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ABSTRACT

In this communication, preliminary structural and detailed electrical charac-

teristics of the CaSnO3/CaSeO3-modified Bi0.5Na0.5TiO3 ceramics of a general

chemical composition (1–2x) [Bi0.5Na0.5TiO3] ? x (CaSnO3) ? x (CaSeO3) with

x = 0, 0.05, 0.10, 0.15, has been prepared by high-temperature solid-state reac-

tion method with calcination and sintering temperature 925 �C and 950 �C,
respectively, for 5 h. Structural and electrical characteristics of the parent

compound have significantly been tailored by the addition of the equal per-

centage of CaSnO3, CaSeO3 over a wide range of temperature (25–400 �C) as

well as frequency (1 kHz–1 MHz). Room-temperature X-ray diffraction

(XRD) analysis confirms the development of single-phase compound (with

rhombohedral symmetry) with very small amount of impurity phase in higher

concentrations (x). In the dielectric spectroscopy, two dielectric peaks are

observed at around the temperatures 210 �C and 320 �C indicating multiple

phase transitions of different types including the ferroelectric to paraelectric

through anti-ferroelectric. Impedance analysis of data exhibits both negative/

and positive temperature coefficient of resistance of the materials. The Nyquist

plots determine the grain and grain boundary effect in capacitive and resistive

properties of the materials, and also the non-Debye type of relaxation. The

room-temperature hysteresis loop confirms the existence of ferroelectricity in

the compounds where as the leakage current characteristics determine the

Ohmic behavior of the materials.
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1 Introduction

In the last few decades, some lead-based ceramics

with perovskite (ABO3) type of structure including

Pb(Zr, Ti)O3 (PZT) have been fabricated and studied

for industrial applications, such as ultrasonic trans-

ducers, sensors, actuators, microelectronic devices as

well as energy harvesters because of their outstand-

ing electrical properties [1–3]. However, due to the

presence of a large percentage (about 60%) of lead in

PZT (i.e., the high toxicity of lead oxide), the above

lead-based electronic devices have produced serious

environmental pollution which is very harmful to the

human body during their fabrications and usage

procedures [4–6]. Hence, the development of lead-

free ferroelectric ceramics is required urgently and

has always become a popular topic in this research

field also draws the attention of researchers [7, 8].

Among various lead-free materials, bismuth sodium

titanate (Bi0.5Na0.5) TiO3 (commonly known as BNT)

is considered as one of the most favorable ferroelec-

tric ceramics having perovskite structure with

rhombohedral (R3c) symmetry at room temperature

[9, 10]. Since the first discovery of BNT4 in1960s by

Smolenskii et al. [11], it has extensively been studied

and given lots of attention because of its large value

of remnant polarization (Pr) of 38 lC cm-1 and high

Curie temperature (Tc) of 320 �C [12, 13]. Although

BNT ceramic has many good characteristics, it has a

few drawbacks including poor dielectric perfor-

mances, difficulty to pole sufficiently because of the

high value of coercive field (Ec) of 73 kV/cm, the

high value of electric conductivity, and volatization

of Bi ion at the time of sintering at high temperature.

To avoid/solve these problems and to enhance the

material properties, suitable substitution at different

sites or addition of some perovskite materials in the

parent compound has been attempted [14, 15]. In the

present work, calcium stannate (CaSnO3) and cal-

cium selenate (CaSeO3) with equal ratios (i.e., x = 5%,

10%, and 15%) have been added to the pure BNT

compound, so that in the A site along with bismuth

(Bi) and sodium (Na) a new calcium (Ca) ion is cre-

ated, in the same manner for B site Tin (Sn) and

selenium (Se) atoms are added together with tita-

nium (Ti), hence the title multi-substituted Bi0.5-
Na0.5TiO3 ceramics is justified.

Now-a-days, sonochemical pathway is widely used

for the creation of nanoscale compounds of different

shapes [16]. Ultrasound is applied as a rapid process

for different tasks like dispersion of materials as well

as architectural control of nanostructures. Cavitation

formed with the support of ultrasound waves may

bring favorable and specific structures with high

uniformity at the nanoscale. Previously it is reported

that acoustic cavitation (including phases of creation,

growth, and implosive collapse of bubbles in the

solution) requires the efficiency of sonication [16, 17].

Sonication is the work, where sound energy is

applied for particle agitation in the sample for dif-

ferent purposes like multiple compound extractions

from plants, microalgae, and seaweeds. Ultrasonic

frequency ([ 20 kHz) is generally used in this pro-

cess, hence known as ultra-sonication. Generally, it is

demonstrated that the attributes and functionality of

the nano-compounds can be affected by key variables

consisting of dimensionality, shape, purity, structure,

composition, and grain size. Due to this reason, their

fabrication with optimizing the mentioned variables

has gained a great deal of attention, and has become a

remarkable topic for researcher [18–20]. Moreover, it

is also found that the change in these effectual factors

causes variation in the characteristics of the nano-

compounds [21]. The nano-compounds are generally

prepared by both physical and chemical processes. In

the present work, the solid-state reaction technique

belongs to the physical method, and has been used

for the synthesis of materials. Instead of this, other

chemical processes can also be applied for the

preparation as well as for the investigation of char-

acterizations of the nanomaterials. Stannic oxide-

based nano-compounds, such as lanthanide stannate

has been prepared by sol–gel, Pechini, solid-state

reaction, complex precipitation, and hydrothermal

methods [22]. Similarly, for the synthesis of stannate

bases Ln2Sn2O7, numerous procedures have been

proposed such as Pechini, aerosol pyrolysis, solid-

state, hydrothermal way, and aerosol pyrolysis [19].

Previously, combustion, co-precipitation, reverse

micelle, sol–gel, solid-state processes have been

established for the fabrication of BaSnO3 [23]. More-

over, the rare-earth-doped cerium oxide compounds

have been formed through mechanochemical,

Pechini, combustion, co-precipitation, and

solvothermal techniques [24]. Likewise, for the syn-

thesis of Pr2Ce2O7 nanostructures, efficient and novel

fuel and banana extract has been utilized through a

facile and eco-friendly technique at mild condition

[25]. Perovskite type of alkaline earth stannates hav-

ing a standard formula of MSnO3 (where M = Ca, Ba,
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Mg, and Sr) have attracted significant attention

because of their extensive applications in several

fields, like ferromagnets, photocatalysts, gas sensors,

humidity sensor, thermally stable capacitors, ceramic

dielectric bodies, anode materials used in lithium-ion

batteries, and display phosphor matrix, over the

previous few years. Freshly, the alkaline stannate-

based perovskite compounds play an important role

as potential transparent conducting oxides due to

their wide optical band gap as a result they are used

in optical apparatus, such as optical amplifiers and

lasers (depending on electronic transitions of rare-

earth ions). Similarly, the luminescence properties of

the substituted earth stannates have also been

explored in recent times [26–28]. As a result of unique

size as well as shape-dependent properties, inorganic

compounds of uniform size and shape are of funda-

mental attention and technological reputation [29].

Among all rare-earth stannates, CaSnO3 (i.e., CSn)

represents two crystalline systems: firstly an ordered

system with hexagonal along with rhombohedral

symmetry (having unit-cell parameters (a = 5.487A�,
c = 15.287A�) as well as (a = 6.000A�, a = 54.42�),
respectively); and secondly a perovskite structure

with orthorhombic phase (having space group Pbnm,

with lattice parameters a = 5.5142A�, b = 5.6634A�,
c = 7.88162A�). This is also known as a wide band

gap semiconductor having a band gap of around

4.4 eV [30]. CaSnO3 is a nice illustration of the cor-

related electronic system which declines the con-

duction band (CB) gap by increasing octahedral

tilting. The addition of CaSnO3 in the parent com-

pound BNT has certain advantages such as high

reactivity, high surface area, and it also reduces the

synthesis time as well as the temperature [31]. In

recent years, selenites have been studied extensively

because of their interesting ferroelectric properties.

