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Abstract
This research article deliberates the structural, electrical and leakage current characteristics of strontium stannate- selenites, 
(Sr(Sn,Se)O3) modified bismuth potassium titanate  (Bi0.5K0.5TiO3) compound of chemical compositions (1-2x)  (Bi0.5K0.5)
TiO3-x  (SrSnO3)-x  (SrSeO3) (x = 0, 0.05, 0.10, 0.15). The compounds have been synthesized through a solid-state reaction 
process with calcination temperature = 1000 °C and sintering temperature = 1050 °C for 5 h each. The room temperature 
XRD spectrum indicates the development of single-phase ceramics with tetragonal symmetry. Detailed investigations of the 
electrical characteristics as a function of frequency (1 kHz to 1 MHz) and temperature (25–500 °C) are obtained using the 
programmable phase-sensitive meter. The leakage current (J–E) properties of the materials have shown a very small amount 
of leakage current density with the existence of an Ohmic conduction mechanism. The room temperature polarization study 
through the hysteresis loops confirms the ferroelectric properties of the studied materials. The remarkable experimental 
results obtained here suggest the usefulness of the prepared materials in various electronic devices.

Keywords XRD spectrum · Single-phase · Leakage current · Ohmic conduction · Ferroelectric

1 Introduction

Lead zirconate titanate, Pb(Zr,Ti)O3 (PZT), has been rec-
ognized as a lead-based piezoelectric compound, with a 
perovskite structure. Because of their excellent piezoelec-
tric (i.e., large piezoelectric constant and high-temperature 
stability) and electrical characteristics, they have widely 
been used in the application of different electronic devices 
including sensors, actuators, resonators, transducers, trans-
formers, wave filters, hydrophones, etc. [1]. PZT exhibits a 
remarkable phase boundary that separates the region with 
tetragonal and rhombohedral symmetry called the MPB 
(morphotropic phase boundary) as reported by Jaffe et al. 
[2]. Above the Curie point (Tc = 350 °C), the unit cell of 
PZT shows a simple cubic structure and does not show the 
ferroelectric and electric properties but below Tc, it shows 
either rhombohedral (Zr-rich) or tetragonal (Ti–rich) sym-
metry depending upon the concentration of Zr and Ti. The 
zirconium-rich rhombohedral phase shows the two space 

groups, R3m and R3c and the titanium-rich tetragonal phase 
has a space group, P4mm [3]. Although PZT has so many 
advantages, but the toxic evaporation of lead oxide at the 
time of sintering caused severe environmental pollution, and 
this is also associated with the use as well as the disposal 
of the components [4]. Hence, in recent years, significant 
attention has been provided to the use of lead-free piezo-
electric and ferroelectric compounds as an alternative to 
overcome these problems. Among the lead-free ferroelec-
tric compounds, bismuth potassium titanate  (Bi0.5K0.5TiO3) 
(abbreviated as BKT) has been taken as the most promising 
candidate for device applications because of its excellent 
ferroelectric and related properties. BKT shows a stable 
perovskite structure with a comparatively high Curie tem-
perature  (Tc = 380 °C–420 °C) than that of  Bi0.5Na0.5TiO3 
(320 °C). Hence, this material has been used in different 
applications including resonators, micro-electro-mechanical 
systems (MEMS), filters, etc. [5]. BKT shows a tetragonal 
crystal structure (point group, 4 mm) having unit cell param-
eters, a = 3.941 Å, c = 4.000 Å [6]. The piezoelectric, dielec-
tric, and ferroelectric properties of BKT were reported by 
Hiruma et al. [7] such as the dielectric constant εr = 770, the 
remnant polarization  (Pr) = 22.2 µC/cm, as well as a coer-
cive field  (Ec) = 52.5 kV/cm. However, BKT shows some 
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disadvantages including high electrical conductivity and 
a large coercive field  (Ec), which cause difficulty in pol-
ing process of the ceramic. To overcome this problem, the 
substitution of some other compounds is made in the pure 
BKT to enhance its ferroelectric and other electrical prop-
erties [8]. In the present work,  SrSnO3 and  SrSeO3 have 
been added in equal amounts (i.e., in 5%, 10%, and 15%) 
to the parent BKT sample to study the change in the physi-
cal properties of the compound.  SrSnO3 (SSn) belongs to 
alkaline earth stannates, which are widely used in the fields 
of industries and technical applications such as chemical 
sensors, humidity sensors, gas sensors, semiconductor sen-
sors, Li-ion batteries, antistatic coatings, etc. SSn is con-
sidered as a wide band gap (4–5 eV) semiconductor with 
low effective mass [9]. SSn shows three non-cubic poly-
morphs such as (i) orthorhombic phase (space group, Pnma) 
at room temperature, (ii) orthorhombic phase (space group, 
Imma) at 632 °C < T < 789 °C, and (iii) tetragonal phase 
(space group, I4/mcm) at T > 789 °C [10]. The room tem-
perature orthorhombic crystal system (space group, Pnma) 
shows the lattice parameters; a = 5.717 Å, b = 5.729 Å, 
c = 8.084 Å [11]. Similarly,  SrSeO3 (SSe) belongs to the 
family of alkaline earth selenites having the standard for-
mula  XSeO3 (X = Ba, Sr, Ca) and has also drawn great 
attention from researchers due to its attractive ferroelectric 
properties. The selenium compounds having 4 + oxidation 
states comprise versatile applications according to their 
practice as well as scientific value. These compounds are 
used in the fields of electronic industries, agriculture organic 
synthesis, medicine, glass industries, chemical laboratories, 
etc. [12]. The metal selenites which possess transition met-
als with  d0 electronic configuration have widely been taken 
for research because of their potential applications in the 
field of photoelectric materials, such as piezoelectric ceram-
ics, second-order NLO (nonlinear optical) compounds, and 
pyroelectric [13].  SrSeO3 exhibits a monoclinic centrosym-
metric structure (space group,  P21/m) with the cell constant; 
a = 4.456(1) Å, b = 5.478(1) Å, c = 6.574(1) Å, β = 107.34 
(1)°, cell volume (V) = 153.2(1) Å3, (where the number in 
parenthesis is the standard deviation), calculated density 
(ρcal) = 4.65 g/cm3 and coordination number Z = 2. Here, 
 Sr2+ cations are of ninefold coordination with the average 
bond length of Sr–O = 2.741 Å. [14]. The  SeO2-containing 
glass possesses high ionic conductivity at room tempera-
ture (i.e.,  10−3–10−4 S/cm) due to the high value of polariz-
ability of the selenium ion [15]. The complex composition 
of  SeO2 glasses acts as a potential candidate for technical 
applications including super ionic semiconductors, non-
linear optical devices, reflecting windows, sensors, soluble 
micro-fertilizers, infrared transmission components, etc. The 
major benefit of introducing  SeO2 to glass composition is its 
capability of decreasing the melting point of the composi-
tions and modifying the optical properties [16]. Considering 

the above remarkable results of SSn and SSe, in this work 
we have synthesized the Sr(Sn,Se)O3 modified  (Bi0.5K0.5)
TiO3 ceramics. The electrical, ferroelectric, and leakage 
current characteristics of the pure BKT ceramics have been 
improved extensively with the addition of an equivalent 
amount of SSn-SSe to it.

