Sq denotes the root-mean-square height. The
highest peak height is denoted by Sp. The maximum
pit height, the maximum height of the scale-limited
surface, and the arithmetical mean height of the
material are denoted by Sv, Sz, and Sa, respectively.
Ssk (skewness) and Sku (kurtosis) calculate the mean
cube and mean quartic values of the ordinate values,
respectively. The polar graph with texture directions
is depicted in Fig. 3c [35]. In general, isotropy has
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features that are independent or comparable in all
directions. In the polar diagram, the isotropy value of
78.51% may provide a regular orientation of grain
texture and compactness on the surface of CBWO
ceramic.

3.3 Dielectric spectroscopy

The dielectric constant or dielectric permittivity of the
material is a characteristic of a material, which is
used to evaluate the capacity to hold energy from an
applied electric field. It is defined as the ratio of
vacuum field strength to material medium field
strength with an equivalent quantity of charge dis-
persal. Charges move up from atoms and molecules
inside the material and vibrate in response to the
applied field. The vibration of the atoms or molecules
in materials causes the charged ions to be displaced
from their equilibrium location, increasing
polarization.

Figure 4a presents the relation of relative dielectric
permittivity (e,) with frequency in the temperatures
range from 25 to 500 °C. In the low-frequency zone, a
widely discrete value of dielectric permittivity is seen
because of the occurrence of ionic, dipolar/ orienta-
tional space /interfacial charge, and electronic
polarization together [36].
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In the high-frequency zone, both the tangent loss
and dielectric permittivity decrease and attain a
steady value. Such characteristics demonstrate that in
the low-frequency zone, every type of polarization,
particularly space/interfacial polarization,
tributes to high permittivity. At high frequencies,
electronic polarization is depleted, ensuing in a
decrease in tangent loss and dielectric constant [37].
The increased permittivity value in the low-fre-
quency zone may be represented using the Maxwell-
Wagner model of space charge polarization [38],
which also agrees with the theory of Koop’s model
[36, 38].

According to the model, the dielectric medium has
two parts: low-conducting grain boundaries at the
low-frequency zone and high-conducting grain
boundaries at the high-frequency zone. At high fre-
quencies, electrons follow the hopping process with a
rapidly varying field [39], and they must flow within
grains and across grain boundaries because resis-
tance is large at grain boundaries. Space charge
accumulates at low frequencies, which raises per-
mittivity. However, at a high frequency, the dielectric
permittivity decreases when the space charge is dis-
charged. The grain boundary performs like a Schot-
tky-like barrier because of its deviation in the work
function of charge carriers in the grain and grain

con-
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boundary area. On apply of electric current over the
grain boundary region, the free charge carriers are
collected at the grain—grain boundary interfaces, and
a non-Debye-like relaxation is detected beneath the
applied field [40-43].

The dielectric loss part (tan J) shows energy dis-
sipation and detects defects, impurities, and imper-
fections under the influence of an alternating current
field [44]. The variation of dielectric loss with the
frequency of the synthesized material at several
temperatures is depicted in Fig. 4(b). Dielectric loss
exhibits the same behavior as dielectric permittivity.
At low frequencies, the dipoles are misaligned about
the applied electric field, and a high value of the tan §
is predicted. The dielectric loss in the high-frequency
zone decreases because of reduced thermal agitation
and misalignment. Dielectric permittivity relation
with temperature is shown in Fig. 4 (c), whereas
dielectric loss with temperature is shown in Fig. 4
(d) for frequencies of 10 kHz, 50 kHz, 100 kHz,
500 kHz, and 1 MHz. The measurement of permit-
tivity and loss is highly dependent on the probe. The
dielectric constant and the dielectric loss equivalent
to each frequency remain constant at low tempera-
tures and gradually rise as temperature increases.
The tangent loss and dielectric constant at low tem-
peratures may due to the inactive activity of mobile
electrons and polarons. At high temperatures, the
high value of both the tangent loss and the dielectric
constant could be attributable to the activation of
electron hopping (because of lattice vibration in
materials), which causes the polaron hopping mech-
anism [45].

3.4 AC conductivity

The applied external field controls the movement of
charge carriers (electrons/holes), which is important
for the conduction process of the sample. The higher
dc conductivity value is due to free charges in the
substance. Ionic charges are utilized in the hopping
mechanism, whereas electronic charges are inactive
mobile carriers. As a result, the conduction process is
caused by hopping among nearby donors and
acceptors.

The total conductivity (o) is considered by the
relation:

t Z
UZZ 72 L 7m|’
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where t is the thickness and A is the surface area of
the pellet.