Due to this reason, we added calcium selenites

(CaSeO3) and calcium stannate (CaSnO3) in equal

ratios to the parent BNT compound [32]. Alkaline

earth selenites with the common formula MSeO3

(M = Ba, Ca, Sr, Mg) are widely used in different

production fields like tele-mechanics and electronics

for the manufacturing of semiconductors and lumi-

nophores. According to scientific and practical

viewpoints, selenium as well as its compounds are

more important as selenium with ? 4 oxidation

states has multiple practical applications in different

fields like in agriculture as repellants and fertilizers,

in case of organic synthesis as catalysts, and they are

also used as precursors for the synthesis of the stoi-

chiometric composition of pure selenides having

excellent semiconductor behavior. Furthermore, the

selenites are also used as an intermediate product of

purification and production of selenium and as pig-

ments designed for glasses as well as enamels simi-

larly as antioxidants in the field of medicines in

recent times [33]. In the case of alkaline earth selenites

when suitable solutions are added at the neutral

point, a white powder of high value of the refractive

index is formed. CaSeO3 is a wideband gap semi-

conductor with band gap of 4.43 eV and it shows

monoclinic structure with space group P21/n and

lattice parameters (a = 6.402 Å, b = 6.791 Å,

c = 6.681 Å, b = 102.78�) [34]. In the case of selenium,

it is experimentally detected that its coordination

number varies from 4 to 3 and consequently the

oxygen-rich selenate phase is converted to oxygen

deficiency selenite phase. As a result, it affects the

network structure (in the case of glass) and other

physical properties, which shows the importance of

selenites in different scientific challenges [35].

Another cause to introduce SeO2 is that it reduces the

melting temperature and therefore improves the

optical properties in case glass compositions. Sele-

nium (Se) ion has a very high value of polarizability

hence at room temperature the glass containing SeO2

displays a high value of ion conductivity of the order

of 10–3–10–4 S/cm [36]. Including all the above

advantages, to improve the physical as well as elec-

trical properties of the parent ((Bi0.5Na0.5) TiO3)

compound an equivalent amount of CaSnO3 and

CaSeO3 is added to it in this present work.

2 Compound Synthesis
and characterization

The polycrystalline materials of CaSnO3-CaSeO3

modified (Bi0.5Na0.5)TiO3 with a general chemical

formula (1–2x) [(Bi0.5Na0.5) TiO3] ? x (CaSnO3)-

? x (CaSeO3) i.e., (BNT-CSn-CSe) with different

concentrations (x = 0, 0.05, 0.1, 0.15) were fabricated

through cost-effective solid-state reaction method.

The stoichiometric ratios of analytical grade (i.e., high

purity) of oxides and carbonates (as specified in

Table 1) were measured using a digital balance

(Mettler Type: New Classic MF; Model: ML204/A01)

accurate up to four decimal places.
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These raw materials were mixed thoroughly in the

dry-grinding mode for 1 h followed by wet grinding

using methanol for 4 h by agate mortar and pestle to

obtain homogeneous mixtures of nanoscale size. The

calcination of the prepared mixtures was carried out

at an optimized temperature of 925 �C by using

covered alumina crucibles in a high-temperature

muffle furnace with a 3 �C/min heating rate for 4 h.

At the time of calcination, methanol (with boiling

point 64.7 �C) used in wet grinding was completely

evaporated and a cylindrical lump of the calcined

compounds was obtained. The calcinations, as well as

grinding processes, were repeated, usually till the

development of the compounds. Room-temperature

X-ray diffraction (XRD) patterns of the compounds

were recorded by the X-ray diffractometer (Rigaku

Mini flex, Japan) for looking at the phase formation

and preliminary structural analysis. The XRD spec-

trum of the compounds was obtained with CuKa
(wavelength k = 1.5405 Å) in a wide range of Bragg

angles 2h (20� B 2 h B 80�) at 3�/min scan rate. The

homogeneous and fine powders were then cold-

pressed into cylindrical pellets of 10 mm diameter

and 1–2 mm thickness by KBr hydraulic press under

an axial pressure of 4 9 106 Nm-2 by adding PVA

(polyvinyl alcohol) as a binder.

The synthesized pellets were then sintered at an

optimized temperature of 1000� C for 4 h in an alu-

mina boat and then cooled down to room tempera-

ture slowly to prepare hard and dense pellets. The

sintered pellets were polished by using fine sandpa-

per to make the surface parallel and smooth. After

this, an electrode was carried out on both surfaces of

the pellets by high purity conducting silver paint of

Alfa Aesar and heated at 150 �C for 4 h to study

electrical properties. Different electrical measure-

ments of the samples (i.e., dielectric, impedance,

conductivity, and modulus) were obtained with the

impedance analyzer (phase-sensitive meter PSM

1735, N4L), with a sample holder, operating in a wide

frequency range from 1 kHz to 1 MHz at different

temperatures (25–400 �C). The PE loop tracer (M/S

Marine India) was used to examine the ferroelectric

behavior of the materials. The J–E characteristics of

the studied samples of all percentages were mea-

sured at room temperature by using a programmable

electrometer (Keithley, model 6517B). The schematic

diagram of the solid-state synthesis and characteri-

zation of the studied compounds is shown in Fig. 1.

3 Results and discussions

3.1 Structural analysis

The preliminary structural study of the materials by

using XRD data determines the degree of crystallinity

as well as the phase purity of the compounds. Fig-

ure 2a displays the room-temperature XRD spectra of

the calcined BNT-CSn-CSe ceramics with various

concentrations (x = 0, 0.05, 0.1, 0.15). There are

numerous sharp peaks in the XRD spectrum, differ-

ent from those of the constituents, confirm the for-

mation of a new compound with very small intensity

impurity peaks (secondary phases), as marked by an

asterisk with x = 0.1 and 0.15 corresponding to Bi2O3.

All the characteristic peaks of the materials were

attempted to index in the rhombohedral structure

with the reported lattice parameters: a = 5.476Ao and

c = 6.778Ao of (Bi0.5Na0.5)TiO3 in accordance to

JCPDS database with ICDD (International Centre for

Diffraction Data) card number 00-036-0340. Similarly,

the extra peaks are also indexed in cubic phase with

card no.03-065-3319. For getting complete structural

evidence of the synthesized materials, Rietveld

refinements were done by the use of Maud software

as shown in Fig. 2b.

The refinements were performed on the experi-

mentally observed diffraction peaks of the material

BNT-CSn-CSe of rhombohedral crystal symmetry

(with space group R3c) by crystallographic

Table 1 List of chemical

reagents with chemical

formula, purity, and suppliers,

used as raw materials

Chemical reagents Chemical formula Purity (%) Suppliers

Bismuth oxide Bi2O3 99.0 Loba Chemie Pvt. Ltd

Sodium carbonate Na2CO3 99.5 Central Drug House Pvt. Ltd

Calcium carbonate CaCO3 99.9 Loba Chemie Pvt. Ltd

Titanium oxide TiO2 99.5 Loba Chemie Pvt. Ltd

Stannic oxide SnO2 99.9 Loba Chemie Pvt. Ltd

Selenium dioxide SeO2 [ 98 Merck-Schuchardt

11550 J Mater Sci: Mater Electron (2021) 32:11547–11567



information file (CIF: NIMS_Mat-

Navi_4295277669_1_2). This technique maximizes the

agreements between the calculated and experimen-

tally observed diffraction patterns. In this figure for

all four compositions, the black and red solid lines

signify the observed and calculated results, and the

small deviation in between them is represented by

the green solid line, whereas the Bragg’s positions is

shown by the blue line like symbols. The small fluc-

tuations in the green line at different diffraction

peaks due to a mismatch of intensities confirm the

exactness of the structural refinement. The different

reliability/fitting parameters such as Rwp (weighted

profile index), Rexp (expected weighted profile index),

Rb (Bragg R index), and goodness of fit (gof) obtained

from the refinements are listed in Table 2 and defined

by equations given below.