2  Experimental

Sr(Sn,Se)O3 modified  (Bi0.5K0.5)TiO3 polycrystalline com-
pounds with a chemical composition (1–2x) [(Bi0.5  Ka0.5) 
 TiO3] + x  (SrSnO3) + x  (SrSeO3) (i.e., BKT-SSn-SSe) with 
x = 0, 0.05, 0.10 and 0.15 have been prepared through a 
cost-effective mixed oxide reaction route. The AR grade 
oxides and carbonates such as  Bi2O3 (99.0%),  K2CO3 
(> 98%),  TiO2 (99.5%),  SrCO3 (99.9%),  SnO2 (99.9%) all 
from M/s Loba Chemie Co Ltd and  SeO2 (> 98%) from 
M/S Merck-Schuchardt were stoichiometrically taken by 
high precision digital balance and systematically mixed 
in an agate mortar and pestle in both dry and wet grinding 
mode for 4 h each. The homogeneously mixed powders 
were calcined at 1000 °C for 5 h in a high-temperature 
muffle furnace by using a cylindrical alumina crucible 
(M/S ANTS ceramics).

As some parts of bismuth oxide may get evaporated at 
high temperatures, 2% of extra  Bi2O3 was taken to compen-
sate for the loss (if any) during the synthesis. The calcinated 
samples were ground to a fine powder and while preparing 
cylindrical pellets, they were homogeneously combined with 
a few drops of PVA (binder) solution for better binding. The 
cylindrical pellets with a diameter of around 12 mm and 
thickness of around 1–2 mm were formed using a KBr press 
at a hydraulic pressure of 4 ×  105 N/m2. The prepared pellets 
were sintered in a muffle furnace at 1050 °C for 5 h. The 
room temperature X-ray spectrum of the calcined powders 
was carried out through the diffraction data recorded from 
the Rigaku Ultima IV diffractometer having CuKα radiation 
with λ = 1.5405 Å to give information regarding the crystal 
structure. A thin coating of silver paint was done on the 
two opposite surfaces of pellets and heated at 150 °C for 
2 h before the electrical measurements of the samples. The 
phase-sensitive meter (N4L model PSM 1735) was used for 
different electrical measurements and the data were recorded 
within 1 kHz–1 MHz of frequency and 25 °C–500 °C of 
temperature. J-E characteristics of the compounds were 
verified by using an electrometer (Keithley, model 6517B). 
P–E loop tracer (Marine India) was used to trace the room 
temperature hysteresis loops of the samples. For detailed 
information about the experimental procedure, the schematic 
diagram of the experimental configuration of the solid-state 
reaction method and characterization is given in Fig. 1.
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3  Results and discussions

3.1  Structural analysis

The room temperature X-ray diffraction spectrum of the cal-
cined powders of the synthesized material BKT-SSn-SSe at 
different compositions is given in Fig. 2. The XRD spectrum 
displayed the formation of the pure perovskite structure of 
the compound without any impurity phase or/and individual 
phases of the oxides and carbonates used as the ingredients 
for the material. The characteristic peaks of the prepared 
materials ranging from 20 to  80o (on a 2θ scale) are com-
pletely different from those of the constituent ones indicating 
the development of new perovskite samples. The polycrys-
talline nature of the prepared materials was described from 
the analysis of the diffraction peak intensity and from the 
pattern of the XRD. The materials crystallize in the tetrago-
nal symmetry of bismuth potassium titanate  (Bi0.5K0.5TiO3), 
and all the peaks were indexed by using the X'Pert High-
score software (reference code ICDD-00–036-0339).

The obtained lattice parameters along with crys-
tal data are given as a = b = 3.9180 Å and c = 4.0130 Å, 
α = β = γ = 90°, Z = 1 with density = 5.93 g/cm−3 and cell 

volume = 61.60 Å3. It is found that with the increase in the 
amount of the substituted materials (i.e., SSn-SSe) in BKT, 
the peaks of the XRD pattern move toward the left (the lower 

Fig. 1  Experimental configuration of solid-state reaction method and characterization

Fig. 2  Room temperature XRD spectrum of (1-2x) BKT + x SSn + x 
SSe ceramics at various concentrations
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value of 2θ) because of the greater ionic radius of the substi-
tuted materials than that of pure BKT compound.

For detailed structural analysis of the prepared materi-
als, the Rietveld refinement method was carried out, uti-
lizing Maud software using the CIF file (CIF: NIMS_Mat-
Navi_4295517175_1_2) of  (Bi0.5K0.5)TiO3 compound with 
tetragonal crystal system (space group, P4mm). In Fig. 3, the 
black solid symbols are the experimentally observed data/
pattern, the red line symbolizes the Rietveld refinement 
simulation, and the green solid symbol represents the cor-
responding Bragg’s position of the diffraction peaks. The 
refinement quality (validity), which is shown by a blue solid 
line in the plots, is determined by the difference between 
observed data and calculated data.

The reliability parameters (R-values) such as  Rwp, Rb, 
Rexp, and the goodness of fit (σ) are commonly used to repre-
sent the quality (accuracy) of the Rietveld refinement and the 
obtained cell parameters are tabulated in Table 1. The values 
of the cell parameters/ lattice constants of the prepared mate-
rial (SSn-SSe modified BKT) show comparatively smaller 

values than that of the previous work i.e.,  BaSnO3–BaSeO3 
(BSn-BSe) modified BKT ceramics [17]. This is because of 
the fact that the ionic radius of the substituted cations and 
the lattice parameter increases almost linearly with the ionic 
radius of the substituted cations [18]. The ionic radius of 
 Ba2+ (1.35 Å) is higher than the ionic radius of  Sr2+ (1.18 Å) 
[19]. The crystallite size (D) and strain (ε) of the samples 
are calculated by using the Williamson–Hall equation [20] 
given by,

 
Here β indicates the FWHM, θ is the Bragg diffraction 

angle of the considered peak, λ represents the wavelength 
of CuKα radiation = 1.5406 Å, and k is the dimensionless 
form factor with a constant value of 0.89 for the tetragonal 
unit cell.

In Fig. 4, the slope and the intercept of the graph deter-
mine the strain and crystallize size of the compounds, 

(1)� cos � = 4� sin � +
k�

D

Fig. 3  Rietveld Refinement (1-2x) BKT + x SSn + x SSe ceramics at various concentrations
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respectively. The values of crystallite size and strain of 
the studied materials are given in Table 1. The crystallite 
size of the compounds increases with the increase in the 

substitution percentage as the ionic radius of the substi-
tuted materials is higher than at of the parent compounds.

Table 1  Unit cell dimension, 
reliability parameters, and 
crystallite size of (1-2x) 
BKT + x SSn + x SSe ceramics 
at various concentrations

Composition (x) Crystal structure 
and
space group

Lattice param-
eters (Å)

Reliability parameters (%) Crystallite 
Size(D) and
lattice strain (ε)

a c Rwp Rb Rexp gof D
(nm)

ε

0 Tetragonal
and
P4mm

3.930 3.918 10.17 10.83 9.33 1.09 56 0.0049
0.05 3.934 3.943 12.87 9.62 9.79 1.31 63 0.0057
0.10 3.945 3.954 14.62 9.69 9.70 1.50 64 0.0058
0.15 3.947 3.963 14.95 10.14 9.81 1.52 66 0.0063

Fig. 4  Williamson–Hall plot of (1-2x) BKT + x SSn + x SSe ceramics at various concentrations
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3.2  Dielectric characteristics

