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Abstract

Objectives: 1. To prepare SrBisTi;O5ceramics via solid-state reaction method.
2. To make a systematic investigations on structural and dielectric proper-
ties of SBT ceramics. Methods: The structural information of Strontium Bis-
muth Titanate (SBT) ceramics is examined by X-ray diffraction and Raman spec-
troscopy techniques. The surface morphology and elemental analysis of SBT
ceramic is employed by scanning electron microscope attached with energy-
dispersive X-ray spectroscopy. The dielectric measurements of SBT ceramics
were performed using the impedance analyzer HIOKI-3532 LCR meter. Find-
ings: From the X-ray diffraction studies, SBT exhibits a strongest diffraction
peak (1 1 9) with the lattice parameters a = 5.428 A, b = 5.423 A, and c = 42.146
A. The diffraction patterns were indexed to the orthorhombic phase. The sur-
face morphology of the samples shows plate-like morphology with a grain
size of ~Tum. The temperature-dependent ac conductivity confirms the ther-
mally activated conduction mechanism. The ac conductivity of SBT ceramic was
increased from 2.25 x 10 to 7.16 x 10 Q.m™" with an increase of frequency
from 10 kHz to 1 MHz. The high curie temperature at ~540 °C, and low dielec-
tric loss of ~0.031 for SBT ceramics can be appropriate for high-temperature
electronic applications. Novelty: SBT ceramic exhibits enhanced electrical con-
ductivity value (7.16 x 10* Q.m™")and makes it suitable for electronic device
applications.

Keywords: Scanning electron microscope; Dielectric constant; Dielectric loss;
Conduction mechanism 1; X-ray diffraction

1 Introduction

Strontium Bismuth Titanate SrBisTi4O;s5 (SBT) belongs to the bismuth oxide layer
structure ferroelectrics (BLSF) with potential applications in ferroelectric non-volatile
RAM, memory storage devices, high-temperature piezo-electrics, actuators, and sensor
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applications. The piezoelectric properties of SBT ceramic are poor compared to the lead-based system. SBT ceramic has an
orthorhombic structure (space group: A2jam) and above the curie temperature T.=530°C, it changes to a tetragonal structure
(space group: I4/mmm) !~%, The Bi and oxygen vacancies will be formed for SBT ceramics during the process of sintering, the
oxygen vacancy maintains the neutral charge >®. The oxygen vacancy may cause due to enhanced leakage current, impeding
the displacement of the Ti** ion, screening the electric field near the space charge region, and trapping of charge carriers "), To
reduce the defects such as poor density and electrical properties in SBT ceramics, controlling the sintering process temperature
leads to lowering the volatilization of Bi;O3. For memory device applications, it is necessary for a material with high fatigue,
low dielectric loss, and conductivity. Some previous literature reported that substituting the A and/or B-site of SBT will improve
the ferroelectric properties and minimize the oxygen vacancies*"'?). The effect of oxide additives like GdyO3, CeO,, MnO,,
and Cr,O3 on the phase structures and electrical properties of SBT ceramics were investigated by Shaozhao Wang et al. '), The
oxide additives improve the piezoelectric property of SBT (d33 = 10 pC/N); SCBT-Cr and SGBT-Cr obtained a higher ds3 of
26 pC/N and 28 pC/N, respectively. Among the various compositions, Srg.92Gdg ¢53Bi4TisO15 + 0.2 wt% CrpO3 presented the
best electrical properties with T¢ = 555°C, tan & = 0.4%, k,, = 6.35%, d33 = 28 pC/N, and good thermally stable piezoelectricity.
Recently, Vipul Kumar Sharma et al. (12) synthesized the bismuth layered ferroelectrics (BLFs) BaBisTi4O5 and SrBisTisO;s
using solid-state reaction technique. The thermal etching post-sintering enhances the dielectric constant for BaBisTisO;s, but
significantly decreases SrBisTisO;5. At 10 MHz, ~110 °C rise in transition temperature and ten times reduction in dielectric
constant is observed.

The novel properties like high transition (Curie) temperature and a low dielectric loss made this material attractive to current
science. The present work aims to study the mechanisms leading to enhancing the electrical properties of SBT ceramics, and the
analysis will be beneficial for high-temperature electronic applications. The structural, dielectric behavior and the conduction
mechanism of SBT ceramics prepared via the solid-state reaction technique will be discussed.

