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This paper reports the synthesis and detailed discussion of structural, electrical and leakage current
characteristics of strontium stannate-selenite (Sr(Sn,Se)O;) modified bismuth sodium titanate

(Big sNag sTiO;) compounds with standard formula (1-2x) (Bi, sNa, 5)TiO5 +x(SrSn0;) +x(SrSe0;) with
x=0, 0.05, 0.10, 0.15. The materials have been fabricated through a mixed oxide reaction route. The
room temperature X-ray structural analysis indicates the formation of single-phase compounds with
arhombohedral crystal system. The SEM micrograph suggests the even distributions of grains with a
very small number of voids. Detailed studies of frequency (1 kHz to 1 MHz) and temperature (25-500 °C)
dependence of dielectric and other electrical parameters of the studied compounds were obtained
using the programmable LCR meter. The ferroelectric behavior in the compounds is confirmed by the
P-E hysteresis loop. The J-E characteristics of the materials have shown a very small amount of leakage
current density with the presence of an Ohmic conduction mechanism.

Lead-based piezoelectric ceramics are extensively used for dif-
ferent electronic device applications, like transducers, sensors,
actuators, micro-electromechanical systems (MEMS), and
various memories [1, 2]. Among them, lead zirconate titanate
Pb(Zr,_,Ti,)O; (PZT) and the related compounds have drawn
the special attention of researchers because of their excellent
piezoelectric as well as their non-linear electro-optic proper-
ties. Some PZT-based compounds have essential applications
in the field of actuators, sensors, electrical resonators, speak-
ers, underwater communications, wave filters, transducers,
hydrophones, etc. [3]. PZT exhibits a perovskite structure and
becomes non-centrosymmetric below the Curie point (i.e.,
T.=350 °C). It demonstrates the highest piezoelectric prop-
erty and the highest permittivity near the MPB (morphotropic
phase boundary) which separates the region with both rhom-
bohedral as well as tetragonal phases with Zr:Ti of 52:48 [4].
However, PZT has some disadvantages including evapora-
tion of toxic lead during the synthesis process causing serious
environmental pollution and health hazard, and fatigue while

cycled more than 107 times. These shortcomings of PZT reduce
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its enormous applications in various fields. Recently, some
lead-free piezoelectric ceramic compounds have drawn more
attention from researchers for different electronic applications
with their comparable characteristics same as PZT. Among
the lead-free piezoelectric ceramics, bismuth sodium titanate
(Bi, sNa, sTiO;) (abbreviated as BNT) has been taken as the
most promising candidate for device applications because of
its excellent ferroelectric and related properties. This material
(BNT) was first discovered in 1960 by Smolenskii et al. [5]. At
room temperature, it possesses a perovskite-type configuration
with a rhombohedral crystal structure. It also exhibits a phase
transition from the rhombohedral phase (ferroelectric) to the
tetragonal phase (anti-ferroelectric) at around 300 °C (called
depolarization temperature (T)) and from the tetragonal phase
(anti-ferroelectric) to the cubic phase (paraelectric) at about
540 °C [6]. It is a strong ferroelectric material with large value
of remnant polarization (i.e., P, =38 puC/cm?) and relatively
high Curie point (i.e., T.=320 °C) [7]. The single crystal of
BNT shows a dielectric peak at around 320 °C. In recent times,
the structural phase transformation of the single crystal of BNT

has been studied by using the powder neutron diffraction data
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[8] and revealed the structural change from the rhombohedral
phase (space group, R3c¢) to the tetragonal phase (space group,
P4bm). Recently, an important development has taken place
to achieve the energy storing property in the BNT-based thin
film. The increased energy storage of BNT films occurs due to
its large value of dielectric constant along with the polariza-
tion of the material [9]. As reported by Zhai et al. [10], BNT-
BKT-ST thin film, where bismuth potassium titanate is BKT
and strontium titanate is ST, has a high energy-storage density
(20 J/cm?®) together with moderate energy-storage efficiency
(i-e., 65.17%). Nevertheless, the high value of conductivity
and the large coercive field (i.e., E.=7.30 kV/mm) of the BNT
system creates problems in its poling process. Therefore, BNT
ceramic displays a relatively small piezoelectric coefficient
(d;3=58 pC/N) as compared to that of PZT [11]. This is the
major disadvantage of this compound which confines its appli-
cations. Hence, in order to solve the problem and enhance the
physical properties, a solid solution of BNT with other com-
pounds of similar/dissimilar structures is made. The alkaline
earth stannates with perovskite structure of a general formula
MSnO; (with M =Ba, Ca, Sr) have drawn significant attention
as dielectric ceramic. These compounds have extensively been
used (as industrial and technical compounds) for the manufac-
turing of chemical sensors [12], thermally capable capacitors
[13], water photo-electrolysis systems [14], humidity sensors
[15], gas sensors, semiconductor sensors, flat panel displays
[16], antistatic coatings [17], and Li-ion battery [18]. Alkaline
earth stannates are also used as transparent conducting oxides
for the development of transparent electrodes in the field of
photovoltaic cells as well as organic LED. SrSnO; (abbreviated
as SSn) is recognized as a wide band gap (4-5 eV) semiconduc-
tor with low effective mass [19]. It has the orthorhombic crystal
system (space group, Pbmn) with a direct gap or two band gaps
closely related to energy [20]. The cell constants of the SSn per-
ovskite are; a=5.717 A, b=5.729 A, c=8.084 A [21]. Like SSn,
other compounds of the family also exhibit attractive dielectric
and other properties because of their high efficiency as well as
easy synthesis. Another group of perovskite, i.e., alkaline earth
selenites with a common formula XSeO, (X=Ba, Ca, Sr) have
also drawn great attention from researchers in recent times due
to their attractive ferroelectric properties. The metal selenites
which possess transition metals with d° electronic configuration
have widely been taken for research because of their potential
applications in the field of photoelectric materials, like pyroe-
lectric, second-order NLO (nonlinear optical) compounds, and
piezoelectric ceramics [22]. The selenium compounds having
4+ oxidation states comprise versatile applications according to
their practical as well as scientific value. These compounds are
used in the fields of agriculture, electronic industries, organic
synthesis, glass industries, chemical laboratories, medicine, etc.