The dielectric investigations specify the dielectric proper-
ties of a material as a function of frequency and tempera-
ture. The dielectric characteristics of ferroelectric materials 
mainly depend upon two components such as (i) dielectric 
constant (εr), and (ii) loss tangent (tan δ). These two fac-
tors are very significant and decide the application potential 
of the dielectric materials. They are strongly dependent on 
the structure, chemical composition, defects that exist in 
the compound, and the experimental conditions (i.e., fre-
quency, temperature, etc.) The dielectric constant determines 
the charge-holding capacity of the sample, and on the other 
hand, tan δ is defined as the ratio of energy loss to the energy 
stored in a capacitor. The dielectric characteristics examine 
the two fundamental electrical properties of the compounds, 
such as (i) the capacitive insulating nature (which signifies 
the electrical charge-storing capacity of the material), and 
(ii) the conduction nature (which signifies the ability of the 
material to transfer electric charge). In this work, the fre-
quency and temperature variation of dielectric constant (εr) 
and dielectric loss (tan δ) are investigated. Dielectric proper-
ties of solid materials can be well explained as a function of 
the frequency of applied electric field, temperature, crystal 
structure, and other parameters. The dielectric constant of a 
material is represented by,

Here εr' and εr" are the real and imaginary components 
of the dielectric constant, signifying the amount of energy 
stored in a dielectric material as polarization and energy 
loss, respectively [21]. The frequency-dependent real part 
of the dielectric constant (εr') can be calculated by using 
the relation,

Here Cp represents the capacitance of the specimen in 
Farad (F), t is the thickness of the pellet, ε0 represents the 
permittivity of free space and A stands for the area of the 
flat surface of the sintered pellet. Similarly, the complex or 
imaginary components of the dielectric constant (εr") can be 
obtained by the equation,

where tan δ is the dielectric loss which is proportional to 
the loss of energy from the applied field into the sample 
(this energy is dissipated as heat) and therefore denoted as 
dielectric loss and θ is the phase angle.

(2)�r = ��
r
− j���

r

(3)��
r
=

Cpt

�0A

(4)���
r
= ��

r
tan �, and

(5)� = 90◦ − �

Fig. 5  Effect of frequency on 
dielectric constant at various 
temperatures (25 °C–500 °C) 
of (1-2x) BKT + x SSn + x SSe 
ceramics at various concentra-
tions
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3.2.1  Frequency variation of dielectric characteristics

Figures 5, 6 show the frequency variation of relative permit-
tivity/ dielectric constant as well as tangent loss of the stud-
ied compound (BKT-SSn-SSe) for varying amounts of addi-
tives (such as 0, 5%, 10%, and 15%) in BKT over a broad 
temperature (25 °C–500 °C) and frequency (1 kHz–1 MHz) 
ranges.

The relative permittivity shows high values in low-fre-
quencies sites and starts to decrease with an increase in 
frequency. The decrease in dielectric constant is rapid at 
low frequencies and becomes slow at higher frequencies, 
approaching towards the frequency-independent behavior. 
This type of trend suggests the existence of dielectric disper-
sion in low-frequency sites and it confirms the ferroelectric 
as well as dielectric characteristics of the materials [22]. In 
composites, in lower frequencies, the high value of εr, cor-
responds to the heterogeneous conduction [23], but in some 
cases, the polaron hopping may cause low-frequency disper-
sion. The dispersion is rapid at lower frequencies but it is 
slow and approaches almost frequency-independent behavior 
at high frequencies (microwave frequency).

In the low-frequency site, different kinds of polarization 
processes are observed such as deformational (electronic 

and ionic), and relaxation (orientational and interfacial) 
polarization. The net polarization of the dielectric ceramics 
is defined as the sum of all four kinds of polarizations [24]. 
First, electronic polarization arises because of the displace-
ment of valence electrons with respect to the positive nucleus 
and this polarization appears at frequencies up to  1016 Hz. 
Second, the ionic polarization is obtained owing to the dis-
placement of positive and negative ions with respect to each 
other and this polarization occurs up to  1013 Hz. Third, the 
dipolar polarization found in the sample has molecules with 
permanent electric dipole moments capable of changing ori-
entation into the direction of the applied electric field and the 
maximum frequency for this polarization is  1010 Hz. Finally, 
the space charge polarization appears as a result of the 
impedance of mobile charge carriers by interfaces, and such 
type of polarization typically takes place in the frequency 
range of 1–103 Hz. Ionic polarization plays a significant role 
in total polarization. Orientational polarization takes more 
time than electronic and ionic polarization hence decreases 
with frequency rise [25]. Therefore, εr shows the maximum 
value at the low-frequency sites and then decreases as some 
polarizations diminish with an increase in frequency, and 
after a certain frequency limit except electronic polarization, 
all polarization processes vanish entirely. The dispersion 

Fig. 6  Effect of frequency on 
loss tangent at various tempera-
tures (25 °C–500 °C) of (1-2x) 
BKT + x SSn + x SSe ceramics 
at various concentrations
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dielectric graph could be specified by the Maxwell–Wagner 
theory of Koop’s bi-layer model [26, 27]. This signifies that 
the dielectric material consists of two inhomogeneous lay-
ers such as the good conducting grains as well as the poor 
conducting grain boundaries. The charge carriers/ electrons 
are more active at grains and grain boundaries in the higher 
and lower-frequency sites, respectively. More energy is 
essential for the movement of the charge carriers in the low 
frequency. Since the grain boundaries offer high resistance, 
the charge carriers gather at the grain boundary and create 
a large amount of space charge polarization, resulting in a 
high value of the dielectric constant in this region of low 
frequency. In the high-frequency range, the energy required 
to move the charge carriers is less because the grains offer 
low resistance, hence dielectric constant is also low in the 
regions of high frequency [28]. It is also found that the value 
of the dielectric constant rises with an increase in tempera-
ture suggesting the interaction between electron and pho-
non [29]. In electron-lattice interaction, the energy exchange 
between electrons and lattice is because of the adsorption 
and radiation of phonons and is called the electron–phonon 
interaction. Moreover, the considerable increase in dielectric 
constant at high temperatures is observed at the lower fre-
quency of 1 kHz, which is caused by the increased electrical 
conductivity [30]

Dielectric loss (tan δ) is represented as dissipated energy 
in a dielectric system. It is considered to be caused by 
domain wall resonance. According to Eq. (4) tan δ is pro-
portional to the imaginary part of the dielectric constant. 
In Fig. 6, the values of dielectric loss decline with a rise in 
frequency proposing that it varies inversely with frequency 
and this is the common property of dielectric compounds. 
The reduction in tan δ with frequency can be attributed to 
the fact that, at low frequencies, the value of tan δ is because 
of the movement of ions in the material. At moderate fre-
quencies, tan δ is owing to the contribution of ion jumps, 
conduction loss of ion migration as well as ion polarization 
losses. Whereas for higher frequencies, ion vibration acts as 
the only source of loss tangent and therefore tan δ has the 
minimum value in this region [31].

The high values of tan δ in the lower frequency region 
are also because of the higher resistance of the grain bound-
ary as the electrons in the grain boundaries are more active 
at low- frequencies, and similarly, the reverse situation is 
observed in the higher frequency site where the electrons 
in the grains are more active and the lower values of grain 
resistance produce low tan δ. On the other hand, the decrease 
in loss tangent with frequency rise may explain the dipole 
relaxation phenomenon [32]. With the addition of SSn-
SSe to BKT, the value of dielectric loss first reduces for 
x = 0.05 and then rises for other higher concentrations (i.e., 
for x = 0.10, and 0.15).
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The maximum values of the dielectric constant at 1 kHz 
are found to be 3432, 1658, 4533, and 4975 for x = 0, 0.05, 
0.10, 0.15, respectively. Similarly, the tangent loss values are 
observed to be 1.820, 0.285, 0.783, and 0.293 for x = 0, 0.05, 
0.10, 0.15, respectively. Table 2 listed the maximum values 
of dielectric constant and loss tangent of the BKT-based 
compounds at various compositions at 1 kHz. This table 
confirms that the present material shows the maximum value 
of the dielectric constant in comparison to others and this is 
one of the advantages of the prepared materials over others.

