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Abstract

A perovskite ceramic oxide, stannum (Sn) modified bismuth sodium titanate (BNT) (i.e., Bij sNag 5Tij 0Sn( 29003) was
synthesized by using a mixed oxide powder reaction route. Analysis of the X-Ray diffraction spectrum supports the poly-
crystalline nature of the compound with tetragonal symmetry. A phase change from the ferroelectric to paraelectric transi-
tion is observed at around 315 °C. The temperature and frequency dependence of dielectric properties and AC conductivity
data of the material are analyzed. The Nyquist plots explain the effect of the grain and grain boundary contribution on the
polarization process of the material. The analysis of complex modulus spectroscopy exhibits the non-Debye relaxation in
the compound. The doping of stannum at the titanium-site of BNT enhances the dielectric characteristics of the material.
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1 Introduction

ABO; type perovskite oxides, especially PbTiO;, have found
potential device applications, like switches, capacitors, light
modulators, sensors, transducers, nonvolatile memory, ther-
mistors, optoelectronic devices, and infrared imaging [1].
Search for new ferroelectric compounds with this structure
arose to minimize the industrial use of toxic Pb.
Bi, sNa, sTiO; (BNT) is found to be a good replacement for
PbTiO; having a similar electronic configuration of Bi** ion
4f145d1%s? with a lone pair of 6S electrons as that in Pb**
ion [2] and possess a high dielectric constant in a wide range
of the temperature and strong ferroelectric properties with
many industrial applications. BNT is also reported to exhibit
two phase transitions; one at 200 °C corresponds to ferroe-
lectric to relaxor ferroelectric and other at 320 °C corre-
sponds to the relaxor ferroelectric to paraelectric phase tran-
sitions [3]. BNT is of ABO; type perovskite where complex
occupations at the A/B- sites are possible, albeit with the
combined electronic charge of the A-site ions is+ 1 or+2
and that of B is+5 or +4 respectively [4]. BNT is found to
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be a superior ferroelectric at room temperature with a high
value of the remnant polarization (P,) of 38uC/cm? [5].
Although it has several good properties, there are some
drawbacks, like a high coercive field with difficulty in poling
and high leakage current with difficulty in the measurement
of intrinsic properties. Some drawbacks of the material can
be overcome by a variety of methods, including doping/sub-
stitution at the A and/or B sites. While selecting the different
ions for substitution in these perovskite structure com-
pounds, emphasis should be laid on the charge neutrality and
the tolerance factor. The tolerance factor which provides the
basic information of geometric packing in perovskite
(ABO,) is expressed as 1’ = Yo where T4, Tg,andrg

B \/E(VR‘”U)’
are the average ionic radius of A-site and B- site atom and
oxygen (O%7) respectively [6]. Depending on the tolerance
factor, the materials of the perovskite family crystallize in
distinct structures, such as (i) 0.9 <#”<0.97 for cubic, (ii)
0.97 <t” < 1.02 for tetragonal, and (iii) 0.8 <#’'<0.9 for
orthorhombic/monoclinic structure [7], which strongly influ-
ence the polarization property. Stannum as a compound in
oxide form is one of the important metal oxides with a wide
optical energy band gap, E,=3.6 eV at room temperature
[8] and high-dielectric constant (18). The unique optical,
electrochemical, electronic and catalytic properties make
stannic oxide an important functional material in applica-
tions like solar cells, optoelectronic devices, gas sensors,
laser diodes and transparent conducting electrode [9, 10].
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The electrical properties of stannic oxide are making it more
useful in technology. While the stoichiometric form of stan-
nic oxide exhibits insulating nature, that in non-stoichiomet-
ric form promotes oxygen vacancies and acts as a n-type
semiconductor [11]. Further, the ionic radius of Sn**
(0.69 A) is relatively close to Ti** (0.605 A), which makes
it suitable for the formation of single phase compound.
Keeping in the view of the wide applications of stannum in
oxide form and high value of the dielectric constant, we have
prepared stannum modified BNT i.e. Bij sNa, 5Ti oS0 5003
(BNTS) by cost-effective solid-state reaction mechanism.

2 Experimental and Characterization
Techniques

The stannum modified BNT i.e. Bij sNag 5Tij goSng 5005
(BNTS) was synthesized by a mixed oxide reaction tech-
nique. The stoichiometric ratio of high purity Bi,O5 (99.0%,
Himedia), Na,CO; (99.5%, CDH), TiO, (99.5%, Loba Che-
mie) and SnO, (99.9%, Loba Chemie) were taken in an agate
mortar and mixed thoroughly in the dry state as well as in
the wet mode using methanol for 3 h. The homogeneous fine
raw powder was taken in a crucible and calcined at 900 °C
for 4 h using a high-temperature furnace. Powder X-Ray
diffractometer (Rigaku Ultima I'V) was used for confirming
the structural characteristics of the calcined powder. The
pellet was prepared by KBR hydraulic press taking polyvinyl
alcohol as a binder in the calcined powder and the pellets
were sintered at 1050 °C for 4 h.