Rwp ¼
P

ðwiðyiðobsÞÞ � 1
c

� �
yiðcalÞ2Þ

P
wiðyiðobsÞÞ2

" #1
2

ð1Þ

Rexp ¼
P

jðyiðobsÞÞ � ðð1cÞyiðcalÞÞj
RyiðobsÞ

ð2Þ

Rb ¼
RjðIkðobsÞÞ � ðIkðcalÞÞjP

ðIkðobsÞÞ
ð3Þ

r ¼ Rwp

Rexp

ð4Þ

Here the summation is spread over all points pre-

sent in the diffraction spectrum and yi is the intensity

for ith step for observed and calculated data [37, 38].

In Rietveld refinement, the goodness of fit index (gof)

is responsible for errors in the model for the inten-

sities, and for better refinements, this index would be

Fig. 1 Schematic diagram of synthesis through solid-state reaction method and characterization of (1–2x) BNT-x CSn-x CSe compounds

with different percentages (x = 0, 0.05, 0.1, 0.15)
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less than 2 [39]. The crystallite size, (D) of the syn-

thesized material is determined by the use of the

Scherrer equation,

D ¼ kk
b1=2 cos hhkl

ð5Þ

where k = 0.94 for a rhombohedral structure called

the anisotropic constant, k is the wavelength of CuKa
radiation equal to 1.5405 Å, b1=2 is the FWHM (full

width at half maximum) of the diffraction peak, and

hhkl is the Bragg’s angle of diffraction from hkl plane

[40, 41]. The average crystallite sizes for all four

concentrations i.e., x varies from 0 to 0.15 are calcu-

lated from the above formula are given in Table 2.

3.2 Dielectric study

In recent years, the study of dielectric behavior

including dielectric parameters (dielectric constant as

well as dielectric loss) of different ceramics is very

significant due to their wide range of potential

applications in several fields like energy storage

devices as well as ferroelectric industries. For a

capacitor, the dielectric constant (er) calculates its

charge storing capacity while dielectric loss (loss

tangent (tand)) is considered as the fraction of energy

dissipated to the total energy store in it. In other

words, the dielectric constant (relative permittivity) is

usually determined as the ratio between the capacity

of a condenser filled with a certain dielectric material

and the capacity of a similar condenser in space

without the dielectric compound. It is expressed as

the general formula

Fig. 2 a: Room temperature X-ray diffraction patterns b: Rietveld refinement result of (1–2x) BNT-x CSn-x CSe compounds with (x = 0,

0.05, 0.1, 0.15)

Table 2 Lattice parameters and reliability parameters of BNT-CSn-CSe ceramics with (x = 0, 0.05, 0.10, 0.15)

Composition (x) Crystal structure and space group Lattice parameters (Å) Reliability parameters (%) Crystallite size (nm)

a c Rw Rb Rexp gof

0 Rhombohedral and R3c 5.476 13.462 15.17 14.11 10.31 1.47 58

0.05 5.488 13.413 15.24 14.56 10.65 1.43 63

0.10 5.477 13.373 13.95 11.15 7.08 1.97 62

0.15 5.459 13.417 14.59 12.45 8.63 1.69 64
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er ¼
C

C0
; ð6Þ

where er is the dielectric constant, C is the parallel

capacitance (Cp) (obtained from the LCR data), and

C0 is defined as

C0 ¼
e0A
d

; ð7Þ

where e0 is permittivity in free space and A and d are

the area and thickness of the sintered pellet, respec-

tively. Similarly, at a certain frequency dielectric loss

(tand) of the material acting as a capacitor is deter-

mined as the ratio of the real part (Z’) of the complex

impedance (Z) to its imaginary part (Z’’) i.e.,

tan d ¼ Z0

Z00 : ð8Þ

The large value of tand carries large dielectric

absorption. The capacitance of a good dielectric

sample changes slowly with frequency, therefore,

tand can be evaluated from the rate of change of

capacitance. However, these dielectric parameters

mainly depend on the structure, components along

with frequency and temperature like experimental

conditions, and provide knowledge about different

polarization processes present in the material.

3.2.1 Effect of frequency on dielectric study

The variation of dielectric constant and dielectric loss

with the frequency of studied samples BNT-CSn-CSe

with various compositions (x = 0, 0.05, 0.1, 0.15) in a

wide range of temperature starting from room tem-

perature 25 �C to 400 �C is given in Fig. 3a, b,

respectively. Figure 3a is based on various types of

polarization processes. From this figure, the value of

the dielectric constant is high in the low-frequency

region, and with the rise in frequency the value

decreases and this is the general tendency of dielec-

tric materials.

The cause behind this nature is that at low-fre-

quency region, the existence of all four types of

polarization processes (electronic, ionic, orientation,

and space charge) are found, and they provide the

total polarization, hence dielectric constant retains

large in this region. When we raise the frequency

(above 10 kHz), space charge polarization decreases

and deactivates because of the inertia of the fast-

moving ions (dipoles) towards the boundary, having

a small value of dielectric constant [42]. The

reduction of er value with raise in frequency is also

due to the transformation of electrons between Ti3?

and Ti4? at the octahedral site and thus cannot detect

the switching of ac field at larger frequency. The

value of er decreases quickly in the region of low

frequencies, and slowly in the high-frequency side. In

this case, if we take x = 0.15, the plot for instance, we

find the value of er decreases from 12.3 to 8 at 1 kHz

and from 7.8 to 6.3 at 1 MHz and the same thing

happens for all four compositions.

At low frequencies and high temperatures, the

large value of the dielectric constant can be explained

by Maxwell–Wagner polarization effect related to

Koop’s phenomenological two-layer model [43, 44].

According to this model, it is assumed that the

dielectric materials consist of two inhomogeneous

layers (i.e., one conducting grain separated by a sec-

ond thin layer of relatively poor conducting grain

boundary). In the low-frequency region, the charge

carriers are more active at grain boundaries, while in

the high-frequency region, they are more active

within the grains. More energy is required to move

the charge carriers in the low frequency. Since the

grain boundaries offer high resistance, the charge

carriers accumulate at the grain boundary resulting

in a high dielectric constant in this range. In the high-

frequency range, the energy required to move the

charge carriers is less due to low resistance offered by

the grains. Therefore, the dielectric constant is also

low at high frequency [45]. For x = 0.05, we observed

around 10 kHz, a small anomaly is found at low

temperature and for high temperature, its movement

towards the right side is noticed. This small peak

indicates that at low frequency (below 10 kHz) the

grain boundary dominates over grain and contributes

to the polarization mechanism. From Fig. 3a we

found that with an increase in the doping concen-

tration, the dielectric constant first decreases for

x = 0.05 and further increases for larger concentration

i.e., for x = 0.10, 0.15. For the parent BNT compound,

the maximum value of er at 1 kHz and 400 �C is

found to be 1634. When we substitute CaSnO3 and

CaSeO3 in the parent compound this value is found

to be 740, 1099, 1236 for x = 0.05, 0.10, 0.15, respec-

tively, at the same frequency and temperature.

From Fig. 3b it is observed that the tangent loss

(dielectric loss) follows the same trend as that of

dielectric constant, i.e., reduces with increase in fre-

quency and has a constant value at large frequency.

Moreover, the value of loss tangent also rises
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with increase in temperature. The rate of increase of

tand in case low temperature is slow but in case of

high temperature is comparatively sharper. The large

amount of energy loss at low frequency is due to the

passage of charge carriers to the grain boundary so,

tand has a high value in low frequency in contrast to

the high-frequency region having low resistance.