3.2.2  Temperature dependence of dielectric characteristics

The effect of temperature on relative permittivity along 
with loss tangent of the synthesized materials for different 
compositions at some selected frequencies (1 kHz–1 MHz) 
is given in Figs.  7 and 8, respectively. In Fig.  7, it is 
observed that the values of εr remain constant up to par-
ticular values of frequency for all temperature, and with 
a further rise in temperature the values of εr increase and 
become maximum at a particular temperature and then 
decreases with temperature rise. In this graph, a broad 
dielectric peak is observed between 360 and 420 °C. This 
peak suggests the phase transition from ferroelectric to 
paraelectric phase and is called the transition temperature 
(Tc). In this graph, with increases in substitution percent-
age, the dielectric peak becomes more and more diffused 

and disappears gradually. Here for x = 0.15, the dielec-
tric peak is absent. The observed peak (i.e., the Tc val-
ues) at different frequencies slightly changes and shifts 
towards a higher value of temperature with an increase in 
frequency. This frequency dispersion of Tc indicates that 
BKT ceramics are typical relaxor-structure ferroelectrics 
[7, 38]. The relaxor behavior in BKT ceramics confirms 
the positional disorder between  K+ and  Bi3+ cations on a 
12-fold coordinated site. The dielectric loss also exhibited 
a similar feature in the studied temperature region asso-
ciated with frequency-dependent maximum temperature 
[30]. A typical relaxor ferroelectric exhibit the following 
features [39]: (1) the ferroelectric to paraelectric phase 
transition extends over a broad temperature region (diffuse 
phase transition) in contrast with the sharp phase transition 
frequently observed in normal ferroelectrics; (2) no macro-
scopic structural change is observed during this transition; 
(3) the temperature of the maximum dielectric constant 
(Tmax) shifts toward a higher temperature, while its value 
decreases as the measuring frequency is increased over 
several orders of magnitude within the radio frequency 
(100 Hz–100 kHz); and (4) the dielectric loss shows the 
reversed trend (i.e., shifts towards the lower tempera-
ture with increase in frequency). In Fig. 8, tan δ varies 
in similar ways as that dielectric constant and the peak is 
observed at the same place as that of εr. It is observed that 
the tan δ value rises sharply at high temperatures, and the 

Fig. 7  Effect of temperature on 
dielectric constant at various 
frequencies (1 kHz–1 MHz) of 
(1-2x) BKT + x SSn + x SSe 
ceramics at various concentra-
tions
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increasing rate is slow at low temperatures. These types of 
the trend of tangent loss may be due to different reasons, 
such as high-temperature sintering causing defects like 
oxygen vacancy, scattering of thermally activated charge 
carriers, and the existence of the impurity phase [29]. At 
higher temperatures, the conductivity starts to dominate 
because of the presence of some unidentified defects in the 
material, which in turn, is likely for the rise in tan δ. The 
peak observed in the tan δ graph is known as the relaxa-
tion peak, which suggests the contribution of the grain 
boundary effect in the polarization process. This peak cor-
responds to the relation ωτ = 1, where ω represents the 
angular frequency and τ represents the Debye relaxation 
time. The peak in the tan δ graph, suggests the relaxa-
tion mechanism of the dipolar type, which shifts with the 
increase in frequency. But in the present study, the shift-
ing of the peak is not prominent and a slight shifting is 
observed towards the lower temperature with an increase 
in frequency. From the above study, a high value of εr 
and a low value of tan δ is observed, which makes the 
sample suitable for electronic devices, like transducers, 
capacitors, and microwave applications. According to ther-
modynamics, pressure, temperature, and volume are the 
three important thermodynamic parameters and the other 
variables are defined as the function of these quantities. 
In this work, the dielectric and conductivity parameters 
are explained as a function of temperature. Moreover, the 

pressure varies in the reverse ways as that of temperature. 
With the increase in pressure, the height of the maximum 
value of the dielectric constant decreases and this shows 
the same effect as obtained by decreasing the temperature 
[40]. Similarly, the influence of free volume on the dielec-
tric parameter is mainly observed in the case of polymer. 
The dielectric constant of a polymer is mainly influenced 
by two parameters. Such as (i) molecular polarizability and 
(ii) free volume. The dielectric constant remains almost 
constant with an increase in free volume size till the size 
reaches 125 Å3 and thereafter it steeply increases [41]. 

3.3  Complex impedance spectroscopy

The complex impedance spectroscopy (CIS) technique is 
very popular because of the enormous potential for the 
characterization of different materials. It is widely used 
to characterize the electrical properties of materials and 
their interfaces with electronically conducting electrodes. 
This method demonstrates the separation among the grain, 
grain boundary, and electrode-interface effects. It provides 
information regarding the homogeneous and inhomogene-
ous distributions of these above effects and the porosity in 
the compounds. It investigates the microscopic properties 
of the samples such as charge diffusion, charge transfer, and 
dielectric relaxation, and distinguishes various polarization 

Fig. 8  Effect of temperature 
on tangent loss at a selected 
frequency out of 1 kHz–1 MHz 
of (1-2x) BKT + x SSn + x SSe 
ceramics at various concentra-
tions
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mechanisms that exist in the materials. This CIS technique 
enables us to separate the resistive (real) and reactive (imagi-
nary) components of the electrical parameters and hence 
provides a clear picture of the material properties. The com-
plex formalism of the impedance is given by the relation:

3.3.1  Frequency dependence of real impedance (Zʹ)

Figure 9 shows the frequency-dependent Z' and Z'' (inserted) 
of the studied compounds BKT-SSn-SSe at different concen-
trations (i.e., 0, 5%, 10%, and 15%) within the experimental 
range of temperature (25 °C–500 °C). In low-frequency sites 
(below 100 kHz), the value of Z' decreases gradually for all 
compositions with the rise in frequency, and this suggests 
the increase of electrical conductivity in the compounds 
[42].

It is observed that Z' has higher values at lower frequen-
cies and decreases monotonically with the rise in frequency 
and attains a constant value at the higher frequency part. 
Since Z' has strong frequency dependence in the lower 
regime then this could be attributed to the fact that the low-
frequency region corresponds to high resistivity due to the 
effectiveness of the resistive grain boundaries in this region 
and shows the frequency independent behavior in the higher 

(6)Z∗ = Z� − jZ�� = Rs −
1

j�Cs

frequency region [43]. On the other hand, in the higher-
frequency range (> 100 kHz) the value of Z' merges to a con-
stant value irrespective of frequency rising for all composi-
tions and temperatures i.e., becomes frequency independent 
and this trend of Z' indicates the release of space charges 
due to the dropping in barrier property of the material [44]. 
The reduction in barrier properties of these materials with 
temperature rise may be a responsible factor for the enhance-
ment of the ac conductivity of the materials at higher fre-
quencies. At high frequencies, the space charge has lesser 
time to relax and the recombination would be faster. Hence, 
the space charge polarization is reduced at higher frequen-
cies leading to a merge of curves at higher frequencies [45]. 
Here the value of Z' first decreases from 25 to 100 °C for all 
compositions, suggesting the NTCR behavior of the com-
pounds, and for other higher temperatures (150 °C–500 °C) 
the values of Z' rises with the increase in temperature signi-
fying the PTCR behavior of the studied compounds.