2 Methodology

SrBisTisO15 (SBT) ceramic was prepared via the conventional solid-state reaction route as shown in Figure 1. The high purity
(99.9%) analytical grade metal oxides of Bi;O3, SrCO3, and TiO, (Sigma-Aldrich) were used as the starting materials. The
stoichiometric amounts of the oxide mixtures were grinded in a ball miller (Retsch PM-400, Germany). These oxides were
thoroughly grinded in Teflon jars in the presence of acetone medium at 300 rpm for 12 hours. After ball milling, the obtained
slurry was heated at 70 °C in a hot air oven, and finally, the mixture was calcinated at 950 °C for 4 hours in an alumina crucible
with a heating rate of 10 °C/min. The powders were ball milled again for 12 hours with zirconia balls in the ratio of 1:10, the
dried powders were mixed with 3% of PVA which acts as a binder. Finally, these were pressed into circular compact disks with
a dimension of 2 mm thickness and 10 mm diameter at 250 MPa. These pellets were sintered at 1100 °C using a conventional
programmable furnace with a heating rate of 5 °C/min for 2 hours. The crystal structure of SBT ceramics was characterized
by an X-ray diffractometer (XRD) (Bruker D8 Advanced) using CuK,, radiation in the range 26 = 10-80° with a step size of
0.02°. Raman scattering measurements were performed using a Raman spectrometer (Model: LabRAM HR800, Horiba Jobin
Yvon) with a source of excitation at a 514.5 nm line of an argon laser (output power of 200 mW and laser spot power was <
20 mW). The morphology and microstructure of SBT ceramic is examined using the scanning electron microscope (SEM).
The elemental analysis of the SBT ceramic is measured from the energy dispersive spectroscopy (EDS) attached with SEM. The
electrical properties of the sintered pellets were silver coated and heated at 300 °C for 2 hours. The dielectric properties of SBT
ceramic is measured at frequencies of 10 kHz -1MHz from 30 °C (RT) to 570 °C with a heating rate of 2°C/min using the
HIOKI 3532 LCR meter interfaced to a computer.

3 Results and Discussion

X-ray diffraction (XRD) profile of strontium bismuth titanate (SBT) ceramic is shown in Figure 2. No secondary phases were
observed in the XRD pattern. The peaks were well matched with the JCPDS ENo. 43-0973 and indexed to orthorhombic
phase (A2jam space group). The maximum diffraction peak intensity is (1 1 9) reflection, the most intense reflection of BLSF
compounds of (1 1 2m+1). From XRD spectra, no additional peaks related to any secondary phase were observed in SBT
ceramics. XRD patterns confirm the BiO layer-type structure with m=4. By using the CHEKCELL software within the error limit
of +0.002A, lattice parameters were calculated as a=5.428 A, b=5.423 A and c=42.146 A, Volume (V)=1240.7 A, orthorhombic
distortion given as 2(a-b)/(a+b) is 0.0098. The density of the SBT ceramic measured via the Archimedes method was 97.4%.
The scanning electron micrographs of SrBisTi4Os ceramic is shown in Figure 3(a). The surface morphology looks like
a highly anisotropic microstructure with plate-like grains. These grains are formed because of the growth along a-b plane
faster than the c-axis in BLSFs. The larger grain size from the surface morphology enhances the piezoelectric properties of the
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Fig 1. Flow chart for preparing SBT ceramics
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Fig 2. XRD pattern of SrBigTi4O 5 ceramic

ceramics.
The EDS spectra are shown in Figure 3(b)-(g) confirm the presence of the elements Sr, Bi, Ti, and O. The atomic percentage

of Sr, Bi, Ti, and O elements in 8.01%, 23.03%, 21.29%, and 47.67% respectively. The elemental mapping for SBT ceramic is
homogeneous with a slight variation in the stoichiometry may be due to Bi volatilization and loss at the high-temperature
sintering process.

The room temperature Raman scattering spectra of SrBisTi4O15 ceramic compound is shown in Figure 4. The SBT ceramic
exhibits phonon modes around 118, 270, 560, and 866 cm!, which belong to the orthorhombic structure (space group of
A2jam). The phonon modes observed in the spectra matched well with the previously reported literature data on SBT ceramics
reported as the single-phase material '®). The lower frequency phonon modes are due to the motion of Bi** ions at the A-site,
which was noticed in the ABi4Ti4O15 (A = S, Ba, Ca, and Pb) layered structures. The frequency modes >200 cm! are related to
Ti-O bonds, mode at 272 cm™ belongs to B, mode and torsional bending of TiOg octahedra. The mode at 560 cm™! belongs to
the oxygen atoms of octahedra, and the phonon mode at 866 cm™! is assigned to the symmetric stretching of TiOg octahedra.

https://www.indjst.org/ 1607


https://www.indjst.org/

Lakshmipathi et al. / Indian Journal of Science and Technology 2022;15(33):1605-1612