Conversely, tangent loss signifies the quantity of

energy used by the applied field for the alignment of

the dipole. There are some other factors that also

affect the tangent loss such as the size of the grain,

oxygen vacancies, and DC conductivities [46]. In the

regions of high temperature and low frequency, the

relatively high value of dielectric loss is because of

Fig. 3 Frequency dependence of a: Dielectric constant, b:

Dielectric loss at different temperatures (25–400 �C) and

temperature dependence c: Dielectric constant, d: Dielectric loss

at different frequecies (1kHz-1MHz) of (1–2x) BNT-x CSn-x CSe

with (x = 0, 0.05, 0.1, 0.15)

Fig. 3 continued
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the dominant contribution of electrical conductivity,

i.e.,

tan d ¼ rac
xe0er

; ð9Þ

where x is the angular frequency, e0 is the permit-

tivity in free space, and er is the relative permittivity.

It is visible from the graph that small anomalies are

found in the loss tangent curves which are visible for

x = 0 and 0.05 due to their relatively small value as

compared to the other higher compositions. The

anomalies (relaxation peaks) are established near

about 100 kHz and move towards the higher fre-

quency for the higher temperature, specifying the

existence of the thermally activated dipolar relaxation

in the compounds [47, 48]. However, in the whole

temperature as well as frequency range, the tand
possesses very small value for all four compositions,

which makes the material appropriate for various

device applications.

3.2.2 Effect of temperature on dielectric parameters

The variation of dielectric constant (er) and dielectric

loss (tand) with temperature of the studied com-

pounds BNT-CSn-CSe with all concentrations (i.e.,

x = 0, 0.05, 0.10, 0.15) at different frequencies raising

from 1 kHz to 1 MHz are shown in Fig. 3c, d

respectively. It is seen from the graphs that the

dielectric behavior of the studied compounds

strongly depends upon frequency and temperature.

The two dielectric anomalies (humps) in the

dielectric constant versus temperature graphs are

observed. The first hump is observed between room

temperature (25 �C) and 210 �C, which can be refer-

red to as depolarized temperature (Td), whereas the

second one is observed at a temperature higher than

320 �C equivalent to the extreme value of the

dielectric constant is called as maximum permittivity

temperature (Tm) [49]. Here, Td is commonly con-

sidered as the transition temperature, where there is a

phase transition from ferroelectric to anti-ferroelec-

tric. Similarly, the maximum temperature (Tm) cor-

responds to the transition from anti-ferroelectric to

paraelectric phase. For common ferroelectric mate-

rial, in the dielectric constant versus temperature

graphs, both Td and Tm coincide, where the observed

transition from the ferroelectric to paraelectric is

called Curie temperature. But, this is not observed in

the studied compounds [50]. In Fig. 3c, the noticeable

rise of the dielectric constant curve at high tempera-

tures and low frequency is essentially referred to as

space charge polarization-related ionic conductivity

[51]. As compared to the BNT compound, in its other

compositions, expanded dielectric peaks are

observed. This is because of the compositional vari-

ation and the disarrangement. As a result, the

replacement of cations at one or more crystallo-

graphic positions of the lattice structure is expected.

For example, the substitution at the A site (i.e., Ca2?)

of the parent BNT compound of perovskite type

occupying a part of the Bi site, similarly Sn4?, and

Se4?, occupy some part of the Ti site [52]. In the

current situation, by substituting in the parent com-

pound, the relative permittivity (dielectric constant)

value first falls for x = 0.05 and then rises for other

high compositions (x = 0.1, 0.15). In Fig. 3c at 1 kHz,

the dielectric constant reaches the maximum value of

1653, 760, 1120, 1261 for x = 0, 0.05, 0.1, 0.15,

respectively.

The variation of tand with temperature is shown in

Fig. 3d. It is noticed in the graphs that tand rises on

raising the temperature for all compositions. This

enhancement of tand is prominent at high tempera-

tures and low frequencies because of the high value

of electrical conductivity; as a result, the motion of

the electric dipoles becomes the maximum at the

temperature. It is also noticed from the figure that in

the low-temperature region the rising in tand is

slower and relatively faster in the high-temperature

region, this is probably the presence of unknown

defects such as oxygen vacancy along with the dis-

tribution of charge carriers in the sample [53]. The

tand possesses very low value up to 100 �C for pure

BNT and up to 150 �C for other higher concentrations

(x = 0.05, 0.10, 0.15). The loss tangent of the com-

pounds exhibits relaxation peaks similar to the peak

of the temperature-dependent dielectric constant. At

the high temperature and low frequency, the loss

tangent is high due to the conductivity factor owing

to the presence of the alkali metal ion Na? and the

existence of various oxidation states of the Sn ions

[54]. In this graph, a small peak is noticed around

160 �C for the pure BNT compound and the second

peak is observed around 300 �C, and these two peaks

determine the presence of two transition tempera-

tures of the compound. With the addition of CaSnO3

and CaSeO3 in the pure BNT compound, there is a

slight increase in the loss tangent is observed, and
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have the maximum value of 0.27, 0.75, 1.04, and 1.35

for x = 0, 0.05, 0.10, and 0.15, respectively, at 1 kHz.

However, these values are still small enough. The

maximum value of the dielectric constant, as well as

the small value of dielectric loss of the studied com-

pounds, is very much applicable for different device

applications.

3.3 Impedance spectroscopy

Complex impedance spectroscopy (CIS) is one of the

most significant, non-destructive experimental

methods for the collection of different electrical

characters of the ceramics. Usually, the ceramic

materials are non-homogeneous and consist of con-

ducting grains separated by a relatively non-con-

ducting grain boundary. Therefore, the CIS provides

complete information about the involvement of grain

and grain boundary along with the electrode effect to

the electrical behavior of the compounds and also

separates the individual responses of these compo-

nents based on relaxation time. The effects of the

grain and grain boundary are represented by the

electrical circuits where the parallel connection of

resistance (R) and capacitance (C) are found. The

relaxation process of the charge carrier is related to

the orientation of dipoles and the movement of

localized charge containing short-range motion and

mobile charge containing wide range motion [55, 56].

Complex impedance Z consists of two components

like real part or resistive component (Z’) and imagi-

nary part or reactive component (Z’’) which are

defined by the following equations [57].

Z ¼ Z0 þ jZ00; ð10Þ

where

Z0 ¼ R

1þ ðxsÞ2
ð11Þ

and

Z00 ¼ xRs

1þ ðxsÞ2
; ð12Þ

where R is the resistance, s = RC is the relaxation

time, and x = 2pf is the angular frequency. The

investigation of both the real and imaginary parts of

the complex impedance at various frequencies as

well as temperatures provides a thorough knowledge

regarding the electrical properties.

3.3.1 Frequency dependence of Z’ and Z’’

The frequency dependence of the real component of

the complex impedance (Z) of the studied com-

pounds BNT-CSn-CSe at different concentrations

(x = 0, 0.05, 0.10, 0.15) is shown in Fig. 4a. It has been

noticed that with the rise in frequency and tempera-

ture, Z0 value decreases monotonically and at last

merges to a fixed value in the high-frequency region

for all temperatures in the above four plots. The

decrease of Z’ strongly depends on frequency varia-

tion of ac conductivity and recommends the increase

of ac conductivity with the rise in frequency. In the

high-frequency region, whatever may be the tem-

perature, all curves of the real part of impedance (i.e.,

Z’) merge into a single line. This suggests the mech-

anism of temperature independence and the release

of space charge, which is the main cause of

enhancement of the ac conductivity by dropping the

barrier property at high temperatures along with

high frequency in the compounds [58]. In the low-

frequency region (below 100 kHz) for all four plots,

Z’ value decreases with a rise in temperature from 25

to 100 �C. This represents the negative temperature

coefficient of resistance (NTCR) behavior of the

studied compound, which is a common character of

semiconductor materials [59]. However, for the other

high temperatures, this NTCR behavior reverses

suddenly, and increases with an increase in temper-

ature is known as the positive temperature coefficient

of resistance (PTCR) properties of the compounds.