3.3.2  Frequency dependence of imaginary impedance (Zʹʹ)

Figure 9 (inserted) signifies the loss spectrum (frequency 
dependence of Z") of the studied material. It is found that, 
in the low-frequency region, the values of Z'' decreases 
monotonically with an increase in temperature, and after 
a certain value of frequency (100 kHz for x = 0, 0.05 and 
10 kHz for x = 0.10, 0.15), they combine to a fixed value. 
This nature of the graph signifies the presence of space 

Fig. 9  Effect of frequency on  Z' 
and  Z'' at various temperatures 
out of 25–500 °C of (1-2x) 
BKT + x SSn + x SSe ceramics 
at various concentrations
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charge polarization in low-frequency sites and temperature-
dependent dielectric relaxation at high temperatures [46]. 
In the present work, except for x = 0, no peak is observed in 
the loss spectrum for all compositions, which suggests the 
lack of dissipation of current in the experimental range of 
temperature and frequency. For x = 0 compositions, a peak 
in the Z'' vs frequency is observed at 500 °C confirming 
the existence of the electrical relaxation mechanism in the 
compounds [47]. As the relaxation peak has the tendency 
to appear at a lower frequency and higher temperature, the 
occurrences of the peak may be beyond the experimental 
range, i.e., lower than 1 kHz and higher than 500 oC. The 
frequency at which Z'' attains  the maximum value is called 
the relaxation frequency (fr) and the inverse of fr is known 
as the relaxation time of the sample. Generally, in dielectric 
materials, the relaxation species may be because of the pres-
ence of immobile species/electrons at low temperatures and 
defects/vacancies at higher temperatures [48].

3.3.3  Nyquist plots

Figure 10 represents the Nyquist plots (variation of  the 
imaginary component (Z") with the real component (Z') 
of complex impedance) within the temperature range of 
25 °C–500 °C of the studied material for all compositions. 
These graphs compare the experimentally observed results 

with the theoretical fitting data using the commercial soft-
ware ZSIMPWIN of version 2.

The impedance spectroscopy of the samples is studied 
with the development of complex semicircles whose pattern 
varies with temperature. In this figure, for all compositions 
of the materials, from 25 to 350 °C the impedance curves 
are fitted by a single semicircle and for the other higher 
temperature (400 °C–500 °C) the impedance curves are fit-
ted by two semicircles. The single semicircle in this graph 
represents the grain effect and is modeled by the equivalent 
circuit of RQC, where R and C are connected in parallel 
with Q (constant phase element/ CPE) in between them. In 
such a case, the capacitance represents space charge polari-
zation and resistance represents the conductive path. The 
double semicircle in this electrical process, representing 
both the grain and grain boundary effect of the compound, 
can be modeled in terms of the equivalent electrical circuit 
according to the ‘‘Brick layer model’’ [49]. In this work, 
from temperature, 400 °C–500 °C for all compositions, the 
impedance data are represented using two semicircular arcs, 
comprising the series combination of the RQC-RC circuit. 
There is an excellent match is established between the exper-
imental result and the theoretical fitted data. The resistance 
and capacitance along with CPE of grain (i.e.,  Rg,  Cg, and Q) 
and grain boundary (i.e.,  Rgb, and  Cgb) are given in Table 3. 
The semicircular behavior can be explained by considering 
the following mathematical equation:

Fig. 10  Nyquist plots of (1-2x) 
BKT + x SSn + x SSe ceramics 
at various concentrations with 
some selected temperatures 
(25–500 °C)
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where Z' and Z'' are the real and imaginary parts of imped-
ance, respectively, and R is the resistance of the material 

(7)
(
Z�2 −

R

2

)2

+ Z��2 =
R2

4

[42]. The observed semicircular arcs have their centers 
below the real Z-axis signifying the existence of a non-
Debye type relaxation mechanism in the compounds [50]. 
For the ideal Debye model, the centre of the semicircular 
arc is present on the real Z-axis. The CPE, in the equivalent 

Table 3  Resistance, CPE 
(Q), and capacitance of grain 
and grain boundary of (1-2x) 
BKT + x SSn + x SSe ceramics 
at various concentrations with 
some selected temperatures 
(25 °C to 500 °C)

Composition Temp.(oC) Model Rb(Ω) CPE Cb(F) Rgb ( Ω) Cgb(F)