[23]. SrSeO; exhibits monoclinic centro-symmetric structure
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(space group, P2,/m) with the unit cell dimension; a=4.456(1)
A, b=5.478(1) A, c=6.574(1) A, $=107.34 (1)°, cell volume
(V)=153.2(1) A3, (where the number in parenthesis repre-
sents the standard deviation), calculated density (p_,) =4.65 g/
c¢m? and coordination number Z=2. In this compound, Sr¥t
cations are of nine fold coordination with the average bond
length of Sr-O =2.741 A. [24]. Selenite glasses are considered
as a new and an exotic type of non-traditional glass. In the
glass composition, with the rise in the SeO, percentage, the
coordination number of Se changes from 4 to 3 which causes
the transformation of the oxygen-rich selenate phase to the
oxygen-deficient selenite phase, and as a result, the optical and
electrical properties along with the network structure of the
glass are affected [25]. The SeO,-containing glass possesses
high ionic conductivity at room temperature (i.e., 10°-107*S/
cm) because of the high value of polarizability of the selenium
ion [26]. The complex composition of SeO, glasses acts as the
potential candidate for technical applications including super
ionic semiconductors, nonlinear optical devices, reflecting
windows, sensors, soluble micro-fertilizers, infrared transmis-
sion components, etc. The major benefit of introducing SeO,
to glass composition is its capability of decreasing the melting
point of the compositions and modifying the optical properties
[27]. Taking into consideration the above significant results of
SrSnOj; as well as SrSeO;, it is proposed to synthesize the com-
position of BNT with these two compounds with the standard
formula (1-2x)(BiysNag 5)TiO5 + x(SrSnO;) + x(SrSeO;) for
their detailed studies of dielectric, electrical, ferroelectric, and
leakage current characteristics. It has been found that the above
properties of the BNT ceramic have significantly modified on

the addition of an equal amount of SSn+SSe to it.

Structural analysis

Figure 1(a) represents the room temperature X-ray diffraction
pattern of the calcined powder of the BNT+SSn+SSe with vari-
ous concentrations. X-ray diffraction is a widely used technique
for structural analysis and phase identification of powder sam-
ples. The above XRD pattern with the sharp as well as clear peaks
suggests the crystallization of the materials in a single-phase
perovskite structure without any extra (impurity) peak. The
characteristic peaks of the prepared materials ranging from 20°
to 80° (in 20 scale) are completely different from those of the
constituent ones (ingredients) determining the formation of new
perovskite compounds. The structure of materials in rhombohe-
dral symmetry was analyzed by taking the unit cell parameters;
a=5.4760 A and c=6.7780 A of sodium bismuth titanium oxide
and all the peaks were indexed by using the X'Pert Highscore
software (reference code ICDD-00-036-0340) [28].
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Figure 1: (a) Room temperature XRD spectrum; (b) Shifting of XRD peaks of (1-2x) BNT +x SSn +x SSe compounds with various concentrations;
(c) Rhombohedral structure of (Biy sNa, 5)TiO5; (d) Rietveld Refinement; and (e) Williamson-Hall plot of (1-2x) BNT +x SSn +x SSe compounds with

various concentrations.

It is visible that with the increase in the amount of the sub-
stituted materials (SSn+SSe) in BNT, the peaks of the XRD pat-
tern move toward the lower side of 20 (shown in Fig. 1b). It is
because of the ionic radius of the BNT compound is smaller
than that of the other substituted compounds.

Figure 1(c) represents the schematic diagram of the pure
(Biy 5Na,, 5)TiO5 sample in a ball-stick arrangement. Here, the
corresponding elements are designed in different colors and
labeled by their names. The rhombohedral structure of the bis-
muth sodium titanate possesses the cell parameters which are
comparable with those of obtained results.

For detailed structural analysis of the prepared materials, the
Rietveld refinement method was performed using Maud soft-
ware. The XRD spectra of the compounds are compared with that
of a replicated model achieved from the CIF file (CIF: NIMS_
Mat-Navi_4295277669_1_2) of (Bi,;Na,;)TiO; compound

©The Author(s), under exclusive licence to The Materials Research Society 2023

having rhombohedral crystal system with space group, R3c. The
refined cell parameters of the parent and modified compounds
are comparable with those of the reported one [29]. In Fig. 1(d),
the black solid symbols are the experimental data/pattern, the red
line represents Rietveld refinement simulation, and the blue line
signifies the difference between the experimental data and simu-
lation, and the green solid symbol represents the corresponding
Bragg’s position of the diffraction peaks. It is clear that, the Riet-
veld refinements provide reasonable simulation to the data with
the goodness of fit (o) values provided in Table 1. The refined
wp R
R.,,) of all the prepared compounds are compared in Table 1. The

unit cell dimension and the reliability parameters (i.e., R

detailed information regarding the reliability index/parameters is
well explained in the previous communication [30].
To determine the crystalline sizes of the of the studied materi-

als and further confirm its strains, the Williamson-Hall equation
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was utilized, simply expressed as by the following equation [31,
32],

kA
Bhii cos = ) + 4 sin 6 (1)

where B, is the full width at half maximum (FWHM) value
for each diffraction peak, K is the shape factor (0.94 for rhom-
bohedral system), A is the wavelength of CuK, (0.15406 nm)
radiation, D represents the crystalline size, and ¢ is the integral
breadth related to the strain. Hence, by plotting the graph of
Bria cost against 4sinf, the crystalline size and the lattice strain
of samples can be estimated from the intercept and slope of the
Williamson-Hall plot, respectively as shown in Fig. le. The cal-
culated values of crystallite size and the lattice strain are tabu-
lated in Table 1.

Micro-structural analysis

Figure 2 depicts the surface morphology of the gold-sputtered
sintered samples (BNT+SSn+SSe) for various concentrations.
This figure exhibits that the primarily rectangular grains are
densely packed with a few voids all over the surface. The well-
defined grains are distributed uniformly and separated by the
walls known as the grain boundary. The various shapes and sizes
of the grains suggest the polycrystalline nature of the studied
materials. For all four compositions of the materials, the size of
the grains varies from 0.28 to 1.61 um, and the average value of
grain size is calculated to be 0.41 um, 0.57 pm, 0.78 pm, 1.17 pm
for x=0, 0.05, 0.10, 0.15 respectively. With the increase in the
percentage of x, the average grain size of the studied material
increases. From Table 1, the calculated values of crystallite size
of each composition are less than that of grain sizes. It is note-
worthy that this difference results from the fact that the grains
are consisted of several crystallites, probably due to internal
stresses and/or defects in the structure [33].