0K
Srl

\
BiM
r Y

TiK

ety

B ROIT

OK_RDI )

b (g)

A

i & L

Fig 3. FESEM-EDS elemental mapping of SrBisTi4Os (a) secondary electron image and elemental mapping, (b) all the elements in SBT
ceramic, (¢) Sr, (d) Bi, (e) Ti, (f) O elements, and (g) Energy dispersive spectra
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Fig 4. Raman spectroscopy of SBT ceramic
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The dielectric constant measurements for SrBisTi4O;s ceramic at different frequencies with the variation of temperature
from 30 °C to 570 °C is shown in Figure 5. The Curie temperature (T,) for SBT is observed at 540 °C. Above the T, decrement
of dielectric constant with the increment of temperature signifying the transition from ferroelectric to paraelectric phase. These
results were in good agreement with the work done by Lei Yu et al. '), The high dielectric constant values at lower frequencies
may be due to the accumulating charges at the material conducting surface regions, which leads to polarization. The charges
do not accumulate at higher frequencies, which decreases the dielectric constant. With the increase of frequency, the carriers
gain energy, and a few carriers break the grain boundary and enter the grain portion of the material. At very high frequencies,
the dielectric constant values of SBT are decreased with the increase of frequency. This may also be due to the breakage of grain
boundaries by the cloud of charge carriers !>, The temperature variation of dielectric loss tangent (tan §) for SBT ceramic is
shown in Figure 6. The dielectric loss tangent (tan &) values at room temperature for the frequencies 10 kHz, 100 kHz, and
1 MHz are 0.031, 0.065, and 0.084, respectively. The dielectric tangent loss values are low at a temperature <500 °C. When
the temperature exceeds the Curie temperature, the dielectric loss sharply increases because of the increment in the thermally
conductive current, which can be attributed to the creation of oxygen vacancies!®). The lower values of tan § will be beneficial
for designing the high signal-to-noise ratio pyroelectric device.
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Fig 5. Variation of dielectric constant with temperature for SBT
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Fig 6. Variation of tan 6 with temperature for SBT.

The modified Curie-Weiss law is given as below
1/€, = 1/€p +[(T-T.)Y/C] (1)
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where ¥ and C are constants providing the characteristic features of the phase transition. The values of ¥ = 1 and 2 represent
the behavior of normal Curie-Weiss law and phase transition diffuseness. The plotting of log (1/¢, - 1/€,,) versuslog (T - T,) for
SBT ceramic measured at the frequency of 100 kHz is illustrated in Figure 7. The plot was linear with a ¥ value of 1.882£0.002,
indicating the ferroelectric nature of SBT ceramic. The observed y value represents the disordered structure in the arrangement
of cations regarding the crystallographic site, and fluctuations in the composition may cause diffuseness.
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Fig 7. Plot of log (1/€,—1/¢€,,) versus log (T—T,,) for SBT ceramic at 100 kHz.

The ac conductivity with the temperature variation provides relaxation conduction mechanisms1”). The ac conductivity for
SBT ceramic is determined from the equation

Ouc = €,€,0 tand (2)

where €,, v, €, and tan § is the free space permittivity, frequency, relative permittivity, and dielectric loss. The ac conductivity
values are fitted with Jonscher’s universal power law as given below

Ouc = Ogc + A®° (3)

where 04, A, and s represent dc conductivity, pre-exponential factor, and frequency exponent. By fitting equation (3), the
values of exponent s, 64, and A are found to be 0.88, 6.46 x 10* Q1.m™!, and 2.18 x 107 respectively and the linear correlation
coefficient R? is obtained as 0.991. The frequency exponent (s) value in SBT ceramic is < 1, representing the non-Debye behavior
and translational motion of charge carriers with the hopping mechanism. The strength of the polarizability will be determined
by the pre-exponential factor ’A> The ac conductivity of SBT ceramics increased from 2.25 x 107 to 7.16 x 10" Q.m™! with an
increase of frequency from 10 kHz to 1 MHz. The increase in conductivity with frequency indicates that the charge carriers
are bound and trapped in the defects, unlike the free carriers. The ac conductivity (0,.) variation with temperature for SBT
ceramic is shown in Figure 8. The increasing trend of electrical conductivity of SBT ceramic as a function of temperature and
frequency indicates the enhancement of the hopping rate of charge carriers between the localized cations 1®). The conductivity
enhancement at higher temperatures is because of hopping charge carriers and oxygen vacancies. At lower temperatures, the
ac conductivity is independent of temperature, with the space charges leading to the conduction mechanism. The activation
energy values of SBT ceramics are estimated from the Arrhenius relation