The silver coat was painted on both sides of sintered pel-
lets for the electrode and heated at 100 °C for 45 min to
get the moisture-free surface. The dielectric and electrical
properties were measured through a phase-sensitive multim-
eter (N4L, Impedance Analysis Interface, and Model PSM-
1735). The leakage current was measured by a Keithley elec-
trometer (6517B). Marine India PE hysteresis loop tracer
was used to investigate the ferroelectric properties of the
compound. The schematic synthesis process and characteri-
zation has been presented in Fig. 1.

3 Results and Discussion
3.1 X-Ray Diffraction Study

The X-Ray Diffraction (XRD) spectrum of the BNTS
ceramic compound is shown in Fig. 2. As the determined
tolerance factor (#') of the material is found in between 0.97
and 1.02, the compound is expected to crystallize in the
tetragonal symmetry. The indexing of the diffraction peaks
has been done using standard ‘Powd Mult’ software. The
XRD analysis supports the crystallization of the sample in
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Fig.2 XRD pattern of Bij, sNag 5Ti goSn, 003 compound

a tetragonal structure. The selection of the cell parameters
of the compound is based on the good match of the inter-
planar spacing between the experimental and calculated
value for each reflection with a negligibly small standard
deviation. The selection of the cell parameters of the com-
pound was done on the basis of a good fit, and the least-
squares refinement procedure. The lattice constants, the c/a
ratio, and volume of the sample are: a=b=6.6941 A,
c=14.3407 A, c¢/a=2.1423, and volume =642.62 (A)?
respectively. The crystallite (p) size of the specimen is esti-
mated by using the diffraction profile data (i.e., diffraction
angle, peak width, and optimization constant) and the wave-

length of radiation in the Scherrer equation, p = 269;;
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[12—-14]. The crystallite size amounts to 41 nm for the
compound.

3.2 Effect of Temperature on Dielectric Property

The effect of temperature on the relative dielectric constant
(¢/)and tangent loss (tand) of the BNTS compound at some
chosen frequencies is shown in Fig. 3a and b. In Fig. 3a, we
have observed a peak representing the ferroelectric to par-
aelectric phase transition at around 315 °C in the ¢ vs. tem-
perature graph. As mentioned in the introduction, the BNT
exhibit two phase transitions; one at 200 °C correspond-
ing to the ferroelectric to relaxor ferroelectric and other at
320 °C corresponding to the relaxor ferroelectric to parae-
lectric phase transition [15]. In our compound, we have not
observed the ferroelectric to relaxor ferroelectric transition.
At 1 kHz frequency, the value of ¢/ of the sample increases
from 656 at room temperature to 3213 at the phase transition
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Fig.3 a Effect of temperature on the €', at some chosen frequencies
of the compound. b Effect of temperature on tané at selected frequen-
cies of Big sNay, 5Ti( gpSng 903

temperature of 315 °C. For pure BNT, the reported value of
g/ lies in the range of 5161586 under similar temperature
and frequency condition [16]. The substitution of Sn** at
Ti*" sites improves the dielectric constant. The increase is
more in the higher temperature part as the thermal energy
provides the necessary activation energy for the charge car-
riers to orient along the field. The value of the ¢/ increases
as a result of the alignment of the polar molecules in the
direction of the applied electric field.

From Fig. 3b, it is noticed that the loss increases with an
increase in the temperature. The increase is more noticeable
at lower frequencies in the higher temperature region due
to increased conductivity. The compound with a dielectric
constant of 510 and a dielectric loss of 0.03 at 25 °C and
1 MHz have good potentiality for device application.

3.3 Effect of Frequency on Dielectric Constant
and Tangent Loss

Figure 4a shows the frequency variation of ¢/ of the material
at chosen temperatures (100-250 °C). The variation of €’ in
the experimental range of the frequency is due to the space
charge and dipolar polarization. The space charge polariza-
tion and some mode of the dipolar polarization cease, as
we move from low to high-frequency, and as a result, the
dielectric constant reduces on increasing frequency in the
entire range of the temperature [17]. Figure 4b depicts the
frequency dependence loss tangent at variant temperatures.
The tangent loss value is very less in the entire temperature
and frequency range, which makes this compound suitable
for device applications.