Dielectric study

The dielectric properties of the ceramic compounds depend on
two features i.e., dielectric constant and loss tangent [34]. These

two components play vital roles in the potential application of

Figure2: SEM micrographs of (1-2x) BNT +x SSn +x SSe compounds with
various concentrations.

the dielectric materials. These two factors depend on the struc-
ture, chemical composition, and defects present in the materials
along with the experimental condition like frequency and tem-
perature. The dielectric constant determines the charge storing
capacity of a material; whereas the loss tangent represents the
ratio of the dissipation of energy and the storage of energy in a
dielectric capacitor. The tangent loss (tan J) can be expressed in
the real (Z°) as well as imaginary (Z”) parts of the impedance,

and also in terms of ac conductivity (g,.) as follows,

!

tand = 77 (2)
and tan§ = 3)
WEeEr

where w represents the angular frequency and ¢, represents the

permittivity in the vacuum.

Effect of frequency on dielectric parameters

Figure 3(a), (b) show the measured response of the applied ac
signal on relative permittivity and tangent loss of the studied
materials (BNT+SSn+SSe) for varying amounts of additives (0,

TABLE 1: Unit cell dimension, reliability parameters, crystallite size and lattice strain of (1-2x) BNT +x SSn +x SSe with various concentrations.

Lattice parameters

) Reliability parameters (%)
Crystallite size
X Crystal structure and space group a c Rup Ry Rexp gof (D) (nm) Lattice strain
0 Rhombohedral and R3c 5.490 13.499 10.80 10.27 543 1.99 57 0.0026
0.05 5.505 13416 10.90 10.17 6.52 1.67 65 0.0024
0.10 5.529 13.534 11.28 10.28 6.67 1.69 67 0.0023
0.15 5.535 13.598 11.37 10.50 7.24 1.57 70 0.0022
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Figure 3: Effect of frequency on (a) dielectric constant and (b) loss tangent at various temperatures (25 °C to 500 °C); and effect of temperature on (c)
dielectric constant and (d) loss tangent at various frequencies (1 kHz to 1 MHz) of (1-2x) BNT +x SSn + x SSe compounds with different concentrations.

5%, 10%, 15%) in BNT over a broad temperature (25-500 °C)
and frequency (1 kHz to 1 MHz) ranges. It is observed that the
value of the relative permittivity reduces with the increase in
frequency, and reaches a fixed point at high frequencies. This
decreasing trend of the dielectric parameters (e, and tané)
resembles the nature of the polar dielectric materials [35].
For all temperatures and concentrations of the materials, the
saturated value of the relative permittivity is achieved at high
frequencies (> 1 MHz) (beyond the experimental limit). In the
low-frequency region, the various kinds of polarization pro-
cesses are observed, and the net polarization is thus defined as
the sum of all four types of polarization. Hence, ¢, shows the
maximum value at the low frequencies and then decreases as
some polarizations diminish, and finally vanish entirely after a

certain frequency limit except for electronic polarization. The

©The Author(s), under exclusive licence to The Materials Research Society 2023

relation between the dielectric constant and the atomic polar-
izability is well described by the Clausius—Mossotti relation
[36]. It is clearly visible that at low frequencies as well as high
temperatures, the value of ¢, reduces quickly, whereas, in high
frequencies, the decreasing rate becomes slower. This may be
elucidated by the Maxwell-Wagner theory of Koop’s double-
layered model. It is because of the existence of conducting grain
(dominating at high frequencies) and poorly conducting grain
boundaries (dominating at low frequencies) [37]. On the appli-
cation of an external electric field, there is an accumulation of
charge carriers observed at the grain boundary. With the rise
in frequency, the direction of the motion of the charge carriers
suddenly changes, and this obstructs the movement of charge
carriers within the specimen. As a result, the gathering of the

charge carriers gets reduced at the grain boundary, and then the
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value of ¢, decreases. The reduction of the relative permittivity
with the rise in frequency is also caused by the fact that the
electron hopping between Ti** and Ti** is unable to follow the
alternating electric field in the high-frequency region. Hence
the electrons have to go through the grain as well as the grain
boundary, but because of the high value of resistance of the grain
boundary, the electrons/charge carriers are collected there, and
create a large value of space charge polarization. Consequently,
the relative permittivity possesses a high value in the low-fre-
quency zone. With the substitution of alkaline earth stannate
and alkaline earth selenite (SSn+SSe) to the BNT ceramic, the
value of relative permittivity first decreases for x=0.05, and then
rises for other higher concentrations (i.e., for x=0.10, and 0.15).
On the other hand, the value of the loss tangent decreases with
an increase in frequency, and this type of trend may be specified
using the dipole relaxation phenomenon [38]. The space charges
are not capable to pursue the high frequency of the applied alter-
nating field and go on relaxation. The sharp increase of loss tan-
gent at the low-frequency side may be because of the thermally
activated charge carrier’s scattering and the presence of some
unknown defects in the materials including oxygen vacancies. In
the low-frequency region, a large amount of energy is required
for the movement of the ions as the grain boundary contains a
high value of resistance, hence the dielectric loss shows maxi-
mum value in this region, but the reverse situation occurs in the
high frequency region.

With the addition of SSn-SSe to BNT, the value of dielectric
loss first reduces for x=0.05 and then rises for other higher con-
centrations (i.e., for x=0.10, and 0.15). The values of dielectric
constant at 1 kHz and 500 °C are found to be 1636, 1083, 2607,
and 3803 for x=0, 0.05, 0.10, 0.15 respectively. Similarly, the loss
tangent values are observed to be 0.69, 0.66, 1.08, and 1.79 for
x=0, 0.05, 0.10, 0.15, respectively.