x = 0 25 (RQC) 4.48 ×  1005 1.10 ×  10–08 2.57 ×  10–10

50 (RQC) 4.22 ×  1005 3.88 ×  10–08 2.90 ×  10–10

100 (RQC) 4.03 ×  1005 1.46 ×  10–09 3.00 ×  10–10

150 (RQC) 1.74 ×  1006 3.38 ×  10–10 2.82 ×  10–10

200 (RQC) 2.71 ×  1006 5.44 ×  10–10 2.95 ×  10–11

250 (RQC) 3.20 ×  1006 9.75 ×  10–10 3.88 ×  10–10

300 (RQC) 3.66 ×  1006 1.63 ×  10–09 3.66 ×  10–10

350 (RQC) 3.84 ×  1006 2.91 ×  10–09 2.19 ×  10–10

400 (RQC)(RC) 5.01 ×  1006 2.54 ×  10–08 9.31 ×  10–10 1.27 ×  1001 2.84 ×  10–10

450 (RQC)(RC) 5.34 ×  1006 4.53 ×  10–08 8.71 ×  10–10 1.99 ×  1001 4.11 ×  10–10

500 (RQC)(RC) 5.97 ×  1006 4.40 ×  10–08 5.46 ×  10–10 2.82 ×  1001 9.86 ×  10–10

x = 0.05 25 (RQC) 7.80 ×  1006 9.33 ×  10–10 1.87 ×  10–10

50 (RQC) 6.08 ×  1006 3.35 ×  10–10 1.54 ×  10–10

100 (RQC) 5.23 ×  1006 5.26 ×  10–10 1.26 ×  10–10

150 (RQC) 7.08 ×  1006 6.52 ×  10–10 9.90 ×  10–10

200 (RQC) 8.18 ×  1006 7.02 ×  10–10 1.01 ×  10–10

250 (RQC) 1.23 ×  1007 6.26 ×  10–10 9.83 ×  10–10

300 (RQC) 6.43 ×  1007 1.03 ×  10–09 4.77 ×  10–10

350 (RQC) 9.62 ×  1007 3.16 ×  10–09 4.71 ×  10–10

400 (RQC)(RC) 4.03 ×  1008 2.61 ×  10–08 1.69 ×  10–09 2.29 ×  1006 6.12 ×  10–10

450 (RQC)(RC) 6.74 ×  1008 3.00 ×  10–08 1.29 ×  10–09 2.46 ×  1006 6.82 ×  10–10

500 (RQC)(RC) 9.41 ×  1008 4.98 ×  10–09 5.25 ×  10–10 3.41 ×  1006 6.91 ×  10–10

x = 0.10 25 (RQC) 2.69 ×  1006 9.97 ×  10–09 1.12 ×  10–10

50 (RQC) 2.23 ×  1006 5.60 ×  10–10 1.11 ×  10–10

100 (RQ C) 1.46 ×  1006 1.26 ×  10–10 1.67 ×  10–10

150 (RQC) 7.56 ×  1007 3.72 ×  10–11 1.08 ×  10–10

200 (RQC) 8.19 ×  1007 1.23 ×  10–10 1.17 ×  10–10

250 (RQC) 1.22 ×  1008 6.32 ×  10–10 1.18 ×  10–10

300 (RQC) 1.52 ×  1008 1.36 ×  10–09 1.18 ×  10–10

350 (RQC) 7.42 ×  1008 1.21 ×  10–09 1.15 ×  10–10

400 (RQC)(RC) 7.85 ×  1008 2.03 ×  10–09 1.17 ×  10–10 1.09 ×  1006 5.12 ×  10–09

450 (RQC)(RC) 7.13 ×  1008 4.40 ×  10–09 2.15 ×  10–10 2.44 ×  1006 2.40 ×  10–10

500 (RQC)(RC) 8.00 ×  1008 5.49 ×  10–09 1.57 ×  10–10 3.99 ×  1006 3.83 ×  10–10

x = 0.15 25 (RQC) 1.99 ×  1007 1.89 ×  10–10 1.36 ×  10–10

50 (RQC) 1.68 ×  1007 5.72 ×  10–11 1.36 ×  10–10

100 (RQC) 1.39 ×  1007 1.50 ×  10–11 1.00 ×  10–15

150 (RQC) 1.65 ×  1008 2.25 ×  10–11 1.40 ×  10–10

200 (RQC) 1.68 ×  1008 2.48 ×  10–11 1.39 ×  10–10

250 (RQC) 2.61 ×  1008 2.89 ×  10–11 1.36 ×  10–10

300 (RQC) 4.12 ×  1008 1.43 ×  10–11 1.34 ×  10–10

350 (RQC) 5.08 ×  1008 1.60 ×  10–10 7.20 ×  10–10

400 (RQC)(RC) 9.80 ×  1008 5.27 ×  10–09 5.36 ×  10–10 2.10 ×  1007 1.56 ×  10–10

450 (RQC)(RC) 1.00 ×  1009 1.93 ×  10–10 1.28 ×  10–10 2.95 ×  1004 3.58 ×  10–10

500 (RQC)(RC) 2.50 ×  1009 5.13 ×  10–09 3.91 ×  10–10 4.04 ×  1006 1.89 ×  10–10
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circuit elements also confirms the deviation from the ideal 
Debye-type model in the prepared materials. The propaga-
tion of the electrical signal through a resistive/ capacitive 
branched transmission line can be well described by the dif-
ferential equation which describes the diffusion process of 
charge carriers. It was noted that a branched transmission 
line exhibits constant phase behavior [51] and hence is an 
electrical equivalent of a constant phase element (CPE). The 
CPE impedance is defined as

where both Z0 and α are frequency-independent and temper-
ature-dependent real parameters. The parameter Z0 deter-
mines the magnitude of dispersion and the value of α lies 
between 0 and 1 (i.e. 0 ≤ α ≤ 1). For a purely resistive circuit, 
α = 0, whereas for a purely capacitive circuit α = 1 [51, 52]. 
As suggested by Scheider [53], branch transmission lines 
produce a constant phase angle, hence, termed as a constant 
phase element. This type of behavior is usually observed 

(8)ZCPE = Z0(j�)
−�

at the electrode–electrolyte interface of the polycrystalline 
ceramic disc samples.

For better investigation of the non-Debye type relaxation 
process, the depressed semicircles are drawn at 350 °C for 
all compounds as shown in Fig. 11. The different value of 
the depression angles 11.62°, 4.14°, 7.11°, and 2.76° are 
observed for x = 0, 0.05, 0.10, and 0.15, respectively, con-
firming the non-Debye type of relaxation mechanism in the 
compounds in the experimental range of temperature and 
frequency.

3.4  Conductivity analysis

In dielectric material, the motion of the charge carriers gives 
rise to the conduction current and polarizes the dielectric. 
The electrical conductivity of the sample provides informa-
tion regarding the nature and motion of the charge carriers 
and the domain structure and depends on the nature of the 
dielectric substance. There is a strong correlation between 
the frequency and temperature response of the electrical 

Fig. 11  Depressed semicircles of (1-2x) BKT + x SSn + x SSe ceramics at various concentrations at 350 °C with depression angle
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conductivity of the compounds. The temperature depend-
ence of σac shows the existence of a single or multiple relax-
ation processes present in the compounds. In solid materi-
als, two kinds of conduction processes are found such as 
(i) localized transport oxygen vacancy; (ii) long-range ac 
conductivity. In the case of polar compounds, the conduc-
tion process may be electronic or/ and ionic. Based upon the 
temperature and purity of the compound, the proportion of 
ionic to the electrical conductivity of the compound varies.

3.4.1  Frequency dependence of conductivity analysis

The frequency variation of ac-conductivity for the samples 
BKT-SSn-SSe, with x = 0, 0.05, 0.10, 0.15 at constant tem-
peratures (25 °C–500 °C) are plotted in Fig. 12. Using the 
dielectric parameters (dielectric constant along with tangent 
loss), the ac conductivity (σac) of the material is calculated 
through the following relation [54],

where ω = 2πf is the angular frequency, εr is the relative 
permittivity, ε0 is the permittivity of free space and tan δ 
is the loss tangent, which is defined as tan δ = εr''/εr' (where 
εr'', εr' are imaginary and real part of relative permittivity 
respectively).

(9)�ac = ��r�0 tan �

There is a sharp rise in ac conductivity is observed with 
a frequency rise in the low- temperature site. But with the 
temperature rise, the increasing rate of conductivity becomes 
slower. For high temperatures and lower frequency sites, a 
plateau-like pattern is observed for all compositions except 
x = 0.05 provides the frequency-independent part or dc 
conductivity which may be due to thermally assisted space 
charge carriers. The plateau region extends to higher fre-
quencies with the increase in temperature. It is to be noted 
that, at low frequencies, the random diffusion of charge car-
riers via hopping gives rise to a frequency-independent con-
ductivity [55]. Alternatively, at a higher frequency and lower 
temperature, the frequency dispersion part represents the ac 
conductivity. The frequency variation of σac of the materials 
is explained by using Jonscher’s universal power law [56],

Here the ac conductivity curves are fitted non-linearly 
and obey the above law. According to Jonscher, the source 
of frequency-dependent ac conductivity lies in the relaxa-
tion phenomenon because of the mobile 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 minima of the potential 
energy. Here A stands for a constant, depends on tem-
perature, and defines the polarizability strength, similarly, 

(10)�ac = �dc + A�n

Fig. 12  Effect of frequency 
on ac conductivity of (1-2x) 
BKT + x SSn + x SSe ceramics 
at various concentrations with 
different temperatures
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n represents the temperature-dependent exponent with 
the value 0 < n < 1. A has the units of conductivity and 
n is dimensionless. According to many body interaction 
models [57], the interaction between all dipoles partici-
pating in the polarization process is characterized by the 
parameter n. For n = 0, the conduction mechanism is pure 
Debye type, while n < 1 represents the deviation from the 
Debye model i.e., represents the non-Debye type conduc-
tion process that exists in the compound. The values of 

A, along with n of the prepared compound at different 
temperatures, obtained from the fitting results for all con-
centrations are listed in Table 4. The experimental data of 
ac conductivity shows good agreement with the theoretical 
value fitted using power law. From the table, the value of 
n < 1 proposes the non-Debye type of conduction exists 
in the compounds [58]. The rise of ac conductivity (σac) 
with a rise in frequency and temperature is determined by 
the cation disordering between the existing space charges 

Table 4  Values of A and n 
of (1-2x) BKT + x SSn + x 
SSe ceramics at various 
concentrations