Figure 5a shows the ac conductivity vs. frequency
at various temperatures. The ac conductance is cal-
culated from the relation: ¢, = we,eptand = 2nfe,e).
tand, where f denotes the linear frequency of the
applied ac field, o = 2xnf as the angular frequency, &
is called as permittivity in a vacuum, ¢, is known as
dielectric permittivity, and tan ¢ presents dielectric
loss/tangent loss. The activities of ac conductance
(0.0) can be understood from Jonscher’s Power Law
(JPL) through universal dielectric response (UDR)
[46, 47];

Gtotal(w) = 0O4c + A(T)ws7

where Gioa1(®) represents the total conductivity, cg4c
presents the dc conductivity, c,.(®) indicates the ac
conductivity, A(T) represents the pre-exponential
factor, o is the angular frequency and s is the expo-
nential power. At low frequencies, the fitted ac con-
ductivity plot displays a broadly scattered value of ac
conductivity and then gradually rises with frequency.
From this two distinct ac conductivity areas are
identified: one with frequency-dependent nature (o ,.)
and a second one with frequency-independent nature
(64c) [48]. According to Jonscher’s law, the formation
of the plateau surface at the high-frequency region
may be a result of both dc and ac conductivity in the
sample whereas the development of the plateau
surface at the low-frequency area may be due to a
direct result of dc conductance [49]. The long-range
movement of free charges in a whole path is bounded
by two electrodes that provides o4. With increase in
temperature, the dc part extends owing to reduction
in bound charge density. The ac part seems to be in
higher-frequency range. A definite frequency of ac
part (known as relaxation frequency) is found from
the frequency variation of impedance plot. With
increase in temperature, the relaxation frequency
goes forward to the high-frequency area. These phe-
nomena can be observed by the jump relaxation
concept well known by Funke. According to Funke, a
long-time successful hopping of free charge happens
in the low-frequency area. This is known as the
nearest-neighbor hopping among the committed ion
and its nearest neighbor. The neighboring ions relax
after hopping action to their region. This short-range
hopping on the application of external ac field
acquires an almost constant conductivity value equal
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Fig. 5 (A) AC conductivity
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respond to the applied ac field; thus, backward hops
happen along with specific fruitful hops that provide
the dispersion of conductivity [50, 51].

Figure 5b shows a relation of the o, vs. 1000/T at
various frequencies. The activation energy is given by
the slope of the linear fit to the plot. The estimated
activation energies for 10 kHz, 50 kHz, 100 kHz,
500 kHz, and 1 MHz are 360.255 meV, 312.949 meV,
284.099 meV, 240.372 meV, and 234.246 meV, signi-
fying that the relaxation mechanism is thermally
activated [39]. A linear fit curve of ac conductivity vs.
frequency is shown in Fig. 5 ().

The dc conductivity (o4.) with temperature is
represented in Fig. 5(d). The dc conductivity can be

0o = pre-exponential factor, kz = Boltzmann’s con-
stant = 1.38 x 1072 J/K and E, signifies the activa-
tion energy. The value of E, is determined by the
slope of the linear fit estimated from the plot of In ¢4,
with the inverse of absolute temperature, which is
2.162 eV in dc conduction [52]. From the fitting val-
ues, the o, is found to increase with temperature rise.
This signifies a thermally activated conduction
mechanism. The calculated value of activation energy
is found to be 2.276 eV and 4.626 eV in the temper-
ature region of 373 K-523 K and 523 K-673 K,
respectively, which show the activation energy differ
by ignoring the high-temperature and low-tempera-
ture regions. The behavior of A (pre-exponential