Effect of temperature on dielectric parameters

Figure 3(c), (d) represents the temperature dependence of die-
lectric parameters (dielectric constant as well as loss tangent)
of (1-2x) BNT + xSSn + xSSe with different concentrations at
selected frequency (1 kHz to 1 MHz). In this figure, BNT and its
modified compounds contain two dielectric anomalies (peaks)
in the graph. These anomalies correspond to the two values of
temperatures, identified as the depolarization temperature (T})
and maximum temperature (T},) respectively. In normal fer-
roelectric materials, these two peaks coincide with one another
and are usually called the Curie temperature (T.). At the Curie
temperature, the phase transition of the materials goes from the
ferroelectric to the paraelectric phase; i.e., above T, the parae-
lectric phase, and below T, ferroelectric phase [39]. However,
in the BNT+SSn+SSe system, this situation does not occur. The

depolarization temperature (T;) corresponds to the ferroelectric

©The Author(s), under exclusive licence to The Materials Research Society 2023

to the anti-ferroelectric transition, whereas at maximum tem-
perature (T,,) the phase transition from the anti-ferroelectric
to the para-electric state takes place [7]. T, is smaller than that
of T, and can be evaluated from the first peak of tan § vs tem-
perature plot. BNT has a complex phase structure; the rhom-
bohedral structure of the BNT compound is transferred to the
tetragonal structure at about 260 °C and from the tetragonal to
the cubic structure at around 540 °C [40]. In the present study,
the first peak is observed at around 200 °C (known as the T)
and the second one is observed between 320 and 350 °C (called
as the T,,). In the figure, it is clearly seen that with an increase in
temperature, both ¢, and tan § increase. This nature of the vari-
ation of dielectric parameters was explained by Schmidt et al.
[41]. According to them, this is due to the super paraelectric
cluster polarization and the Maxwell-Wagner effect. In the pre-
sent work, with the addition of SSn+SSe to BNT, the dielectric
constant first decreases for x=0.05, and then rises for x=0.10
and 0.15. The dielectric loss varies in a similar way as that of the
dielectric constant. The value of loss tangent remains constant
up to 100 °C, and then increases with further increase in tem-
perature. A small peak is observed between 100 and 200 °C, and
a prominent peak is observed at around 350 °C for all composi-
tions of the compounds. These two peaks also correspond to
the peaks observed in the dielectric constant plot. The increase
of dielectric loss with an increase in temperature suggests the
existence of the thermally activated conduction process in the
studied materials. Again, it is observed that at low frequencies
and high temperatures, the dielectric loss increases quickly
because of the free movement of space charges in this region. It
is now clear that the materials possess a very small value of tan §

which makes the materials useful for different electronic devices.

Impedance spectroscopy

Impedance spectroscopy is an effective, powerful as well as
unique technique to study the electrical properties of the
polycrystalline, ionic, and dielectric materials. This is a non-
destructive method that correlates the micro-structure (contain-
ing grain as well as grain boundary) of the compounds with
the electrical properties. This process is generally used to dis-
tinguish the effect of grain, grain boundary as well as electrode
interface effect on the electrical impedance of the substances. It
takes into account the movement of mobile charges in the bulk
and interfacial zones [42]. The external electric signal is applied
across the sintered pellets, and the output impedance data are
expressed as a function of temperature and frequency. The com-
plex impedance of the materials consists of both real (Z') as well
as imaginary (Z") components, that are expressed through the

following relations,

Z* — Z/ +jZ// (4)
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Figure 4: (a) Variation of Z' and Z” with frequency; (b) Nyquist plots at various temperatures out of 25 to 500 °C; (c) Depressed semicircles at 300 °C with
depression angle of (1-2x) BNT +x SSn +x SSe compounds with various concentrations.

R

Here, Z, = m and (5)
" wRt

T (o) ©

Here 7 stands for relaxation time and is defined as the product
of Rand C.

Effect of frequency on Z’ and Z”

Figure 4(a) represents the frequency variation of Z' and Z"
(inserted) of the studied compounds BNT+SSn+SSe (with
x=0, 0.05, 0.10, 0.15) at various temperature of (25-500 °C)
in a broad frequency range (1 kHz to 1 MHz). In the region of
low-frequency, with the increase in temperature, the value of
Z' decreases whereas for higher frequencies, the values of Z'
merge to a fixed value irrespective of temperature rise. Such
type of nature of the plot suggests the liberation of space

©The Author(s), under exclusive licence to The Materials Research Society 2023

charge due to the lowering of the barrier property of the com-
pound with an increase in temperature and this is respon-
sible for the rise in ac conductivity of the compound with
frequency [43]. In the present study, Z' value reduces with
temperature rise from 25 to 100 °C, and with a further rise in
temperature, Z' increases up to 500 °C for all four composi-
tions of the materials. It indicates that in the low-temperature
zone, the material possesses the NTCR (negative temperature
coefficient of resistance) behavior and in the high-tempera-
ture zone, PTCR (positive temperature coefficient of resist-
ance) behavior is observed in the studied compounds. At
high frequencies, the space charges have a very small time for
relaxation, and thus recombination becomes faster. Therefore,
in the high-frequency region, the space charge polarization
decreases which gives rise to the overlapping of Z' values. The
nature of variation of Z' curves shows the presence of a single
relaxation mechanism, which indicates the enhancement of ac

conductivity with a rise in both temperature and frequency.
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In the Z" versus frequency graphs, the Z" follows a simi-
lar trend. The value of imaginary components of complex
impedance reduces with an increase in both temperature and
frequency and combines to a constant value after 100 kHz
indicating the space charge accumulation in the compounds.
The Z" graph of the compound shows a characteristic peak
corresponding to a certain value of frequency at high tempera-
tures, known as a relaxation peak. In the present work, within
the experimental range of frequency as well as temperature,
the peak is absent in the parent compound suggesting the
absence of dissipation of current, whereas, it is exhibited in
the other three compositions. With an increase in the added
amounts of SSn and SSe, the peak becomes more prominent
(i.e., it is clearly visible for x=0.15 at 450 °C and 500 °C). This
is because of the fact that the peak has a tendency to appear
at low frequency and high temperature. Hence, in the par-
ent compound (BNT), the peak may present at a frequency
lower than 1 kHz. The existence of the peak (originated from
the dipolar polarization) represents the relaxation mecha-
nism present in the compounds [44]. For x=0.15 graph, it is
clearly observed that the maximum value of Z" is observed
and moves towards the high-frequency zone with the rise in
temperature from 450 to 500 °C. It proposes the increase in
tan 6 value with temperature rise. This shift is also accompa-
nied by the reduction of the amplitude. These observations
confirm the presence of the relaxation process and indicate
the semiconductor behavior of the material [42]. In this plot,
a broadening is found in the peak with the rise in temperature,
which indicates the temperature dependence of the relaxation
phenomenon. The height of the peak varies directly with the
bulk/grain resistance (R;), and is confirmed by Eq. (6) [45].