Temp
(oC)

Compositions (x)

x = 0 x = 0.05 x = 0.10 x = 0.15

A n A n A n A n

25 2.03 ×  10–08 0.855 1.20 ×  10–08 0.861 2.28 ×  10–08 0.957 4.91 ×  10–09 0.816
50 1.99 ×  10–07 0.797 3.68 ×  10–09 0.954 1.20 ×  10–09 0.874 3.30 ×  10–11 0.833
100 4.18 ×  10–11 0.901 5.44 ×  10–09 0.955 8.48 ×  10–10 0.920 1.92 ×  10–10 0.969
150 2.35 ×  10–11 0.863 5.02 ×  10–09 0.991 8.01 ×  10–10 0.912 2.01 ×  10–10 0.941
200 3.76 ×  10–10 0.926 1.39 ×  10–09 0.911 2.26 ×  10–09 0.821 1.97 ×  10–10 0.845
250 1.69 ×  10–10 0.824 4.91 ×  10–11 0.811 1.96 ×  10–08 0.669 2.85 ×  10–12 0.924
300 2.55 ×  10–10 0.870 1.05 ×  10–10 0.953 7.33 ×  10–08 0.608 3.59 ×  10–12 0.935
350 2.28 ×  10–10 0.833 4.39 ×  10–11 0.907 1.40 ×  10–07 0.566 4.98 ×  10–09 0.640
400 4.77 ×  10–09 0.960 2.93 ×  10–10 0.897 1.31 ×  10–07 0.565 2.72 ×  10–09 0.674
450 1.67 ×  10–09 0.856 1.42 ×  10–10 0.827 1.09 ×  10–07 0.879 2.68 ×  10–08 0.705
500 5.05 ×  10–08 0.905 1.37 ×  10–10 0.851 1.42 ×  10–07 0.871 1.66 ×  10–08 0.740

Fig. 13  Effect of the inverse of 
absolute temperature on ac con-
ductivity at different frequency 
of (1-2x) BKT + x SSn + x SSe 
ceramics at various concentra-
tions
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and the surroundings and this is the general feature of 
ωn. Thermodynamically, the influence of pressure on the 
maximum conductivity is equivalent to that of dielectric 
constant [59] i.e., with the increase in pressure, the maxi-
mum value of conductivity decreases.

3.4.2  Temperature dependence of conductivity analysis

Figure 13 shows the variation of ac-conductivity (σac) of 
the prepared compounds at different compositions, with the 
inverse absolute temperature (1000/T) at various frequencies 
(1 kHz–1 MHz). The values of ac conductivity change very 
slowly in low-temperature sites and very quickly in high-
temperature sites. This plot indicates that for all frequencies, 
the values of ac conductivity increase with temperature rise 
and this may be because of the existence of space charges 
in the compounds, and the cation disordering between the 
charge carriers and the neighboring sites [60].

The activation energy  (Ea) of the studied sample depend-
ing on the thermally activated process is evaluated using the 
Arrhenius equation [61],

 where σ0 stands for the pre-exponential factor and  KB rep-
resents the Boltzmann constant. The equation is valid for 
the excitation of free electrons from the Fermi level to the 
highest density of states. The values of  Ea are evaluated from 
the slopes of the linear fitting lines in the higher-frequency 
site and tabulated in Table 5. With the increase in frequency, 
the value of activation energy decreases for all composi-
tions. The different values of  Ea propose the occurrence of 
different conduction mechanisms in the compounds. The 
calculated value of  Ea is the summation of the activation 
energies of the charge carriers and the free energy of the car-
rier hopping. With the enhancement of frequency, the prob-
ability of hopping of the charge carriers increases, and this 
reduces the values of the activation energy with an increase 
of frequency. At the higher temperature region, all the curves 

(11)� = �0 exp

(
−Ea

KBT

)

of different frequencies seem to merge, and dispersion in 
conductivity narrows down with temperature rise. It sug-
gests that the space charges are released and recombined 
at higher temperatures. The value of the activation energy 
obtained at high temperatures is attributed to the thermal 
motion of the oxygen vacancies or the development of the 
relationship between the oxygen vacancies and residual cati-
ons in the grain boundary [62, 63]. The higher value of σac 
in a higher temperature range shows the predominant role of 
ionic charge carriers, such as oxygen vacancies.

3.5  Leakage current characteristics

In the dielectric material, there are two conduction mecha-
nisms are found such as (i) Electrode limited conduction 
mechanism and (ii) Bulk-limited conduction mechanism. 
The electrode-limited conduction mechanism, depending on 
the electrical properties at the electrode dielectric contact 
and also called the injection-limited conduction mechanism. 
The other conduction mechanism which depends only on 
the properties of the dielectric itself is called bulk-limited 
conduction mechanisms or transport-limited conduction 
mechanisms.

The electrode-limited conduction mechanisms include 
(1) Schottky or thermionic emission (2) Fowler–Nord-
heim tunneling, (3) direct tunneling, and (4) thermionic-
field emission. The bulk-limited conduction mechanisms 
include (1) Poole–Frenkel emission, (2) hopping con-
duction, (3) Ohmic conduction, (4) space-charge-limited 
conduction, (5) ionic conduction, and (6) grain-boundary-
limited conduction [64]. In the present work, some of the 
conduction mechanisms are discussed. The electric field 
(E) dependence of current density (J) (i.e., J-E charac-
teristics) of the prepared compounds BKT-SSn-SSe for 
all concentrations at room temperature is displayed in 
Fig. 14a–c. Figure 14a depicts the current density vs. elec-
tric field of the studied compound in both the opposite 
polarities starting from -400 kV/cm to 400 kV/cm through 
the origin. The values of J increase smoothly up to 50 kV/
cm for all compositions and after that, the increasing rate 

Table 5  Comparison of 
activation energy (in eV) 
of (1-2x) BKT + x SSn + x 
SSe ceramics at various 
concentrations with different 
frequencies

Activation energy  (Ea) (eV)

Frequency
(kHz)

Composition (x) and Error (ζ)

x = 0 ζ x = 0.05 ζ x = 0.10 ζ x = 0.15 ζ

1 0.614 0.061 0.789 0.013 0.461 0.011 0.568 0.056
5 0.474 0.011 0.719 0.012 0.324 0.020 0.433 0.043
10 0.369 0.012 0.663 0.008 0.276 0.015 0.415 0.041
50 0.361 0.019 0.572 0.035 0.127 0.019 0.203 0.020
500 0.315 0.003 0.552 0.059 0.095 0.031 0.185 0.018
1000 0.268 0.010 0.483 0.007 0.092 0.020 0.181 0.025
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gets reduced. This figure is symmetric on both sides of 
the origin, which suggests the various kinds of polariza-
tion mechanisms present in the materials such as Ohmic 
conduction, space charge-limited current conduction, 
Poole–Frenkel emission, ionic conduction, Schottky emis-
sion, etc. [64]. By the substitution of SSn-SSe in the par-
ent BKT ceramic, the leakage current value successfully 
decreases. The values of current density are found to be 
8.643 ×  10–06 A/cm2, 2.035 ×  10–06 A/cm2, 5.756 ×  10–07 A/
cm2, and 9.120 ×  10–08 A/cm2 for x = 0, 0.05, 0.10, 0.15, 
respectively. Here the values of leakage current density 
(J) are of the order of  10–7 A/cm2 suggesting the dielectric 
properties of the material [65]. The small values of J make 
the materials useful for the fabrication of possible elec-
tronic devices. Figure 14b signifies the room temperature; 
log J vs. log E plot for all compositions in the experimental 
range of temperature. Here the log J curves are fitted lin-
early with the slope m ≈ 1 (displayed in Fig. 14b) in both 
the high- and low-electric field regions, which suggests 
that in the whole regions of the field, the charge transport 
mechanism is predominated by the Ohmic conduction. 
Ohmic conduction is caused by the movement of mobile 
electrons in the conduction band and holes in the valence 
band. The current density of Ohmic conduction can be 
expressed as,

  where σ represents the electrical conductivity, n is the num-
ber of electrons in the conduction band; μ is electron mobil-
ity [66]. The Ohmic conduction current is due to the mobile 
electrons in the conduction band or holes in the valence band 
and it linearly dependent on the electric field. In some mate-
rials, at high electric field region, the values of the slope are 
found to be 2 and a steep rise of current density is observed 
due to the gathering of excess amount of space charges. Such 
a type of conduction mechanism is called space-charge-lim-
ited current conduction (SCLC). However, this conduction 
mechanism is absent in the studied material in this experi-
mental range of electric field.