This property of the compound specifies with the

increase in temperature the hopping probability of

the ions/charge carriers decreases.

The inserted graphs of Fig. 4a depict the variation

of imaginary part (Z’’) of the impedance with the

frequency which is suitable for estimating relaxation

frequency. From the figure for x = 0.05, 0.10, 0.15

concentrations, a peak is observed (i.e., Z’’ achieves

maximum value) as shown in the inserted graph for

the above doping concentration except for the parent

one. In this case, it is visible only in higher temper-

ature but for lower temperature, this peak remains in

the frequency lower than 1 kHz which is below the

experimental range. The frequency for which the

reactance component (Z’’) reaches the extreme value

is known as relaxation frequency. For the x = 0.15

graph, it is noticed that when temperature increases

from 350 to 400 �C there is a shifting of relaxation

frequency observed, which signifies that the
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relaxation process depends on temperature hence

known as the thermally activated relaxation process

of the substance. This relaxation phenomenon hap-

pens because of the effect of interface [60]. It is also

prominent that with the increase in temperature the

peak height decreases suggesting that with the rise

in temperature, grain resistance reduces. This is

because of the steady electrons (charges) at lower

temperature and the creation of defects/oxygen

vacancy at higher values of temperature [61].

3.3.2 Nyquist plot

Figure 4b depicts the Nyquist plot (Z’’ versus Z’) of

BNT-CSn-CSe at different temperatures (25–400 �C)
in a wide range of frequency (1 kHz–1 MHz) for

various concentrations x = 0, 0.05, 0.1, 0.15. The

impedance behaviors of the compounds are charac-

terized by the development of semicircular arcs, and

when the temperature changes the pattern of the arcs

also changes. The degree of intercepts of the semi-

circular arc on the real part of the Z-axis and its

amount in the spectrum determine the type of

Fig. 4 a Frequency dependence of Z’ and Z’’, b Nyquist plot at different temperatures (25–400 �C) and c semicircle of Nyquist plot at

300 of the compound (1–2x) BNT-x CSn-x CSe with different concentrations (x = 0, 0.05, 0.10, 0.15)
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electrical developments taking place in the com-

pounds. The equivalent circuit elements represent the

relationship between the arcs and the microstructure

of the materials.

An equivalent circuit of series arrangement of

parallel resistances (R) and capacitances (C) is used

for each arc. In such a case, the capacitance represents

space charge polarization and resistance represents

the conductive path. The consecutive occurrence of

the semicircle at high, medium, and low-frequency

regions describes the effect of grain, grain boundary,

and electrode effect, respectively. The feature of the

arc determines the category of relaxation phenomena

in the system [62]. In the present case, only two

semicircles are found, and out of which at low tem-

perature the first one (representing grain) is

observed, and with a further rise in temperature this

gradually resolves into two overlapping semicircles

(representing both grain and grain boundary) with

their centers remaining below the Z’ axis represent-

ing non-Debye type of relaxation mechanism. In the

case of Debye-type relaxation, a perfect semicircle is

observed at high temperatures with its center lies on

the Z’ (real part of complex impedance) axis [63]. The

removal of Debye-type relaxation includes the con-

stant phase elements (CPE) which are parallel to the

RC circuit, in other words, the RC circuit along with

CPE represents the non-Debye type of relaxation [64].

All the experimental data fitted by the equivalent

circuit elements are carried out by using Z Simp Win

software of version-2. Here, in this graph, the solid

symbol represents the experimental value of impe-

dance and the red solid lines represent the fitted data

for all four plots.

For the parent compound (x = 0 composition) all

the temperature curves propose a single depressed

semicircular arc modeled by the equivalent circuit of

(RQC) having parallel resistance as well as a capaci-

tance with CPE connected at the center and parallel

to them. This grain is confirmed by the single arc at

all temperatures for x = 0, concentration with grain

resistance (Rg), grain capacitance (Cg) evaluated from

the plot is given in Table 2. When we add CaSnO3

and CaSeO3 to the parent compound (i.e., for

x = 0.05, 0.10, 0.15 compositions) up to 300 �C tem-

perature, all the curves are fitted with the (RQC)

circuit elements, but for other high temperatures (i.e.,

for 350 �C and 400 �C) the experimental values of the

impedance are fitted by two semicircular arcs with

the equivalent circuit elements (RQC)-(RC) joined in

parallel.

By using the fitted curves of the impedance, the

grain resistance (Rg), grain capacitance (Cg), constant

phase element (CPE), grain boundary resistance

(Rgb), grain boundary capacitance (Cgb) of these two

high compositions are also compared in Table 3. In

the current situation, there is a very good agreement

between the experimentally observed impedance

data and the fitted data for all temperatures and all

concentrations. For a better understanding of the

relaxation behavior (whether Debye or non-Debye

type), the equivalent depressed semicircular curves

for all the compositions corresponding to the tem-

perature 300 oC have been drawn and shown by

Fig. 4c. The depression angles at 300 �C where only

grain effect is observed are given by hg is equal to

3.05�, 2.39�, 6.39�, and 10.8� for x = 0, 0.05, 0.10, 0.15,

respectively. These depression angles determine the

degree of deviation from Debye behavior and con-

firm the non-Debye-type relaxation present in the

studied materials.

3.4 Conductivity study

The study of ac conductivity is valuable for a better

understanding of the electrical conductivity of the

compound employing its frequency dependency. The

variation of ac conductivity with frequency gives the

information regarding the behavior of the charge

carriers (electrons and holes). By using the dielectric

parameters, the calculation of ac conductivity is car-

ried out with an empirical formula

rac ¼ xe0er tan d; ð13Þ

where rac is the ac conductivity, x is 2pf is the

angular frequency, e0 is the permittivity of free space,

er is the dielectric constant (relative permittivity), and

tand is the dielectric loss. The detailed study of the ac

conductivity of the material Jonscher’s universal

power law [60, 65] can be followed, which is given by

rTðxÞ ¼ rð0Þ þ r1ðxÞ ¼ r0 þ Axn; ð14Þ

where rT represents the total electrical conductivity,

r(0) represents the frequency-dependent term which

gives the dc conductivity, r1(x) is the completely

dispersive term of ac conductivity, A is the temper-

ature dependence constant determines the polariz-

ability strength, whereas n is defined as the frequency

exponent having the numerical value between 0 and

11558 J Mater Sci: Mater Electron (2021) 32:11547–11567



1 and this signifies the amount of interaction of the

mobile charge carries with the surrounding lattices, it

is dependent on the nature of the material and tem-

perature but independent of the frequency.

3.4.1 Effect of frequency on ac conductivity study

The variation of ac conductivity with the frequency of

the compounds BNT-CSn-CSe with different tem-

peratures (25–400 �C) is shown in Fig. 5a. With raise

in frequency, ac conductivity value also increases.

This increasing tendency determines the disordering

of the cations between the space charges and neigh-

boring sites [66]. In the region of high frequency, all

the ac conductivity curves come closer to one

another, and combine to a particular slope, suggest-

ing that all the plots display the dispersion phe-

nomenon at low frequency following Jonscher’s

power law. According to Jonscher, the source of fre-

quency-dependent ac conductivity lays in the relax-

ation phenomenon because of the movable charge

carriers. When the hopping of charge carriers takes

place from their original site to another new site, they

remain in the state of motion between the two min-

ima of the potential energy. Jonscher’s power law

states that the relaxation is caused by the mobile

charge carriers when transiting from the initial state

of minimum potential energy to a new site, which is a

state between two potential energy minimas. In this

figure, we also observed a plateau-like pattern in the

low-frequency region at the high-temperature side

for all the composition which proposes the frequency

independence of ac conductivity, and provides the dc

conductivity.