The relaxation mechanism is because of the occurrence of
immobile charge carriers at low temperatures and the defects
like oxygen vacancy at high temperatures in dielectric sam-
ples [46]

Nyquist plot

Figure 4(b) represents the temperature-dependent complex
impedance spectra commonly known as the Nyquist plots
of the studied compounds over a wide range of frequencies
(1 kHz to 1 MHz) at different compositions. The impedance
spectroscopy of the samples is studied with the development
of complex semicircles whose pattern varies with tempera-
ture. The shape of the semicircular arcs is determined by the
conductivity as well as the polarization mechanism present in
the compounds. In this figure, it is observed that except for
the parent compound, for other composition of the materials,
the impedance curves are fitted by a single semicircle in the
low-temperature region (25-400 °C), and by two semicircles
at high temperatures (450 °C and 500 °C) but in the parent
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compound, all the curves are fitted by a single semicircle.
The degree of intercept of the semicircles and the number
of semicircles give evidence regarding the electrical process
that exists in the materials. It is observed in the graphs that,
initially, the curves are almost straight lines, and with the rise
in temperature, the lines are bent to form semicircular arcs.
In other words, the radius of the semicircular arcs is maxi-
mum at low temperatures. With the rise in temperature, the
radius of the curve declines and approaches the real Z-axis.
This type of result reveals that the conduction mechanism is
thermally activated and proves the semiconductor behavior
of the material [42]. The relationship between the semicircles
and the microstructure of the compounds is explained by the
equivalent circuit elements using Z-SimpWin software. The
first semicircle represents the influence of the grain effect
and the second one is for the grain boundary effect on the
resistive and capacitive properties. In this figure, for x=0, all
curves are fitted by the corresponding electrical circuit of RQC
where resistor and capacitor are connected in parallel com-
bination with Q, the constant phase element (CPE) between
them. Similarly, for other compositions of the materials, all
impedance curves from room temperature to 400 °C are fit-
ted through the RQC circuit, and other curves are modeled by
the RQC-RC circuit where R and C are connected in parallel.
In the plot, the solid symbol signifies the experimental data
and the red line represents the fitted data with a very good
matching is observed between them (with a small value of
chi-squares). The values of resistance and capacitance and
constant phase element of grain (i.e., Ry, Cy and Q) and grain
q» and Cyp) are calculated from the fitted data

and are compared in Table 2. The observed semicircular arcs

boundary (i.e., R

have their center below the real Z-axis suggesting the existence
of the non-Debye type relaxation process in the compounds
[47]. For the ideal Debye model, the semicircle with its center
lying on the real Z-axis is observed. The CPE presents in the
equivalent circuit elements also confirms the deviation from
the ideal Debye type model in the studied materials. With
the increase in temperature, the area of the semicircular arc
decreases which proposes the relaxation mechanism is tem-
perature-dependent. For better investigation of the non-Debye
type relaxation process, the depressed semicircles are drawn at
300 °C for all compounds. The different values of the depres-
sion angles 3.05°, 4.70°, 10.04°, and 11.83° are observed for
x=0,0.05, 0.10, and 0.15, respectively confirming the non-
Debye type of relaxation mechanism in the material in the

experimental range of temperature as well as frequency.

Conductivity study

In the case of dielectric and ferroelectric materials, studies of
electrical conductivity connected with the physical properties,
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TABLE2: Resistance, CPE (Q), and

capacitance of grain and grain Composition ~ Temp (°C) Model Ry(2) CPE Cy(F) Rgb () Cob(F)
Ssewithwarious concentationont ¥~ B (RQQ 946x10% 513x1070 200x1070
some selected temperatures (25 °C 50 (RQC) 9.26x10%  345x107'7  9.05x107"
to 500 °C). 100 (RQC) 8.81x10% 498x107'° 6.07x107*
150 (RQC) 265x107 588x107' 1.50%x107'¢
200 (RQC) 6.10x107  7.19x107' 211x107™
250 (RQC) 7.14x10 8.00x107'° 3.98x107
300 (RQC) 7.28x107 158x107"°  7.26x107°
350 (RQQC) 866x107 234x107'° 8.13x107°
400 (RQC) 1.19x10%  324x10% 6.80x107"°
450 (RQC) 2.70x10%  486x10% 585x107'°
500 (RQC) 3.79x10%  527x10% 4.89x107°
x=0.05 25 (RQC) 9.70x10”  7.35x107'° 1.60x107°
50 (RQC) 8.05x107 1.46x107"° 1.60x107°
100 (RQC) 599x10” 9.84x107"° 152x107°
150 (RQC) 9.92x10” 1.74x107'° 1.74x107°
200 (RQC) 1.42x10%  206x107° 1.89x107"°
250 (RQC) 277x10%  393x107'° 218x107°
300 (RQC) 481x10%  7.05x107% 224x107"°
350 (RQC) 6.96x10% 1.03x10% 215x107°
400 (RQQC) 8.18x10% 1.43x10% 201x107°
450 (RQC)(RC) 855x10%  500x107%° 275x107° 7.41x10%® 584x107"°
500 (RQC)(RC)  9.22x10%  559%x10°° 1.83x107° 7.99x10% 202x107"°
x=0.10 25 (RQC) 228x107  1.17x10% 1.95%x107°
50 (RQC) 9.92x10% 1.43x10 266x107°
100 (RQC) 539x10% 1.19x10 273x107°
150 (RQC) 1.67x107  242x10%  3,02x107"°
200 (RQQC) 3.11x107  291x10%  3.28x107°
250 (RQC) 434x10” 636x10°% 3.52x107°
300 (RQC) 528x10” 833x10% 342x107°
350 (RQC) 542x107  1.44x10% 329x107°
400 (RQC) 6.54x107 270x10% 3.11x107°
450 (RQC)RC)  7.24x10%7  4.21x107% 293x107"° 2.63x10” 9.93x107%
500 (RQC)RC)  9.07x10% 881x107% 278x107"° 4.98x10” 1.53x107"
x=0.15 25 (RQC) 6.83x10%  1.09x107%° 2.09x107°
50 (RQC) 1.82x10%  1.61x10% 235x107"°
100 (RQC) 1.05x10%  247x10°%  264x107"° E
150 (RQC) 401x10%  515x10°%  273x1070 g
200 (RQC) 7.93x10%  4.02x107%° 275x107° £
250 (RQC) 9.34x10% 3.07x10% 271x107° §
300 (RQC) 235%107  480x10% 265%x107°
350 (RQC) 480x10” 802x107% 263x107° g
400 (RQQC) 547x10”  246x10% 264x107° %
450 (RQC)RC)  6.08x10%7  7.42x107% 263x107° 1.17x10” 1.37x107° 2
500 (RQO)(RC)  651x10” 235x107 259x107° 1.26x10” 4.20x107% -
such as dielectric, impedance, and modulus are associated with  the semiconducting region, the variable range hopping (VRH) R
their response to the applied electrical signal. The electrical =~ model and small polaron hopping (SPH) model were used é
>