The graph between log J and E1/2 called the Schottky 
emission (SE) plot for all compositions at room tempera-
ture is shown in Fig. 14c. In Schottky emission/ thermionic 
emission, by acquiring sufficient energy through thermal 
activation, the electrons can overcome the energy barrier/ 
Schottky barrier at the metal–dielectric interface and are 
capable to go to the dielectric. The Schottky emission is 
well explained by the relation,

(12)j = �E = nq�E

Fig. 14  Room temperature (a) 
log J vs. E plot, (b) log J vs. log 
E plot, (c) log J vs.  E1/2 plot of 
(1-2x) BKT + x SSn + x SSe 
ceramics at various concentra-
tions
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where  A* represents the effective Richardson constant, m0 
is the free electron mass, m∗ is the effective electron mass 
in the dielectric, ℎ is the Planck’s constant, E signifies the 
electric field across the material, and ϕB stands for the bar-
rier height [64]. For dielectric films, particularly at a higher 
temperature one of the common conduction mechanisms 
frequently observed is the thermionic emission. To evalu-
ate, the barrier height at the metal–dielectric interface, this 
plot is one of the best methods. During the Schottky emis-
sion (i.e. thermionic emission), the electrons in the elec-
trode will be able to go to the dielectric material if they 
can obtain enough energy to overcome the Schottky barrier. 
The required energy is provided by thermal activation [67]. 
From Eq. (13), it is found that, if the conduction current is 
governed by Schottky emission, log J varies linearly with 
 E1/2 i.e., the log J vs.  E1/2 plot should be a straight line, but 
in this work, for all compositions the curves are not linear, 
suggesting the absence of SE is in the prepared compound.

(13)J = A∗T2 exp

⎡
⎢⎢⎢⎣

−q
�
�B −

√
qE∕4��r�0

�

kBT

⎤
⎥⎥⎥⎦
, and

(14)A∗ =
4�qk2m∗

h3
=

120m∗

m0

3.6  Ferroelectric study

The room temperature, PE hysteresis loops of the studied 
material BKT-SSn-SSe at different compositions with fre-
quencies 50 Hz and 8 kV/cm of the applied field are shown 
in Fig. 15. Due to the experimental limitation, we are unable 
to apply a sufficient amount of electric field to get saturated 
symmetric loops. However, the obtained loops signify the 
ferroelectric behaviors of the studied material. The silver-
coated sintered pellets of different areas and thicknesses for 
various concentrations such as (1.031  cm2 and 0.192 cm), 
(0.870  cm2 and 0.217 cm), (0.859  cm2 and 0.249 cm), and 
(0.875  cm2 and 0.272 cm) for 0, 5%, 10%, and 15%, respec-
tively, were taken for the measurements.

The obtained results of remnant polarization  (2Pr), as well 
as the coercive field  (Ec) of the compounds, are found to 
be (0.072 µC/cm2 and 1.016 kV/cm), (0.192 µC/cm2 and 
1.145 kV/cm), (0.383 µC/cm2 and 1.204 kV/cm), (0.519 µC/
cm2 and 1.358 kV/cm) for x = 0, 0.05, 0.1, 0.15, respectively. 
It is observed that with the rise in substitution concentration 
the 2Pr value of the parent compounds increases success-
fully. Hence the addition of SSn-SSe to BKT enhances the 
ferroelectric behavior.

Fig. 15  Room temperature hys-
teresis loop of (1-2x) BKT + x 
SSn + x SSe ceramics at various 
concentrations with 50 Hz
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4  Conclusion

The polycrystalline ferroelectric ceramics (1-2x) 
 (Bi0.5K0.5)TiO3- x  (SrSnO3)- x  (SrSeO3) with x = 0, 0.05, 
0.10, 0.15 have successfully been prepared through con-
ventional solid-state reaction techniques. The room tem-
perature XRD spectrum of the calcinated powder samples 
has been considered from  20o to 80° of the Bragg diffrac-
tion angle, suggesting the development of new perovskite 
single-phase compounds with no impurity phases. The 
studied material possesses a tetragonal unit cell along 
with the reliable values of cell constants obtained from 
Rietveld refinement. The cell constants of the prepared 
material are less than that of the previous work (BSn-BSe 
modified BKT) due to the smaller ionic radius of the  Sr2+ 
(1.13 Å) than that of  Ba2+ (1.35 Å). The average values of 
crystallite size of the materials evaluated from the W ~ H 
plot and found to be 56 nm, 63 nm, 64 nm, and 66 nm for 
x = 0, 0.05, 0.10, and 0.15, respectively [17]. The dielec-
tric characteristics of the material suggest the polariza-
tion processes of the material are described by the Clau-
sius–Mossotti relation. The peak at the Tc indicates the 
phase transition from ferroelectric to para-electric phase. 
The loss tangent of the material, explains the dipole relax-
ation phenomenon in the compound. The prepared sample 
shows higher values of dielectric constant and lower value 
of loss tangent as compared to BSn-BSe modified BKT 
[17] as shown in Table 6.

In the impedance spectroscopy, the compound shows 
both NTCR (at lower temperatures) and PTCR (at higher 
temperatures) behaviors, and the Nyquist plot proposes the 
non-Debye type relaxation mechanism present in the com-
pound. The ac-conductivity of the material follows Jon-
scher’s universal power-law model and the activation energy 
at a higher temperature is calculated using the Arrhenius 
formula. The value of the ac-conductivity of the present 
sample is less than that of BSn-BSe modified BKT. This 
is due to the higher values of tan δ of BSn-BSe modified 

BKT and it obeys Eq. (9). The JE characteristics of the com-
pound show a very small amount of leakage current density 
(i.e., of the order of  10–7 A/cm2) at room temperature and 
determine the Ohmic conduction mechanism present in the 
compounds. The values of leakage current density of the 
sample are two orders less than that of BSn-BSe modified 
BKT. At x = 0.15 the value of J for the present material is 
found to be 9.120 ×  10–08 A/cm2 but for BSn-BSe modified 
BKT it is found to be 1.012 ×  10–06. The ferroelectric nature 
of the compound is confirmed by the room-temperature PE-
hysteresis loops. With the substitution of SSn-SSe to the par-
ent BKT, the 2Pr values of the compound gradually increase.

Data Availability Statement The authors confirm that the data sup-
porting the findings of this work are available within the article. Raw 
data that support the findings of the study are available from the cor-
responding author, upon reasonable request.
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