@ Springer



900 Page 10 of 22

] Mater Sci: Mater Electron (2023) 34:900

Fig. 6 (A) Temperature 600 -1600
variation of thermistor i -9-25C b 0c —a—250"C
500 - -@-50°C 19 (b) ——25%
constant () and temperature | -@-100°C 1200 - 0 —a—300°C
coefficient of resistance TCR ’5400 - -@-150°C —_ o —a—350°C
B . 0 b
and (b) logarithm of electrical X 1 =@-200C a —o—100°C 0
N ; . ~ 300 - -@-250°C = -800 = -3—400°C
resistivity against reciprocal of N i -@-300°C —a—150%C 0
N e
temperature. d DC 200 4 -@-350°C . 200°C -9—450"C
conductivity vs. 1000/T, 1 X:gg:g N 400+ —a—-500C
(e) relation of A and s with 100-_ -@-500°C 1
different temperatures 04 i 0+
T —T —T —T T —T —T T
1 . 10 1|2|(1| 1000 1 10 100 1000
requency(kHz) frequency(kHz)
1009 32 1600 @ 25°C (Expt.)
g :24: ~o-400°C 4 @, 9 =c (Exzt:) 25 S :ggg
1 g 450°C @ 100°C (Expt.) §2°- o s00°C
_1200- X ;_,-16- —o- 500°C 1200 - O ?15. model fitting
o ' N -8 = N 104 /-\\AJ
G - 0-6 8 16 24 32 i} l . B SO R, P
x -800. : Z'( KO ) == 800 | o 0 5 102 ;I(Sk';’;)) 25 30
= . -300 »-300°C h w] e 300°C
- -_— 0 - 250 . 0
N 0 3 00 30,0 ' §znn o :i‘:dg fitting
100, -Q-100°cE | 400 - L]
-Q—150°cN- g 150°C (Expt) N 1]
0 o4 9 200°C (Expt) =
. -@-200"C 0 1%(.]( K";‘?? 300 0- izM?d:I(li:rr:g) 0 50 16;1%(0[(260)2%0360350
-8 '(kQ
v Y I Y I b ] > L) b
=800 1200 1600 0 400 800 1200 1600
Z'(kQ) Z'(kQ)
C» Co
| |
e
@ . [ |
R» Rab
16
w] 0 o
— ----450°C
_%: 4
> 8-
1 4 -
0 —r]
I L ! ) ! k. ) L)
4 8 1 16
L]
Z '(kQ)

factor) and s (exponential power) at various temper-
atures is illustrated in Fig. 5(e). The interaction
between crystal lattices and charged ions is repre-
sented by parameters. Table 2 shows the fitted elec-
trical conductivity values. The value of s reduces as
temperature increases, which is due to the hopping
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process. The non-linearity curve indicates that ac
conductivity follows the Universal power law.
The pre-exponential parameter A determines

polarization

parameter

intensity,
s analyzes the

whereas the

required

exponential
interaction

between ions of which value lies in between 0 and 1
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Table 2 Value of G4, s, A, and R? at different temperatures form
In o4 vs. 1000/T plot

Temperature Gy (@' m™') s A R?

25 °C 1E-8 0.81482 4.80485E-10 0.9969
50 °C 1E-7 0.8415  3.25651E-10 0.9976
100 °C 1E-7 0.9104  1.288E-10 0.9967
150 °C 6.13291E-7 0.93276 1.01403E-10 0.9989
200 °C 1.91117E-6 0.63219 7.78468E-9  0.9983
250 °C 5.92262E-6 0.5495  4.40339E-8  0.9995
300 °C 3.89E-5 0.56412  7.70396E-8  0.9999
350 °C 1.78465E-4 0.6684  3.6337E-8 0.9980
400 °C 5.41092E-4 0.51704 4.87956E-7  0.9989
450 °C 1E-4 0.26036 1.48883E-4  0.9992
500 °C 1E-4 0.13743  3.65258E-4  0.9991

indicating the translational motion. According to
Table 2, the value of s is 0.93276 at 150 °C and
declines with increasing temperature, which may be
due to the existence of disorders caused by strong
ionic interactions. Again, at around 500 °C, s reaches
0.13743, indicating the presence of mobile ions in the
hopping process. There are several conduction
methods found from s values. The first one is OLPT
(overlapping large polaron tunneling) in which s
value reduces to minimum weight and increases with
an increase in temperature. The second one is NSPT
(non-overlapping small polaron tunneling) conduc-
tion method. In this method, s value increases with
the rising temperature. The third one is QMT
(quantum mechanical tunneling) conduction method.
In this case, the s value is almost equivalent to 0.8 at
every temperature or else slightly increases with a
rise in temperature. The fourth one is CBH (corre-
lated barrier hopping) conduction method. In this
process, the s value decreases with rising tempera-
ture [53]. In our case, variation of the s value shows
the conduction mechanism to be QMT nature in the
early-temperature range, later decreasing activities
initiated for CBH type conduction mechanism. In the
QMT of electrons method, the overlapping of the
wave function of the localized state occurs and elec-
trons tunnel through the potential barrier that split
up into two localized states. Electronic relaxation is
observed as the cause of dielectric loss. In this
method, the characteristic tunneling distance R, the
ac  conductivity 6,,, and the exponential
power s obtained from c,. according to relation for a
particular temperature T is specified as follows
[54, 55]:
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oln(w)
1 1
R(,)(CO, T) - ﬂ o1 ) 5