In this region, the occurrence of the conduction

mechanism is caused by the wide range of transla-

tional motion of the charge carrier, which happens

because of the hopping of charge carriers from one

local state to another, and gives rise to the frequency-

independent rdc part [67].

3.4.2 Effect of temperature on ac conductivity

The variation of the logarithmic value of ac conduc-

tivity with the inverse of the absolute temperature of

the studied compounds BNT-CSn-CSe at different

concentrations (x = 0, 0.05, 0.1, 0.15) with a wide

range of frequency is given in Fig. 5b. The calculation

of ac conductivity is done by using the experimental

formula given above.

The ac conductivity increases remarkably with the

increase in frequency suggesting the dispersion of

conductivity with frequency but decreases with the

decrease of temperature. The activation energy in the

basis of thermally activated procedure is determined

by using the Arrhenius equation [68]

rac ¼ r0 expð
�Ea

KBT
Þ; ð15Þ

Fig. 5 a Frequency dependence of ac conductivity at different temperatures (25–400 �C) and b Variation of ac conductivity with inverse

temperature at different frequencies (1 kHz–1 MHz) of (1–2x) BNT-x CSn-x CSe ceramics with (x = 0, 0.05, 0.10, 0.15)
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where r0 is the pre-exponential factor also called

conductivity at room temperature, T is the absolute

temperature, and KB is the Boltzmann constant. This

energy is essential for converting the bound charge

carrier into a movable one to participate in the con-

duction process and evaluated from the slope of the

curves which are fitted linearly. The presence of dif-

ferent slopes at various temperatures for every fre-

quency recommends the existence of multiple

conduction mechanisms with a different value of

activation energy [69].

In this figure, the different values of activation

energy are calculated from the corresponding differ-

ent values of the slope at high temperature describing

a particular conduction mechanism for all frequen-

cies. The different values of activation energy at dif-

ferent frequencies for all compositions are given in

Table 4.

It is noticed that with the rise in frequency the

values of activation energy reduce. The conductivity

raises with rise in temperature indicating the pres-

ence of NTCR behavior in the material. At high

temperatures, more amount of energy is required to

overcome the thermal fluctuation occurring due to

charge carriers. This is because, at low frequencies,

the conductivity is taken by mobility or transporta-

tion over long distances rather than by relaxation/

orientation mechanism. The energy required for the

relaxation/orientation process is greater than that

required for the mobility of charge carriers over

longer distances [70, 71]. The greater value of ac

conductivity at higher temperature demonstrates the

major character of ionic charge carriers like oxygen

vacancy during the sintering process given by the

following equation

O0 !
1

2
O2 " þV��

0 þ 2e� ð16Þ

where V��
0 indicates the oxygen vacancy, and this

increases the conductivity, gathering of space charge

in the boundary area, and also the loss factor [72, 73].

3.5 Modulus study

To detect electrode polarization, electrical conduc-

tivity, grain, and grain boundary conduction effect as

well as relaxation phenomena of the synthesized

material, the analysis of complex modulus is essen-

tially required. These parameters provide informa-

tion regarding electrical processes taking place in the

compounds at various frequencies and temperatures.

Dielectric relaxation suggests various microscopic

polarization processes occurring in the compounds

by the application of an external electric field. In

other words, dielectric relaxation is directly con-

nected with the decay rate of the polarization pro-

cesses. In this technique, the electrode polarization

gets suppressed, whereas capacitance value gets

dominated. Complex electrical modulus (M*) can be

defined by the following relations [74]

M� ¼ M0 þ jM00 ¼ jxC0Z ¼ 1

e� ; ð17Þ

where

M0 ¼ B
ðxRCÞ2

1þ ðxRCÞ2

" #

¼ B
x2s2

1þ x2s2

� �

or ½xC0Z
00� ð18Þ

and

M00 ¼ B
xRC

1þ ðxRCÞ2

" #

¼ B
xs

1þ x2s2

� �

or ½xC0Z
0� ð19Þ

In the above relations e� is the complex dielectric

permittivity, s = RC is the relaxation time, x = 2pf is
the angular frequency, and B = C0/C, where C is the

measured capacitance.

Figure 6 (insert) depicts the frequency dependence

of real part of modulus (M’) of the synthesized

samples, BNTC-CSn-CSe for all compositions (with

x = 0, 0.05, 0.10, 0.15) at different temperatures

(25–400 �C). For each composition, all-temperature

curves indicate that the value of M’ increases with an

increase in frequency. These curves (except the par-

ent compound) combine and attend the maximum

value (M0
max) at high frequency. In the low-frequency

region, the value of M’ is approaching zero. The

smallest values of M’ indicate the less or absence of

electrode and ionic polarization in that range of

temperature. This also maybe because of the presence

of conduction phenomenon as well as short-range

mobility of charge carriers. The mobility of charge

carriers is controlled by the electric field in the

absence of restoring force and the short-range

mobility of charge carriers primarily responsible for

the conduction process [75]. Figure 6 represents the

frequency dependence of the imaginary part of the

complex modulus (M00) of the studied compounds at

different temperatures (25–400 �C). It is apparent

from the graph that M00 attends a maximum value for

all compositions at a particular frequency called
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relaxation frequency. Imaginary modulus peaks are

experientially observed in the range of frequencies

where ions/charge carriers move a long distance. In

the region of high frequency, the ions are confined to

their potential wells and move locally. This peak

shifts towards the higher frequency region with an

increase in temperature. This nature of dielectric

relaxation suggests that the hopping mechanism of

charge carriers dominates intrinsically at higher

temperatures in a thermally activated process. The

asymmetric broadening of the peak depends on

temperature; hence the relaxation process of the dis-

similar time constant is achieved in the compound.

This suggests the non-Debye type of relaxation in the

materials [76].

Table 3 Comparison of resistance, capacitance, and constant phase elements of grain as well as grain boundary of BNT-CSn-CSe with

different concentrations (x = 0, 0.05, 0.1, 0.15) at various temperatures (25 –400�C)

Composition of the sample Temp. (oC) Model Cb(F) CPE(Q) Rb(X) Cgb (F) Rgb (F)