O4c=0p e_Ea/kBT 4)

where A, E,, and kp represent the pre-exponential factor, activation energy, and Boltzmann constant. The activation energy
(Eq) values are estimated from the linear least-square fitting of ac conductivity data obtained from equation (3). The conduction
activation energies <T. were in the range 0of 0.34 - 0.91 eV and >T, in the range 0of 0.61 - 1.38 eV. The activation energy decreases
with increased frequency, suggesting the hopping of charge carriers. These activation energy values are well in agreement with
the values associated with singly/doubly ionized oxygen vacancies in layered perovskite ferroelectric oxide materials®.

QMT (quantum mechanical tunneling) model is associated with when s is temperature independent, CBH (correlated barrier
hopping) model associates when s decreases with temperature, SP (small polaron hopping) the parameter s’ increases with
temperature. In the overlapping large-polaron (OLP model), s’ decreases with the temperature reaching the lower value and
then raises. The frequency exponent expression based on the CBH model can be determined from the relation

s = 1- [6kgT/(W,,-kgTIn(1/w7,))] (5)

where kg, T, 7,, and W, represent Boltzmann’s constant, temperature, relaxation time, and maximum barrier height. When
TW,,,>> kgT In(1/@7y), the equation (5) is related as

https://www.indjst.org/ 1610


https://www.indjst.org/

Lakshmipathi et al. / Indian Journal of Science and Technology 2022;15(33):1605-1612

-5 —a— 10 kHz —— 20 kHz
-6 4 30kHz v 40 kHz
+ 50kHz < 60 KHz
A » 70 kHz —+— 80 kHz
4+ 90 kHz —*— 100 KHz
8
$ .9
o *2-8-2
€10 !gf‘f
-11 - oe® 0000000000 ®
124
134
'14 T T T T
1.0 1.5 2.0 2.5 3.0 3.5

1000/T (K™')

Fig 8.1n 04 vs 103/T for SBT ceramic.

s = [1- (6kgT/W,,)] (6)

The value of s and T (=303K) is substituted in the equation (6), W,, is obtained as 1.31 eV, which is matched well with
activation energy values ranging from 0.34 to 1.38 eV of double ionized oxygen vacancies (V,**), which confirms the CBH
conduction mechanism. The minimum hopping distance (Ry,;,) is determined from the equation

Ryin = 262/77.788,,Wm (7)

where €, and € are the permittivity of free space and dielectric constant. The corresponding curve of Ry, is shown in Figure 9,
which shows that the hopping distance increased with increasing frequency. Based on the CBH model and Austin-Mott formula,
the ac conductivity (o,.) related to the density of localized states N(Er) with the Fermi level is given as

Cac(®) = (1/3) & wkpT((N(Ef))> 0> (In £,/ @)* (8)

wheree, f, and & are the charge of an electron, photon frequency, and localized wave function. The density of localized states
N(Ep) is calculated from the equation (8) by assuming f,= 10'* Hz, o = 10'® m™!. The dependence of N(Er) with frequency
for SBT ceramic is shown in Figure 9.
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Fig 9. Variation of N(Er) and R,;,;, with frequency for SBT ceramic.

N(EF) value increases with frequency up to 40 kHz. The higher N(EF) values indicate the hopping between the pair sites
that dominate the charge transport mechanism. Above the frequency of 40 kHz, the N(Ef) decreases due to increased thermal
activation energy for electrical conduction. The decrease of N(EF) is correlated with an increase in the hopping distance between
the localized states of the charge carriers.
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4 Conclusion

SBT ceramics were prepared by a solid-state reaction route. XRD pattern exhibits a single orthorhombic phase with a space
group of A2jam. SBT ceramics show a plate-like morphology due to the highly anisotropic layered structure. The dielectric
constant values measured at the frequencies 10 kHz, 100 kHz, and 1 MHz are 178, 54, and 32. The dielectric constant and
dielectric loss stabilize at higher frequencies due to the variation in an electric field, making it too rapid to follow molecular
dipoles. The contribution towards polarization decreases because of internal frictional forces. The temperature variation of
ac conductivity shows that the conduction mechanism is thermally activated. The activation energy values of SBT ceramic
estimated from the ac conductivity are consistent with the BSLF compounds, which indicates the conduction mechanism is
due to doubly ionized oxygen vacancies. The high dielectric constant ~178 at room temperature, transition temperature T,
~540 °C, and low dielectric loss ~0.031 of SBT ceramic could be demonstrated as a beneficial candidate for high-temperature
electronic applications.
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