ln(wlry) ’

in which «is the inverse of the localization
length, g(Er) is the density of states at the Fermi
level, and 1, represents relaxation time. In CBH
conduction method, small polaron/bipolaron hop-
ping happens along the coulomb barrier that splits up
defect centers. The ac conductivity, in this case,
illustrated [56, 57] as follows:

nmNN,eoe RS,

Oac = 2—4,

in which n symbolizes polaron number (n =1 for
small polaron and n = 2 for bipolaron), N symbolizes
the localized state density where polarons exist, Np
signifies the localized state density where the polar-
ons hop, g denotes dielectric constant of free space,
¢’ is the dielectric constant of ceramic, and R, char-
acterizes hopping distance. The relation among NN,
and R, can be written as follows:

NNp = Nze® n=1
N2 n=2

2

Rw — 4ne
nel gy |:WM —kgTln (L

, in which Ny signifies the
)]
number of state density, E.s denotes the effective
energy in every state, and Wy, signifies the extreme
height of the potential barrier that must overcome the

polaron restricted in localized regions. The expo-

nential power s can be observed as fol-

lows:s =1 — T and for a high value of g—’},
B 6
ST T Wy
kBT

Following the CBH model, a small polaron plays
an important role in the conduction for Wy = Ea/4,
and bipolaron plays a major character in the con-
duction for Wy = Ea/2, in which Ea denotes the
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activation energy [56]. The Ea can be measured from
the Arrhenius relation:

—Eq

g = AefT,
—E
Ino= kB”.l‘f + InA.

The Ea value forms the plot of In o4, with the
inverse of temperature, which is 2.162 eV in dc con-
duction, and in ac conduction, its value lies between
0.234 and 0.360 at several frequencies. In a relative
study, the value of Ea in the dc field is constantly
found high as it is related to the large-range move-
ment of charges and wants additional energy for the
hopping method; however, in the presence of an ac
field, the local forward-reverse action requires a
smaller amount of energy. With the rise in frequency,
Ea reduces due to an increase in space charge carri-
ers. The range of Ea values indicates that the con-
duction is extrinsic electronic conduction held by the
movement of oxygen vacancies with temperature
[571.

3.5 Impedance analysis

Complex impedance spectroscopy is a useful process
for obtaining electrical properties of materials and
precise information on the microstructural. As a
result, this method improves the capacity to consider
the electrical characteristics of materials in terms of
microstructure, crystal symmetry, grain and grain
boundaries, explicit transport capabilities, and charge
storage ability. The complex impedance behavior
with frequency reveals the conductivity. Measure-
ment of electrical properties at several temperatures
(25-500 °C) in an extensive frequency range (1 kHz-
1 MHz) was performed to improve the efficiency of
the created sample. Complex electric impedance (Z*)
and complex electric modulus (M*) can describe the
frequency-dependent properties of ceramics. The
relation between them can be derived as follows:

Zx = Z'(w) — jZ"(w) = Ry — a)]C % and
_Z(w)

1
2 (w) = tand ’

in which Z’' (w) and Z"” (w) are for a real and
imaginary parts of complex impedance, respectively.
The real part of impedance corresponds to resistance,
whereas the imaginary part corresponds to reactance.
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R, is used for series resistance and Cg is used for

capacitance, o = angular frequency, and C, is geo-
Agy
t 7

A = surface area of the pellet, gy permittivity of the
vacuum (8.854 x 107 '2F/m), and t = thickness of
sample.

Fig. 6 Variation of (a) real part (Z°) and (b) imagi-
nary part (Z”") with frequency in CazBi;,WOs. b Indi-
cates that the Z" decreases with increasing
temperature, indicating that the sample has a high
conductivity. In ferroelectric at low temperatures, this
pattern occurs because the relaxation processes are
caused by immobile species, but at high tempera-
tures, defects and vacancies are major sources. The
temperature rise signifies the presence of a relaxation
process in the prepared sample since the curves are
substantially suppressed. ¢ Nyquist plots, (d) Fitted
Nyquist Plot of Ca3Bi2WO9 ceramic, (e) {(CQR) x
(CR)} equivalent circuit. Figure 6. (f) Depression
angle at 450 of Ca3Bi,WOs.