x = 0 25 (RQC) 2.90 9 10-10 5.13 9 10-08 9.46 9 106

50 (RQC) 9.05 9 10-10 3.45 9 10-10 9.26 9 105

100 (RQC) 6.07 9 10-09 4.98 9 10-10 8.81 9 105

150 (RQC) 1.50 9 10-08 5.88 9 10-10 2.65 9 107

200 (RQC) 2.11 9 10-09 7.19 9 10-10 6.10 9 107

250 (RQC) 3.98 9 10-08 8.00 9 10-10 7.14 9 107

300 (RQC) 7.26 9 10-10 1.58 9 10-09 7.28 9 107

350 (RQC) 8.13 9 10-10 2.34 9 10-09 8.66 9 107

400 (RQC) 6.80 9 10-10 3.24 9 10-09 1.19 9 108

x = 0.05 25 (RQC) 1.55 9 10-10 2.37 9 10-10 1.47 9 107

50 (RQC) 1.71 9 10-10 3.06 9 10-10 1.77 9 106

100 (RQC) 1.92 9 10-10 1.03 9 10-09 1.10 9 106

150 (RQC) 1.82 9 10-10 2.25 9 10-10 2.03 9 106

200 (RQC) 1.68 9 10-10 1.73 9 10-10 4.36 9 106

250 (RQC) 1.42 9 10-10 1.80 9 10-10 5.39 9 106

300 (RQC) 4.64 9 10-10 3.10 9 10-10 6.39 9 106

350 (RQC) (RC) 1.24 9 10-10 2.37 9 10-09 1.18 9 107 3.19 9 10-10 1.74 9 106

400 (RQC) (RC) 1.23 9 10-10 1.10 9 10-09 8.47 9 107 4.19 9 10-10 4.25 9 106

x = 0.10 25 (RQC) 2.67 9 10-10 1.35 9 10-08 3.30 9 106

50 (RQC) 2.95 9 10-10 5.73 9 10-09 1.22 9 106

100 (RQC) 2.88 9 10-10 4.61 9 10-10 1.05 9 107

150 (RQC) 2.83 9 10-10 5.04 9 10-10 1.47 9 106

200 (RQC) 2.74 9 10-10 3.74 9 10-10 1.20 9 107

250 (RQC) 2.80 9 10-10 2.33 9 10-09 2.69 9 107

300 (RQC) 2.77 9 10-10 6.07 9 10-09 4.69 9 107

350 (RQC) (RC) 2.69 9 10-10 1.21 9 10-08 5.76 9 107 8.04 9 10-07 4.68 9 107

400 (RQC) (RC) 2.66 9 10-10 3.25 9 10-08 9.15 9 107 2.30 9 10-07 5.34 9 107

x = 0.15 25 (RQC) 2.36 9 10-10 3.07 9 10-09 1.31 9 105

50 (RQC) 2.65 9 10-10 2.27 9 10-09 1.15 9 106

100 (RQC) 2.60 9 10-10 1.82 9 10-09 1.18 9 106

150 (RQC) 2.56 9 10-10 1.82 9 10-09 1.19 9 106

200 (RQC) 2.56 9 10-10 2.61 9 10-09 4.53 9 107

250 (RQC) 2.54 9 10-10 2.86 9 10-09 4.86 9 106

300 (RQC) 2.54 9 10-10 5.83 9 10-09 1.15 9 107

350 (RQC)

(RC)

2.26 9 10-10 1.75 9 1009 3.49 9 107 2.07 9 10-09 5.26 9 107

400 (RQC) (RC) 2.38 9 10-10 9.81 9 10-09 4.11 9 10 7 2.50 9 10-09 1.97 9 107

J Mater Sci: Mater Electron (2021) 32:11547–11567 11561



3.6 JE characteristics

The room-temperature J–E characteristics (leakage

current characteristics) of the synthesized material,

BNTC-CSn-CSe for all compositions (with x = 0, 0.05,

0.10, 0.15) are studied from I-V data as shown in

Fig. 7a. These J–E curves are taken in both negative

and positive bias (with E varies from - 100 kV/cm to

100 kV/cm through 0), and are very symmetric on

both sides which confirm the Ohmic nature. Out of

100 kV/cm of the electric field value up to 1 kV/cm,

the leakage current density (J) increases very sharply

for both sides and all compositions. Similarly, up to

50 kV/cm, the J value rises slowly and has a satura-

tion value, and after that, the J value becomes almost

constant. From this graph, it is clear that with the

addition of CSn-CSe in equal percentage, the J values

decrease effectively and are found to be 3.98 9 10–5,

1.02 9 10–5, 2.0 9 10–6, and 1.52 9 10-7A/cm2 for

x = 0, 0.05, 0.10, and 0.15, respectively. These values

suggest that for x = 0.15, the attained J values are of

two order less than that of pure BNT compound

suggesting very good application for device fabrica-

tion [77, 78]. The J–E characteristics, plotted in loga-

rithm scale for all compositions, are shown in Fig. 7b.

In the low-field region, the leakage current density (J)

possesses a small value, and with an increase in an

applied electric field, the J value raises suddenly,

which proposes various conduction mechanisms

governing the conduction process. This applied

voltage (E) dependence current density(J) plot fol-

lows a power-law behavior with two different slopes

in two voltage regions which is given by J � En, i.e.,

n ¼ dðlog JÞ
dðlogEÞ ; ð20Þ

where n is the power index or slope of log J *log

E plot and have the different values in both low and

high voltage regions. In lower voltage region n = 1

(i.e., J � E) known as the ohmic region and in higher

voltage region n = 2 (i.e., J � E2) known as space

Fig. 6 Frequency dependence ofM’ andM’’ (1–2x) BNT-x CSn-x CSe ceramics at different temperatures (25–400 �C) with (x = 0, 0.05,

0.10, 0.15)
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charge limited conduction (SCLC) region or trapped

charge limited region.

Here, in this case, the only first region is taken

where log J varies directly with log E suggesting the

presence of Ohmic conduction in studied com-

pounds. In the region of the high electric field, the

values of the slope are not found to be& 2 indicating

SCLC is absent, hence only lower voltage region is

considered for application [79]. The Ohmic, as well as

SCLC conduction mechanisms can also be described

by the following relation

J ¼ qln0E; ð21Þ

where q is the standard electric charge, l is the

transport band electron mobility, n0 is the charge

carriers which are thermally generated, and E is the

applied electric field [80]. The ohmic nature in the

lower field region is due to the existence of an excess

amount of thermally generated charge carriers. For

further investigation of the JE characteristics, another

conduction mechanism has been considered known

as Schottky emission (SE) (log J versus E1/2) shown in

Fig. 7c. Depending upon the nature of charge trans-

portation, the experimentally observed data should

satisfy linear fit, whereas the theoretical magnitude of

slopes should determine the optical dielectric con-

stant of samples. This straight-line fitting specifies

that the creation of a Schottky-type barrier between

the electrode and insulating layer causes difficulty for

Fig. 7 a log J versus E plot b log J versus log E plot, c log J versus E1/2 plot of (1–2x) BNT-x CSn-x CSe at room temperature for different

concentrations (x = 0, 0.05, 0.1, and 0.15)
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the electrons to cross it, hence results the minimal

conduction.

The Schottky–Richardson current–voltage relation

is given by

log Js ¼ logAT2 � /b

KBT
þ bsE

1=2 ð22Þ

and

bs ¼
1

KBT

q3

4pere0

� �1
2

; ð23Þ

where Js is the current density across the Schottky-

type barrier, A is a constant known as Richardson

constant, KB is the Boltzmann constant, T is the

absolute temperature, ub is the height of Schottky

barrier (voltage across the barrier), and E is the

electric field [81–83]. The above relations specify that

log Js varies directly with E1/2. Here in the studied

materials, for all compositions, the log J versus E1/2

plots is non-linear which suggests that the SE mech-

anism is absent.

3.7 Polarization study

Ferroelectric behavior of the synthesized compound

BNT-CSn-CSe at different concentrations (x = 0, 0.05,

0.1, 0.15) is confirmed from the room-temperature

polarization study as shown in Fig. 8. In the case of

normal dielectric material, a linear relation is found

between electrical polarizations (P) and applied

electric field (E), in other words, we can say that

P varies directly with E. However, for ferroelectric

materials, instead of the linear relation, a hysteresis

loop is established, and this is the significant char-

acteristic of such type of materials. In the present

study, the ferroelectric loops for all compositions

were taken at room temperature (25 �C) at a constant

frequency (50 Hz) and applied field of 12 kV/cm on

the different thickness of samples 2.34 mm, 2.23 mm,

1.91 mm, and 2.11 mm for x = 0, 0.05, 0.10, 0.15,

respectively. It is notice in the graphs that the applied

field is not sufficient to give a saturated P–E loop due

to experimental limitation. On the other hand, the

observed loop also confirms the existence of the fer-

roelectric behavior of the studied materials. The

unsaturated hysteresis loop is also due to the leakage

current of the sample. The area under the loop

determines the dissipation of the energy of the sam-

ple. According to the review of literature, at room

temperature, the remnant polarization (Pr) and the

coercive field (Ec) of the pure Bi0.5Na0.5TiO3 (BNT)

compound are found to be 38lC/cm and 73 kV/cm,

respectively [84]. The coercive field is the field where

the remnant polarization becomes zero. Here, the 2Pr

and Ec of the compounds are found to be (0.128 and

2.393), (0.119 and 2.661), (0.166 and 2.371), (0.369 and

3.111) for x = 0, 0.05, 0.1, 0.15, respectively. This

result shows that with an increase in the concentra-

tions the value of 2Pr and Ec increases.