conduction mechanism provides essential information regard-
ing the electrical transport process of the ions/charge carri-
ers (including electrons/holes) present inside the materials.
Depending on the nature of the charge carriers, any material

can be classified as a conductor, semiconductor or insulator. In

©The Author(s), under exclusive licence to The Materials Research Society 2023

to explain the conduction, however, in the metallic region,
the transport is governed by the scattering mechanisms
like as electron-electron, electron-phonon scattering [48].

Total electrical conductivity consists of two components; (i)
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Figure 5: Variation of ac conductivity with (a) frequency at different temperature (25-500 °C) and (b) inverse of absolute temperature at different
frequency (1 kHz to 1 MHz) of (1-2x) BNT +x SSn +x SSe compounds with various concentrations.

frequency-independent dc conductivity (64.) and (ii) frequency-
dependent ac conductivity (g,.), and represented by the follow-
ing equation,

OT = Oac + 04dc (7)

Among these two components, ac conductivity plays a vital
role in the electrical conductivity study of the materials which
can be expressed in terms of dielectric parameters by using the

empirical formula,

Oac = wEEr tan § (8)

Here each term possesses the usual meaning.

Effect of frequency on ac conductivity

Figure 5(a) represents the frequency variation of g, of the
prepared compounds for all compositions at different tem-
peratures in the range of 25 to 500 °C. In the low-temperature
region, with an increase in frequency, the value of ac conduc-
tivity increases sharply. But with the rise in temperature, the
increasing rate of conductivity becomes slower. After a certain
temperature, the ac conductivity curves become independent of
frequency. At high temperatures in the low-frequency site, the
graph displays the frequency-independent (plateau) behaviors,
and thus represents the dc conductivity. On the other hand, the
frequency dispersion part corresponds to the high-frequency
side representing the o,.. In the graph, for the high value of
the substituted compositions (i.e., for x=0.10, and 0.15), the
plateau region is more prominent than that of other concen-
trations (x=0, and 0.05). The enhancement of ac conductivity

©The Author(s), under exclusive licence to The Materials Research Society 2023

with frequency as well as temperature is specified by the cation
disordering between the existing space charges and the sur-
roundings. The frequency-dependent curves of the ac conduc-
tivity are fitted non-linearly by Jonscher’s universal power-law
according to the following equation [49, 50],

Oac = 04c + A" 9)

Here o0y is the dc conductivity, w = 27f is the angular fre-
quency, A represents a constant known as the pre-exponential
factor and n represents the frequency exponent has been found
to be material dependent with the value of 0 <n<1; and both A
and n are temperature dependent. A’ defines the polarizability
strength, and ‘n’ determines the degree of interaction between
the mobile charge carrier and the lattices surrounding them.
The value of the dc conductivity, A, and n of the materials at
different concentrations (x) with the obtained values of error
during fitting are given in Table 3. It is noticed that the value
of n lies between 0 and 1. According to Jonscher, the frequency
variation of ac conductivity originates because of the relaxation
mechanism, produced by the mobile ions/charge carriers [51].
The switching of frequency-dependent o,  from the frequency-
independent gy is because of the relaxation process and the
transformation from hopping at a long range to the motion of

ions/electrons at a short-range [52].

Effect of temperature on ac conductivity

Figure 5(b) shows the variation of ¢,. with the inverse abso-

lute temperature of the compounds BNT+SSn+SSe for various
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TABLE 3: Values of oy, A and n of (1-2x) BNT+x SSn+x SSe compounds
with various concentrations with the error.

Compo- Temper-

sition ature Oc A n Error (x?)

x=0 25 4213x107%  1.179%x107  0.663 4.607x107'°
50 1.630%x107% 6101107 0.937 2.890x107"
100 7.311x10°%  4758x107° 0.976 9.396x107"
150 2253x107%  2.172x107'°  0.665 3.711x107'°
200  4454x10°% 2939%x107'° 0.854 4.871x107'°
250 7.786x107% 2.289%107'° 0.773 3.721x107'°
300 3.528x107% 2.068x107'° 0.870 2.116x10°%
350 2615107  1.651x10°%°  0.926 3.340x10°%
400 3.125x107%  2.920x10°%° 0.802 6.182x107%
450 4587x107% 2.828x10% 0.821 1.734x10°%
500 5721x107% 1950x10™ 0.859 2.007x107%

x=0.05 25 5399x107% 9.291x10°%° 0.792 2.190x107'?
50 1.650%x107% 1.823x10™ 0.899 1.657x107'?
100 953110 2507x107%° 0.887 8.533x107'?
150 4085x10°7  4.194x10%° 0.860 3.327x107'?
200 3.922x10°  5030x10°%° 0.866 2.799x107'?
250 2.662x107%  4548x107° 0.883 1.231x107"
300  4.624x10°%° 4624%x10°% 0.763 1.633x107"
350 1610x107%  8312x10% 0672 2.884x107"
400 2.016x107% 8.299%10°% 0.691 3.790x107"
450 3.638x107%° 8.638x10°% 0.700 1.969x107"
500 5.028x107%  1.909%x10° 0.651 4.012x107"