Figure 6a depicts Z' vs. frequency, whereas Fig. 6
(b) depicts Z" vs. frequency at various temperatures.
In the low-frequency domain, a widely dispersed
value of Z' and Z" is seen, which monotonically
declines and reaches a steady value with increasing
frequency caused by the reduced contribution of
space charges [58]. Z' is strongly dependent on the
frequency, which confirms the reduction in resistance
as frequency increases. The decrease of Z' with
increasing temperature confirms the semiconductor
characteristics or the negative temperature coefficient
of resistance (NTCR) of the sample. Furthermore, in
the low-frequency zone, Z' curves decrease slowly at
low temperatures whereas those with the increase of
both frequency and temperature decrease distinctly
and finally become frequency independent. It indi-
cates the conducting behavior of resistive grain
boundaries in the high-temperature zone [59]. At low
frequencies, the independent character of Z’ explains
the continued existence of dc conductivity [60]. In the
low-frequency area, the hopping of charge carriers
(plateau area) is known as dc resistance. The hopping
happens through a grain boundary that performs as a
potential barrier separating two successive grains.
After the relaxation frequency, the number of space
charge carriers rises and bound charge carriers
decrease, which are shown in the Z’ nature in the
higher-frequency area, which shows resistance to

metrical capacitance that has a value in which
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ineffective hopping results in the relaxation of charge
carriers.

The Nyquist plots of CBWO perovskite at different
temperatures are indicated in Fig. 6c. The Argand
plots show that with increasing temperature, the area
below the complex impedance and arcs decreases,
indicating the NTCR characteristic of the material
and thermally activated relaxation process. The first
region indicates to the grain impact that has a
prominent effect in the high-frequency region. The
other region seems to have the grain boundary role
which has a prominent effect in the low-frequency
region. The complex impedance for the compound is
inscribed as follows:

VARS Rg’l-o—ling + Rgbl-&-li(uQS;, =2+ 7"

Rg Rep
1+(0RQ)" 14 (wRy Q)

wQ.R
%] + Reb
1+ (wRgQy)

where Z = > and,

7" = —{Rg

The primary component of Z” and Z*” specifies the
resistive portion and ac storage part of the grain.
Similarly, the second component indicates the grain
boundary region.

To study the significance of grain (bulk) and grain
boundaries, a Nyquist plot is required in defining
electrical conduction pathways. The resistance (R),
capacitance (C), frequency power (n), quality factor
(Q), a correction factor of grains (g) and grain
boundary (gb) are estimated from Nyquist curves
fitted with the ZSIMPWIN version 2.0 software code
in the current study shown in Table 3. The data are
estimated from the {(CQR) x (CR)} equivalent circuit
shown (Fig. 6 (e)), and the fitting curve is completely
coordinated, as revealed in Fig. 6 (d). Grains are
highly conducting. The charge carriers move and
favor to polarize in the grain boundary area which
performs like a trapping perimeter and also has
added capacitance value. The grain boundary
capacitance is associated with the barrier layer width.
The barrier layer width (w) is directly proportional to
ny,/1ny, in which ny, is the bound charge density and n¢
is the free charge density which involves in hopping
at the grain boundary area. As the temperature
increases, n;, value decreases because of thermal
depopulation. But n¢ value increases as a result of
thermal activation. The entire procedure reduces the
value of ® with temperature increase.

ngbRgb
1+ (G)Rnggb)z

}.

Page 13 of 22 900

The estimated depression angle in the current
study is 7.36° at 450°C, signifying the presence of
another relaxation mechanism known as the non-
Debye type of relaxation in the material.

3.6 Modulus studies

Electrical modulus research gives an appropriate
understanding of relaxation mechanisms in the pre-
pared sample, which may be comprehended from
complex modulus spectroscopy. The approach is
utilized to study the influence of charge carrier type,
electrode polarization, relaxation process, and
mobility [61-63]. At the microscopic level, the com-
plex modulus (M*) is applied in discrete molecules to
illustrate the dominance of localized charge carriers
for long-range conduction mechanisms. The physical
quantities can be written as follows: ¢*(w) = ¢ (w) —
j&’ (w), where ¢ and &” signify the real permittivity
and imaginary permittivity, respectively. The relation
among them can be derived as follows:

1 1 )
M*(w):g_*:b/——]g”:M, +]M/,and

8/ 8”

Mx = 8/2 + 8”2 + Ig/z + 8”2 :

The variation of M’ with frequency is revealed in
Fig. 7 (a). The study of the M’ plot shows that the
curve is S shaped and declines tend to zero, indicat-
ing the lack of the polarization effect of the electrode.
The M’ curve rises with frequency and merges in the
high-frequency zone, confirming the discharge of
space charge polarization. The data predicated on
impedance and dielectric experiments [64, 65] sup-
port this nature.