3.4 Impedance Spectroscopy

The impedance spectroscopy has been studied for the elec-
trical characterization of the compound in a wide range of
the frequency. The real (Z') and imaginary (Z") component
of the complex impedance analysis explain the bulk, grain
boundary, and the electrode interface parts along with the
relaxation process of the compound. In Fig. 5a, the value of
7' declines with an increment in frequency. For the selected
range of temperature, the Z' values are almost similar above
100 kHz and coincide at a higher frequency apparently due
to the release of the space charges. In a certain frequency
range, the value of Z' increases with increasing temperature
from 100 °C up to around 200 °C and then decreases, imply-
ing the positive temperature coefficient of resistance (PTCR)
nature in the specimen up to 200 °C [18]. The PTCR nature
signifies the reduction in the hopping process of the ions
with increasing temperature. Above 200 °C, the activation
of charge carriers dominate and the resistance decreases.
Figure 5b represents the variation of the imaginary com-
ponent (Z") of impedance with the frequency. Z" decreases
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Fig.4 a Effect of frequency on &', at selected temperatures of the
compound. b Effect of frequency on fané at some chosen tempera-
tures of Biy sNay sTig 49512003

with a rise in frequency and beyond 100 kHz show the insen-
sitivity to the frequency change for the entire temperature
range of the experiment.

Figure 5¢ shows a Nyquist plot (Z” vs. Z' of BNTS com-
pound ceramics in the temperature range of 100-250 °C.
The plot of impedance (Z) in the complex plane used to
resolve the contributions from the bulk, grain boundary, and
the electrode interface contribution to the polarization pro-
cess. Each of these effects are represented by a semicircular
arc in the complex impedance graph and designed by an
equivalent circuit element of resistance (R) and capacitance
(C). For ideal material, the perfect semicircular curve with
center on the Z’-axis shows the ideal Debye relaxation mech-
anism. The inhomogeneity in the size of the grain and the
electromagnetic diffusion in the ceramic compound affects
the nature of the semicircular curve and it gets inclined to
the real axis implying a distribution in the relaxation time
[19-21]. The plot is fitted to the equivalent circuit of (RQC)
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for 100 °C and 150 °C and (RQC) (RC) for 200 °C and
250 °C using the ZSIMPWIN software. The Q is defined as
the constant phase element and signifies a deflection from
the ideal Debye nature. The net electrical characteristic of
the specimen is obtained by the series connection of both
the grain and grain boundary contributions. The obtained
parameters, i.e. grain resistance (R,), capacitance (C,), grain
boundary resistance (R,,,), and capacitance (C,,) from the
Zsimpwin software are listed in Table 1.

The semicircular curve for the temperature of 150 °C is
plotted by selecting three combinations of Z”” andZ’ from
the observed value and fitted with a circle equation [22].
Figure 5d represents the Nyquist plot at 150 °C with the
depression angle (0) of 2.29°.

3.5 AC Conductivity

Figure 6a depicts the graph of AC conductivity (c,.) with
1000/T in a wide range of the frequency. The AC con-
ductivity is defined by the relation, 6, = €,¢/ wtans, and
computed from the impedance data, where, the parameters
having their usual definition. The high value of AC con-
ductivity at the higher temperature is due to activation of
more number of charge carriers. The movement of charge
carriers increases through the hopping mechanism between
the two sites. The activation energy is calculated by using
the equation, 6, = Ae*" [23]. The calculated activation
energy at the higher temperature decreases with an increase
in frequency. The increase in hopping probability with an
increase in frequency between the localized sites reduces
the activation energy. The low value of activation energy in
the perovskite compounds correlates to the higher amounts
of oxygen vacancies.

Figure 6b represents the frequency dependence AC con-
ductivity for the BNTS compound within a range of the
temperature 100-250 °C. The variation of frequency with
AC conductivity is defined as, ¢,.(w) = Aw® where A and s
(< 1) are the polarizability factor and temperature-dependent
frequency exponent respectively [24]. There are two slopes
in the plot corresponding to the low-frequency and the high-
frequency region respectively and the linear fitting on the
log-log scale determines the value of s. The variation of s
with temperature in different frequency regions indicates the
conduction mechanisms active in the compound.