x=0.10 25 4164x107% 3162x10%® 0.720 6.882x107"
50 1.005x107%  2575x107%° 0960 6.169x107'°
100 7.592x107% 1.439x10% 0.856 6.786x107"°
150 5402x107% 4.695%x107% 0.781 1.022x107%°
200 7.606x107% 5895%x10™% 0.770 1.089x107%°
250 1.505%x107%  7.207x10™%  0.740 1.183x10™%
300 2375x107%  1.045x10° 0.708 1.553x107%
350 4255x107%  1.861x10% 0.660 9.137x107'°
400 5.628x10°%° 5076x10% 0.592 7.471x107"°
450 1.115%10°%  1.491x10™%  0.533 6.232x107"°
500  2.105x107% 3366x10°% 0497 9.774x107'°

x=0.15 25 3.115x107%  2.772x107%  0.793 1.528x107"
50 3.157x107%  3.060x10°%  0.755 1.036x107'°
100 7.961x107% 8534x107%° 0.834 1.531x107'°
150 4833x10°% 8977x10%® 0.668 2.085x107'°
200  6.475x10°%° 8907x107% 0.694 6.182x107"
250 6.799x10°% 6.282x107% 0.731 7.125x107"
300 2.891x107%  7.963x107% 0.729 1.236x107"°
350 5790x107% 7.220x10™% 0.746 1.499x107'°
400 9.025x10%  4.018x10° 0.637 7.068x107'°
450 2.834x107%  1.793x10°% 0.553 1.512x10°%
500 7.871x107%  6.945x10°% 0.480 2.896x107%°

compositions at some selected frequency in the range of 1 kHz
to 1 MHz. The value of ac conductivity changes very slowly in
the low-temperature zone and very quickly in the high-temper-
ature region. The activation energy of the thermally activated
process can be evaluated by using the formula,

©The Author(s), under exclusive licence to The Materials Research Society 2023

_Ea
0 = 0p €Xp @

where 0, stands for the pre-exponential factor and K represents

(10)

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 the activation energy are evaluated from
the slopes of the linear fitting lines in the high-frequency region
and tabulated in Table 4 with the corresponding chi-square
value. With the rise in frequency, the value of activation energy
decreases for all x values. The different values of E, suggest the
presence of different conduction processes in the compounds.
The calculated value of E, is the summation of the activation
energies of the charge carriers along with the free energy of the
carrier hopping. With the rise in frequency, the probability of
hopping of the charge carriers increases, and this reduces the
values of E, with frequency rise.

In the high-temperature region, the high values of electrical
conductivity are due to the oxygen vacancies produced during
the high-temperature sintering process [53]. The steepness of
the slopes in the low-frequency region for all compositions (x)
shows the dominating behavior of dc conductivity. It is observed
that the values of activation energy of the materials increase with
the increase of the substituted amount (x) for all frequencies.

J-E characteristics and polarization study

The electric field (E) variation of current density J (i.e., J-E
characteristics) of the prepared compounds BNT + SSn + SSe
for all concentrations at various temperatures in the range of
25-500 °C are shown in Fig. 6(a)-(c). Figure 6(a) displays the
current density vs. electric field of the materials in both positive
and negative polarities starting from — 400 V/cm to 400 V/cm
through the origin. The value of ] rises smoothly up to 50 V/cm
for all compositions and after this, the increasing rate becomes
slower. This figure is symmetric on both sides of the origin. It
is observed from the plot that with the rise in temperature the
values of leakage current density of the material for all com-
positions increase. With the rise in the doping percentage, the
value of current density decreases. The value of current density
at 25 °C is found to be 1.758 x 10" A/em?, 1.976 x 107 A/em?,
1.165x 107 A/cm?, and 1.309x 10™% A/em” for x=0, 0.05, 0.10,
0.15, respectively. The small value of leakage current makes the
materials useful for the fabrication of possible electronic devices.

Figure 6(b) depicts the log J vs. log E plot for all composi-
tions in the experimental range of temperature. Here the log J
curves are fitted linearly with the slope m = 1 in the both high
and low-electric field regions. This signifies that throughout the
field, the materials show Ohmic conduction. In other words, the
charge transport mechanism is predominated by Ohmic con-

duction in accordance with the following equation,
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Johm = qunE (11)
where y is the charge carrier mobility, n represents the electron
number density, and E is the electric field strength [54].

In some cases, it is found that in the high-voltage regions,
the value of leakage current density increases steeply with the
slope closer to 2 (i.e., m = 2), and this is because of the excess
in the accumulation of space charges. Such a type of transpor-
tation mechanism, known as the space charge limited current
(SCLC) conduction, is absent in the studied materials. The val-
ues of the slope of the linear fit current density curves with the
corresponding values of error are tabulated in Table 2 in the
supplementary material file.

Figure 6(c) represents the variation of log J with E¥ com-
monly known as the Schottky emission (SE) plot for all tem-
peratures. The Schottky emission/thermionic emission is well

explained by the following relation,

J = AT exp —q(¢s — \/qgE/4mereo)

kgT

(12)

where A* stands, for the Richardson constant, E signifies the
electric field across the material, and ¢ represents the barrier
height 55, 56].

'The equation signifies that log J varies linearly with E¥? and
the slope of the linear fitting line provides the dynamic dielectric
constant. But, in the present study, the log J curves are not linear
and suggest the absence of SE materials in the said experimental
range.

Figure 6(d) reveals the nonlinear relationship between the elec-
tric polarization (P) and applied electric field (E) of the synthesized
un-poled pellets of different compositions. The P-E hysteresis loop
of the materials (taken at room temperature) with a frequency of
50 Hz signifies the ferroelectric nature of the sample. Because of the
experimental limitation, a sufficiently high electric field could not
be applied to get saturated symmetric loops. The electrode sintered
pellets of different area and thickness for various concentrations
such as (1.10 cm? and 0.23 cm), (0.98 cm? and 0.25 cm), (0.95 cm?
and 0.2,3 cm), and (1.12 cm? and 0.22 cm) for 0, 5%, 10%, and 15%
respectively were taken for the measurements. The obtain values of
remnant polarization (2P,) and coercive field (E_) of the compounds
are found to be (0.201 pC/cm? and 1.629 kV/cm), (0.254 pC/cm?
and 2.130 kV/cm), (0.450 pC/cm? and 2.105 kV/cm), (0.633 pC/
cm? and 1.828 kV/cm) for x=0, 0.05, 0.1, 0.15, respectively. It is
clear that with the rise in substitution concentration the 2P, value
of the parent compounds increases successfully.