Figure 7b depicts the relation of M” with frequency
at different temperatures. The presence of short-
range or long-range mobile charges is shown by
analyzing the imaginary modulus portion. In the
low-frequency range, the value of M’" approaches
zero, due to electrode polarization. It is remarkable to
show that M” increases with frequency, reaches its
highest maximum value (M"”max), and then decrea-
ses. The existence of peaks in the M"" spectra show
the activation of a conduction method [66]. In the
low-frequency area, the charge carriers are mobile
over long distances (charge -carriers show the
opportunity of ion movement by jumping from one
site to the neighboring site), whereas, for high
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Table 3 Value of resistance, capacitance, and a correction factor of grains (g), grain boundary (gb) of Ca;Bi,WOy

T (°C) model Cy (F) Q n Ry(Q) Ceb(F) Rup(Q)

25%Expt.) (CQR) 2.132 1.772E-007 7.456E-001 1.821 1.129E-010 8.696
(CR) E-009 E + 003 E + 007

(Fitting) 2.133 1.769E-007 7.457E-001 1.820 1.129E-010 8.698
E-009 E + 003 E + 007

50°(Expt.) (CQR) 4.193 4.766E-008 8.526E-001 3.254 1.125E-010 7.293
(CR) E-016 E + 002 E + 007

(Fitting) 1.385 4.761E-008 8.527E-001 3.253 1.125E-010 7.294
E-015 E + 003 E + 007

100°(Expt.) (CQR) 3.079E-010 1.289E-007 8.030E-001 1.861 1.134E-010 6.098
(CR) E + 003 E + 007

(Fitting) 3.078E-010 1.289E-007 8.030E-001 1.862 1.134E-010 6.101
E + 003 E + 007

150°(Expt.) (CQR) 1.424E-014 1.932E-008 8.971E-001 6.069E + 002 1.152E-010 2.887
(CR) E + 007

(Fitting) 6.569E-015 1.933E-008 8.971E-001 6.064 1.152E-010 2.887
E + 003 E + 007

200°(Expt.) (CQR) 9.202E-010 5.925E-008 7.913E-001 3.173 1.232E-010 7.554
(CR) E + 004 E + 006

(Fitting) 9.201E-010 5.924E-009 7.913E-001 3.173 1.232E-010 7.554
E + 004 E + 006

250°%(Expt.) (CQR) 4.884E-010 1.185E-010 6.425E-001 8.640 1.418E-010 1.883
(CR) E + 004 E + 006

(Fitting) 4.884E-010 1.186E-008 6.423E-001 8.643 1.418E-010 1.883
E + 004 E + 006

300°(Expt.) (CQR) 1.782E-010 1.734E-007 7.662E-001 2918 2.377E-010 4.982
(CR) E + 004 E + 004

(Fitting) 1.793E-010 1.778E-009 7.647E-001 2.896 2.365E-010 5.003
E + 004 E + 004

350%(Expt.) (CQR) 1.583E + 012 1.825E-011 3.046E-002 1.063 9.022E-009 1.552
(CR) E + 005 E + 003

(Fitting) 1.496E + 013 4.022E-011 2.014E-002 5.065 9.022E-009 1.552
E + 004 E + 002

400°(Expt.) (CQR) 3.054E-010 5.175E-007 2.863E-001 4.675 1.778E-010 1.671
(CR) E + 004 E + 004

(Fitting) 3.054E-010 5.179E-006 2.862E-001 4.679 1.778E-010 1.671
E + 004 E + 004

450°(Expt.) (CQR) 2.596E-010 2.270E-006 4.093E-001 6.810 1.728E-010 5.701
(CR) E + 005 E + 003

(Fitting) 2.596E-010 2.268E-006 4.094E-001 6.803 1.728E-010 5.702
E + 004 E + 003

500°(Expt.) (CQR) 1.518E-012 9.153E-007 4.447E-001 3.542 2.721E-010 1.522
(CR) E + 004 E + 003

(Fitting) 1.518E-010 9.154E-007 4.447E-001 3.542 2.721E-010 1.522
E + 004 E + 003
frequencies, the carriers are restricted to potential temperature, it is observed that the peak appears to
wells. Thus, they are mobile over short distances [67- move to the high frequencies signifying the thermal