The variation of s in the low and high frequency regions
behaves opposite to each other and it is shown in Fig. 6¢ and
d. In the low-frequency region, the value of s increases with
increasing temperature signifying the non-overlapping small
polaron tunneling (NSPT) based conduction mechanism. In
the high-frequency region, s decreases with increase in tem-
perature suggesting the correlated barrier hopping (CBH)
conduction mechanism in the material.
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Fig.5 a Frequency variation of Z' of BijsNay sTijg,Sn),,03 com-
pound. b Variation of Z" with frequency of Bi,sNa, 5Tij SN 2003
compound. ¢ Z" vs. Z' plot with the fitting of an equivalent circuit of

Table1 R,, C,, R, and Cy at various temperatures of the compound

Temperature R, (kQ) Cg PP Rgb (kQ) Cgb (rF)
(°C)

100 8569 142 - -

150 5381 166 - -

200 161.1 298.4 4921 415.5
250 133.8 210.2 1891 656

The frequency exponent s for the NSPT model is given
by [25]

4

i In (1/601'0> - WH/KBT

In the CBH model the temperature-dependent frequency
exponent(s) is given by the equation [26]:

s=1

the compound. d Nyquist plot with semicircular curve fitting for the
temperature of 150 °C of Bi,, sNa, 5Ti goSn( 2,003 compound

6K,T

s=1-
Wy + KT In (a)ro)

3.6 Modulus Analysis

The spectroscopic data of both modulus and impedance have
importance in analyzing different electrical components and
characteristics of the compound. The electric modulus can
explain the electric features like the bulk and grain bound-
ary effect, conduction properties, and relaxation time [27].
The complex electric modulus (M) is explained by using
the impedance data relation, M = M’ + jM". The real part
of modulus is defined by the relation, M’ = (—1)wC,Z" and
the imaginary part as, M"" = wC,Z'. C, defines the geomet-
rical capacitance calculated using €,A/d. In Fig. 7a, the M’
value in the low-frequency part tends towards zero value.
This feature indicates the hindrances in the movement of
the charge carriers at low frequency. The M’ value rises
with an increasing frequency as the ions vibrate within the
limits of their potential energy wells with the change of
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the electric field. The saturated part in the high-frequency
part indicates the insensitiveness to the fast variation in
the electric field.

Figure 7b represents the frequency variance of M” of the
BNTS compound at some selected temperatures. Peaks are
observed in the temperature of 200 °C and 250 °C, which
moves to the high-frequency with increasing temperature
implying some kind of relaxor nature and the relaxation
mechanism is due to the thermally activated ions. The
relaxation peaks owe their existence to the limits of the
ions in their potential energy well. The features of the low
temperature graphs indicate the presence of peaks in the
lower frequency region, which is beyond our experimental
frequency range. The shifting of peak position in M" sug-
gests some sort of transition from the long to the short-range
movement of the charge carriers with increasing frequency
[28]. The presence of asymmetry peak signifies the relaxa-
tion time distribution leading to the non-Debye relaxation
process in the materials. This type of mechanism occurs in
ionic conductors [29].

@ Springer

3.7 Leakage Current

The room temperature J-E characteristic is studied from the
[-V data for the BNTS compound is shown in Fig. 8a. The
measured current density (J) at the electric field (E) of 30 V/
cm is 3.4 x107!° A/em®. The charge transport mechanism
in the perovskite oxides was explained with a fitting of the
logarithmic J-E curve with several models like Schottky
emission, Poole—Frenkel (PF) emission, Fowler—Nordheim
(FN) tunnelling, and Space-Charge-Limited-Current con-
duction (SCLC) [30]. The linear fitting of log J vs. log E
graph for the compound in Fig. 8b provides the value of the
slope ~ 1 which signifies that the conduction mechanism is
dominated by Ohmic characteristics.

3.8 Ferroelectric Property
The ferroelectric property of the compound is measured at

room temperature and shown in Fig. 9 as polarization versus
electric field loop. The hysteresis loop exhibit a remnant
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polarization (P,) of 4.46 pC/(:m2 and a coercive field (E,) of
6.44 kV/cm. The well-defined and saturated observed loop
suggest the ferroelectric nature of the compound.

4 Conclusion

Bi, sNay 5Ti, goSn, ,0O; compound was fabricated by a cost-
effective mixed oxide reaction route at the calcination and
sintering temperature of 900 °C and 1050 °C respectively.
The XRD analysis confirms that the compound crystallizes
with the tetragonal structure. The frequency and temper-
ature-dependent dielectric properties were studied in the
material. The ferroelectric to paraelectric phase transition
is noticed at 315 °C in the temperature-dependent dielectric
constant graph. The high dielectric constant and small tan-
gent loss of the material at room temperature is suitable for
device applications. The tilted semicircle and the presence
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and b logJ vs. logE plot of Bi, sNa,, sTij 3oSn 5,03 compound
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Fig.9 P-E ferroelectric loop of Bi, sNa 5Ti, 3,51 5003 compound
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of the phase component Q in the circuit element suggest
the presence of a modified Debye-type relaxation process.
The temperature dependence of AC conductivity suggests
the hopping mechanism of charge carriers in the material.
The Ohmic current conduction mechanism is found in the
compound with reduced leakage current. The analysis of the
modulus spectroscopy also supports the non-Debye relaxa-
tion mechanism nature in the compound.
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