BNT + SSn + SSe polycrystalline compound with different com-
positions has been prepared through the conventional mixed
oxide reaction method. The room temperature XRD pattern of
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the calcinated powder samples has been considered from 20° to
80° of Bragg diffraction angle, proposing the development of a
new perovskite single-phase compound without any impurity
phases. The material crystallizes in a rhombohedral crystal sys-
tem with cell parameters a=5.4760 A and c=6.7780 A according
to the JCPDS database of bismuth sodium titanate. With the
substitution of the SSn-SSe to the BNT compound, the position
of the characteristic peaks moves towards the lower diffraction
angle because of the higher ionic radii of the substituted com-
pounds in comparison to the pure sample. The crystallite size
of the compounds is evaluated using the W~H plot and found
to be 57 nm, 65 nm, 67 nm, and 70 nm for x=0, 0.05, 0.10, and
0.15, respectively. The microstructure of the gold-coated pellets
displays the homogeneous distribution of grains, separated by
the grain boundary and the size of grains varies from 0.28 to
1.61 pm. The dielectric property and the polarization processes
of the material are described by the Clausius—Mossotti relation.
The dielectric graph contains two dielectric anomalies corre-
sponding to Ty (ferroelectric to anti-ferroelectric transition)
and T, (anti-ferroelectric to paraelectric transition) observed
around 200 and 350 °C, respectively. The high value of the rela-
tive permittivity and small values of dielectric loss makes the
compound preferable for device application. In the impedance
spectroscopy, the material exhibit both NTCR (at a lower tem-
perature) as well as PTCR (at a higher temperature) behaviors,
and the contribution of grain and grain boundary effects are
explained by the Nyquist plot. The depressed semicircles with
certain values of the depression angles are displayed at 300 °C
indicating the non-Debye type relaxation mechanism exists in
the compound. The ac-conductivity curves are fitted through
Jonscher’s universal power-law model and the activation energy
at a higher temperature for all frequencies is evaluated using
the Arrhenius equation. With the increase in frequency, the
decrease in E, suggests the rise in the probability of the hopping
of the charge carriers. The J-E characteristics of the compound
show a very small amount of leakage current density of the order
of 10”7 A/cm? at room temperature and with temperature rise,
this value increases up to 10™* A/cm?. The slope of the log J vs.
log E is observed nearly equal to 1 indicating the conduction
process is of Ohmic type. The room temperature polarization
vs. electric field hysteresis loop suggests the ferroelectric nature
of the studied material. With the substitution of SSn-SSe the 2P,

values of the compound gradually increase.

Two crystal systems (SrSnO;+SrSeO;) modified (Bi, ;Na, s)
TiO; solid solutions of standard chemical compositions
(1-2x)(Biy sNa, 5)TiO5 + x(SrSnO;) + x(SrSeO;) (referred
as BNT + SSn + SSe) with various compositions (i.e., x=0,
0.05, 0.10 and 0.15) have been synthesized through a mixed
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TABLE4: Comparison of E, (eV)
of (1-2x) BNT+x SSn +x SSe

with various concentrations at Composition (x) and error (x?)
different frequencies.

Activation energy (E,)

Hﬁj;ency x=0 (o2 x=0.05 o) x=0.10 () x=015 ()
1 0413 0051 0.553 0.090 0.581 0010 0858  0.069
5 0302 0021 0.362 0.060 0.488 0011 0556 0086
10 0252 0014 0.331 0.057 0.457 0.093 0680 0073
50 0235 0017 0.265 0.043 0.380 0.074 0560 0063
100 0221 0009 0.225 0.029 0.297 0.064 0470 0063
500 0200 0001 0210 0.008 0.224 0.058 0366  0.048
1000 0148 0012 0.162 0010 0.189 0.054 0301 0040
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Figure 6: Variation of (a) log J with E; (b) log J with log E; (c) log J with 2 at different temperatures of the range of 25-500 °C; (d) Room temperature §

hysteresis loop at 50 Hz of (1-2x) BNT +x SSn +x SSe with various concentrations.

oxide solid state reaction route for detailed characterization. (>98%), titanium oxide TiO, (99.5%), strontium carbonate
The high-purity (AR grade) oxides and carbonates such as SrCO; (99.9%), tin oxide SnO, (99.9%) (all from M/s Loba
bismuth oxide Bi,O; (99.0%), sodium carbonate Na,CO;  Chemie Co Ltd) and selenium oxide SeO, (>98%) from M/S

Journal of Materials Research

© The Author(s), under exclusive licence to The Materials Research Society 2023 3788



N

Journal of
MATERIALS RESEARCH

7 m

Merck-Schuchardt were taken in stoichiometric ratio using
the digital balance meter (correct up to fourth decimal place).
These ingredients were mixed thoroughly in both dry (air)
as well as wet (in methanol) medium using agate mortar
with a pestle for 5 h to obtain homogeneous mixtures of the
constituent oxides and carbonates. The calcination of these
mixtures has been carried out using an alumina crucible in
the high-temperature muffle furnace at 950 °C for 5 h. The
room temperature X-ray diffraction (XRD) pattern/data of
the calcined powders were analyzed through diffraction data
obtained from Rigaku Ultima IV diffractometer having CuKa
radiation with A = 1.5405 A to give information about the crys-
tal structure and phase formation. After the confirmation of
the crystal structure, the calcined powders were mixed with
PVA (binder) to prepare cylindrical pellets (1-2 mm thick
and 12 mm diameter) using KBr hydraulic press at a pres-
sure of 4 x 10° N/m? The prepared green pellets were sintered
at 1000 °C in the high-temperature muffle furnace to obtain
highly dense and hard pellets. The surface micrograph of the
gold-coated sintered pellets was recorded employing a scan-
ning electron microscope (SEM) of Zeiss Supra 40. For the
electrical measurements, a compact sintered pellet of each
composition was polished with fine sand paper and electrode
using silver paint. The dielectric, impedance and conductivity
analysis of these pellets were performed by using the phase-
sensitive meter (PSM 1735) over a wide frequency (1 kHz to
1 MHz) range at different temperatures (25-500 °C). The fer-
roelectricity in the prepared pellets was established from the
room temperature field-dependent polarization i.e., (P-E)
hysteresis loop traced using an M/S Marine India hysteresis
loop tracer. The leakage current characteristics along with the
conduction mechanism of the synthesized compounds were

carried out using a Keithley electrometer (6517B).
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