69], and they can bring up the movement of the activation of the relaxation time [67, 70].
carriers located in the wells [69]. With increase in
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The modulus curve in Fig. 7 (c) displays irregular
peaks at different frequencies. In this case, the peaks
at low frequencies assist mobile ion diffusion for
some path, but at high frequencies, the peaks carry
mobile ions for a short range due to their confinement
by a barrier well [71]. Furthermore, at the high-fre-
quency zone, the shifting of the curve shows the non-
Debye kind of relaxation mechanism and

max

indicates the hopping mechanism as a method for
explaining the conductivity process. It shows a
sequence of decentered semicircles of which centers
are positioned above the x-axis. These semicircles
become small arcs of circles at the highest tempera-
tures. The semicircular arc occurs at certain temper-
atures showing the single-phase behavior of the
material [72]. The decentralization is indicative of
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non-Debye relaxation and the material abides by the
Cole-Cole formalism [70, 73], which goes in good
consistence with the impedance data. The thermal
activities of the resistance are noticeable from the
curves M = f (M") as with rise in temperature causes
a decline in resistance. Also, it is observed that the
semicircle diameter increases with temperature,
which shows the increase in the capacity of the
grains. This verifies the thermal activation of the
conduction method in the material as the grain
capacity is inversely proportional to the grain
resistance [74].

According to Macdonald, the elevation of the peak
varies with the inverse value of the capacitance [75].
In our study, the elevation of the peak rises with
increasing temperature, indicating a lower capaci-
tance value.

In the conductivity process, the effect of localized /
delocalized charge carriers of the CBWO is explained.

Figure 7d displays the frequency with (Z“/Z” max)
and (M“/M”max) at a particular temperature. Over-
lapping peaks indicate the presence of a long-range
charge carrier [76]. The peak behavior shows
the transport mechanism, which is due to the short-
range and long-range charge carriers [77]. A plot is
drawn with frequency in the x-axis, M” and Z” in the
y-axis, at 300 and 350 explained temperature, as
viewed in Fig. 7 (e and f), to evaluate the stable phase
factor throughout the fitting of Nyquist plots and to
study the contribution of space charge polarization
[78]. In the high-frequency regions, the relaxation
peak associated with Z” can be noticed, but the
relaxation peak associated with M” appears to be in a
low-frequency zone. The lack of overlapping peaks
indicates that the synthesized sample appears to have
both localized charge carriers and long-term con-
ductivity [79-81], which are constantly participating
in the relaxation mechanism. The normalized curve
of CBWO was observed by plotting the M“/M” max
vs. log (f/fmax), as shown in Fig. 7 (g). The temper-
ature-independent active process in the sample is
indicated by the overlapping of the curves [82]. Fig-
ure 7 (h) illustrates the study of the frequency
dependence of the Z’ and Z“ at a fixed temperature of
300°C. It has been noted that the relaxation frequen-
cies for Z’' and Z” are equal and compensate for one
another. In addition, these curves imply a departure
from the Debye model to allow for conductivity [83].
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3.7 Study of ferroelectric property

The characteristics of the (P-E) loop demonstrate the
occurrence of a hysteresis loop which shows the fer-
roelectric behavior in the material.

An electric field with polarization known as the
hysteresis loop at temperatures of 25 °C, 75 °C,
100 °C, and 125 °C is depicted in Fig. 8. It can be used
to demonstrate that the substance is ferroelectric. It is
generally well known that the ideal hysteresis loop
depends on several factors, including the processing
conditions for the material, the poling conditions, the
distribution of vacancies, and the ions used as a
dopant. It may be because of several factors including
experimental restrictions. The hysteresis loop implies
remanent polarization with a non-zero value. How-
ever, the P-E loop illustrated in Table 4 below is used
to compute the coercivity field, remanent polariza-
tion, coercive field maximum (Emax), and Pmax
(spontaneous polarization). As temperature rises, the
value of remanence polarization and coercivity field
decreases. The proper nature of P-E loop analysis
implies that the studied material may have a ferro-
electric phase [84] that is steady with a minor vari-
ance in our analysis. Sometimes improper loop of
banana type may occur due to conductivity. There-
fore, it is required to confirm the ferroelectric phase
transition with other experiments.

3.8 Effect of temperature on resistance
and NTC thermistor

This section discusses the temperature dependence of

resistance. Figure 9 depicts the resistance behavior at
temperatures ranging from 523 to 723 K. It is
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Fig. 8 The hysteresis curve of Ca;Bi;WO,
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Table 4 The value of Coercivity, Remanence, E,«, and P, obtained from the P-E loop at different temperatures

Temp. (°C)  Coercivity (kV/cm) Remanence (uC/cm?)  Max. electric field (E may) (kV/em) —Max. polarization (P yay) (uC/em?)