4 Summary and conclusion

The polycrystalline samples of BNT-CSn-CSe with

different concentrations x = (0, 0.05, 0.10, 0.15) were

successfully synthesized using a standard high-tem-

perature solid-state reaction technique. The calcina-

tion and sintering temperature were optimized at

925 �C and 950 �C, respectively, by a repeated firing

method. Structural as well as different electrical

behaviors (dielectric, impedance, conductivity, mod-

ulus) of the parent BNT compound and with the

substitution of an equal percentage of CaSnO3 and

CaSeO3 (i.e., for x = 0.05, 0.10, 0.15) are studied as a

function of both frequency and temperature. Pre-

liminary structure study is performed by room-tem-

perature XRD pattern indicating that the samples

exhibit rhombohedral phase with the non-Centro

symmetry space group R3c, achieved from JCPDS

diffraction pattern. For better information regarding

structural analysis, Rietveld refinement was carried

out by using Maud software. The frequency depen-

dence of dielectric constant (relative permittivity)

obeys the Maxwell–Wagner theory based on Koop’s

bi-layers model, and also gives information regarding

types of polarization mechanism, while the dielectric

loss explains the dipole relaxation behaviors. The

compounds possess a high dielectric constant and

low tangent loss at room temperature, making them

attractive for device applications. The maximum

value of dielectric constant and loss tangent of the

pure BNT compound at 1 kHz was found to be 1653

and 0.27, respectively. In the temperature depen-

dence of dielectric curves, two anomalies first one is

observed around 210 �C responsible for the phase

transition from ferroelectric to anti-ferroelectric, and

the second one is observed around 320 �C signifying

the anti-ferroelectric to the paraelectric phase transi-

tion. The impedance spectroscopy reveals that the

material shows NTCR (semiconductor) behavior in
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the low-temperature region (25–100 �C) and PTCR

(positive temperature coefficient of resistance) is

found in the high-temperature region i.e.,

(150–400 �C). In the Nyquist plots, all the impedance

curves are fitted by the equivalent circuit elements to

determine the presence of grain and grain boundary

effects. The parent compound (BNT) shows only

grain effect, whereas the other higher composition

shows grain effect up to 300 �C and both grain and

grain boundary effect from 350 to 400 �C. The grain

and grain boundary resistances, as well as capaci-

tances, shown in Table 3 gives complete information

about NTCR and PTCR behaviors. The depressed

semicircular arcs at 300 �C with depression angles

(hg) are equal to 3.05�, 2.39�, 6.39�, and 10.8� for x =

0, 0.05, 0.10, 0.15, respectively, confirming the non-

Table 4 Comparison of

activation energy (Ea) of

(1–2x) BNT-x CSn-x CSe with

(x = 0, 0.05, 0.1, 0.15) at

different frequencies (1 kHz–

1 MHz)

Activation energy (Ea) (eV)

Composition (x) Frequency(kHz)

1 5 10 50 100 300 500 1000

0.00 0.3004 0.2501 0.2254 0.2025 0.2018 0.1548 0.1218 0.1005

0.05 0.7414 0.6031 0.5532 0.3433 0.2094 0.2011 0.1939 0.1630

0.10 0.6515 0.5162 0.4718 0.3805 0.3639 0.3484 0.3228 0.2711

0.15 0.6324 0.5203 0.4709 0.3454 0.3162 0.3076 0.2922 0.2905

Fig. 8 P–E hysteresis loop of (1–2x) BNT-x CSn-x CSe ceramics with different concentrations (x = 0, 0.05, 0.1, 0.15) at room

temperature
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Debye-type relaxation behavior of the material. The

frequency dependence of the ac conductivity obeys

Jonscher’s power law. In the temperature depen-

dence ac conductivity, the activation energy (Ea) is

calculated from the Arrhenius equation and the

separate values of slopes at different temperatures,

proposing the multiple conduction mechanism with

different Ea. The modulus spectrum helps to under-

stand the transport phenomenon and the existence of

the dielectric relaxation mechanism in the studied

compound. J–E characteristics suggest that the Ohmic

nature (slope nearly equal to one) of the compound

and Schottky emission is absent in the material. The

nature of the P–E hysteresis loop confirms the exis-

tence of the ferroelectric behavior of the synthesized

compounds. Consequently, the above electrical

characteristics of the material suggest that the mate-

rial can be used as electronic appliances for multi-

functional applications.
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Muñoz-Saldaña, Materials 11, 361 (2018)

14. H. Lian, R. Cheng, Y. Qiu, J. Shi, X. Chen, J. Mater. Sci.

(2020). https://doi.org/10.1007/s10854-020-03331-9

15. J. Yin, C. Zhao, Y. Zhang, J. Wu, J. Am. Ceram. Soc. 100,

5601–5609 (2017)

16. S. Zinatloo-Ajabshir, M. Baladi, M. Salavati-Niasari, Ultra-

son Sonochem 72, 105420 (2021)

17. S. Zinatloo-Ajabshir, M. Baladi, O. Amiri, M. Salavati-Ni-

asari, Sep. Purif. Technol. 248, 117062 (2020)

18. S. Zinatloo-Ajabshir, M.S. Morassaei, O. Amiri, M. Salavati-

Niasari, Ceram. Int. 46, 6095–6107 (2020)

19. S. Zinatloo-Ajabshir, M.S. Morassaei, O. Amiri, M. Salavati-

Niasari, L.K. Foong, Ceram. Int. 46, 17186–17196 (2020)

20. S.A. Heidari-Asil, S. Zinatloo-Ajabshir, O. Amiri, M. Sala-

vati-Niasari, Int. J. Hydrog. Energy 45, 22761–22774 (2020)

21. S. Zinatloo-Ajabshir, Z. Salehi, O. Amiri, M. Salavati-Ni-

asari, Int. J. Hydrog. Energy 44, 20110–20120 (2019)

22. M.S. Morassaei, S. Zinatloo-Ajabshir, M. Salavati-Niasari,

Adv Powder Technol. 28, 697–705 (2017)

23. S. Moshtaghi, S. Zinatloo-Ajabshir, M. Salavati-Niasari, J

Mater Sci: Mater Electron 27, 425–435 (2016)

24. S. Zinatloo-Ajabshir, Z. Salehi, M. Salavati-Niasari, J. Clean.

Prod 192, 678–687 (2018)

25. S. Zinatloo-Ajabshir, Z. Salehi, O. Amiri, M. Salavati-Ni-

asari, J. Alloys Compd. 791, 792–799 (2019)

26. X.Y. Chen, C.M.S.P. Bao, H.Y. Zhang, J. Alloys Compd. 497,

354–359 (2010)

27. B. Lei, B. Li, H. Zhang, W. Li, Opt. Mater. 29, 1491–1494

(2007)

28. S. Shojaei, S.A. Hassanzadeh-Tabrizi, M. Ghashang, Ceram.

Int. 40, 9609–9613 (2014)

29. Z. Lu, J. Liu, Y. Tang, Y. Li, Inorg. Chem. Commun 7,

731–733 (2004)

30. J.M. Henriques, E.W.S. Caetano, V.N. Freire, J.A.P. da Costa,

E.L. Albuquerque, J. Phys.: Condens. Matter 19, 106214

(2007)

31. H. Mizoguchi, P.M. Woodward, Chem. Mater. 16, 5233–5248

(2004)
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