25°C 011.743 000.044 023.821 000.077
50°C 005.803 000.046 012.012 000.049
75°C 011.945 000.044 026.152 000.097
100°C 008.271 000.035 026.181 000.108
125°C 002.080 000.014 026.085 000.166
600 ‘ ‘ ‘ where f signifies the thermistor constant, R; and R,
1 ¢ i he initial and final resi d Tyand T
500 \ } —.—Ca3BI2W09 are the 1nitial and final resistance, an 1 an > are
S ; \ the initial and final temperature, respectively. Fig-
X 400 \\ ure 10 (a) depicts the variation of B and TCR with
8 300 ] e temperature in the current study. The linear relation
§ ] \ between B and T supports the NTC property of the
0 200 material, implying the NTC thermistor, which sup-
o 1 \ ports in the high-temperature region 523 K-723 K.
x 100 o~ Now, the temperature coefficient of resistance (TCR)
o J \.\s.
500 550 600 650 700 750
12000
Temperature (k)
| o . (a) 0.03
Fig. 9 Temperature-dependent resistance from 523 K-723 K 8000 \ // \ /. I
\/ L 0.02
projected that when the temperature raises, the value 4000 \ / I
of the resistance falls, demonstrating the negative = \ 1 —o—3 -0.01 §
temperature coefficient of resistance (NTCR) features ] —@—TCR [ 0.00
[85-871. 0 \ [
A thermistor is a sensor device that operates on the 1
o . . P o\ A — --0.01
principle of resistance variation with temperature. -4000 + o~ I
Thermistors are classified into two types: those that . . . . . -0.02
increase resistance as temperature increases and 500 550 T600 65t0 ;00 750
those that decrease resistance as temperature increa- emperature(k)
ses. The former is known as a PTC (positive tem- (b)
perature coefficient) thermistor, while the latter is 6 L~ d
. - P
known as an NTC (negative temperature coefficient) ]
thermistor. 5 /
To know the working and principle of a thermistor, (14 /
some physical quantities like thermistor constant (f3) £ 4 /’
and temperature coefficient of resistance (TCR) are
measured. The variation between resistance and 1
thermistor constant for NTC thermistor can be cal- 3 e
culated as R = ef. The thermistor constant can be T T T
calculated from the relation: 0.0014 0.0016 0.0018 0.0020
R 1/Temperature(k™)
Ingt
— 2
-1 _ 1> Fig. 10 (a) Temperature variation of thermistor constant () and
T1 T,

temperature coefficient of resistance TCR and (b) logarithm of
electrical resistivity against reciprocal of temperature.
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can be measured from the relation: TCR = ﬁ
2— 11

R-1

where R; and R, are the initial and final resistances,
T, and T, are the initial and final temperatures,
respectively. Figure 6A shows temperature variation
of thermistor constant (B) and temperature coefficient
of resistance TCR and (b) logarithm of electrical
resistivity against reciprocal of temperature.

The temperature coefficient of resistance (TCR) is
generally represented as a percentage per degree
centigrade (1/°C). It is observed that as temperature
increases, the value of TCR decreases. The thermistor
applications are strongly supported by the non-lin-
earity curve of the TCR with temperature. Figure 6b
shows the temperature dependence of resistance on
an inverse of temperature. The relation between the
logarithm of electrical resistivity and the inverse of
temperature shows linearity. The resistivity reduces
continuance as the temperature rises, showing that
the sample is an excellent NTC thermistor and suit-
able for thermistor-based sensors [88].

4 Conclusions

The monoclinic phase of CBWO is suggested by the
structural study of the samples made by a solid-sta-
te method. Average crystallite size and lattice
strains are determined to be 73.29 nm and 0.0023,
respectively. Correspondingly, the microstructural
investigation of the synthesized sample reveals that a
high-density sample with unique morphology and
reduced porosity was created. The behavior
of SEM characteristics shows that both large and
relatively tiny grains are scattered consistently along
with distinct grain boundaries. The analysis of the
EDAX picture verifies the existence of each compo-
nent element. The impedance spectroscopy study
shows strong evidence of NTCR behavior, which is
confirmed by the investigation of dielectric charac-
teristics. While the ac conductivity indicates the
presence of a thermally induced relaxation mecha-
nism, the modulus behavior indicates the presence of
non-Debye relaxation. The hysteresis loop analysis
shows that the material might have ferroelectric
properties yet to be confirmed by other experiments.
The value temperature coefficient of resistance (TCR)
and thermistor constant (B) gives a brief idea about

@ Springer
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NTC thermistor which applies to thermistor-based
devices and sensors.
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