Journal of Sol-Gel Science and Technology (2022) 103:1-11
https://doi.org/10.1007/s10971-022-05805-0

REVIEW PAPER: FUNDAMENTALS OF SOL-GEL AND HYBRID MATERIALS
PROCESSING ®

Check for
updates

Impact of bismuth titanate for microwave absorber application: a
review

P. Harshapriya' - Deepak Basandrai®'

Received: 10 November 2021 / Accepted: 4 April 2022 / Published online: 27 April 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract

Bismuth titanate (BTO) owe to high dielectric constant, high dielectric losses, and high temperature coefficient of resonant
frequency is considered to be one of the most prominent aspirants for microwave absorption applications. BTO and their
composites are also used to diminish the electromagnetic interference in electrical devices, Airplanes, ships and tank radar
signals. Several studies have been reported to enhanced the capability of BTO for microwave absorption applications. In
such studies, the ferroelectric and dielectric characteristics of BisTi3O;, are found to be improved by doping it with V, La,
Sm, and Nd as compared to other dopants. However, Sm-Ta co doped BTO has shown high remanent polarization
(46.2 emu/g) and coercive field (102 Oe). The highest dielectric loss was observed in vanadium doped BiyTizO;, which
enable it for high temperature applications.
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type of substance, can be transmitted, absorbed, or reflected.
Microwave absorbs with the best thermal stability, anti-
oxidant capability, low density, a broad absorption fre-
quency range, and strong absorption qualities are typically
required [1]. Different magnetic ferrite compounds have
recently emerged as a promising candidate for microwave
absorption applications. These materials have been inten-
sively explored due to their incredible magnetic loss cap-
abilities; however, their applications are limited due to clean
agglomeration and excessive density [2]. Both electric and
magnetic dipoles should have powerful microwave absor-
bers for microwave absorption. Furthermore, compositing’s
dielectric-magnetic characteristics are a potent method for
improving microwave attenuation. Barium titanate, bismuth
titanate, barium ferrite, BiFeOs, BiVO,, and other barium
and bismuth-based microwave absorption materials have
recently received a lot of interest. Bismuth titanate layered-
structured ferroelectrics are appealing from the point of
view of their application as electronic materials such as
dielectrics, piezoelectric, and pyroelectrics, because they
have good piezoelectric properties stability, a high Curie
temperature, and a good resistance vs temperature [3].

Lead-free ceramics have been broadly utilized as ferro-
electric materials as they are less toxic and are envir-
onmentally friendly [4]. The bismuth titanium oxide
(Bi4Ti30y,) is a lead-free compound of the Aurivillius stage
with alternating oxide (Bi,0,)*" and perovskite-like
(Bi4Ti3010)2'layers along the c¢ axis. Bismuth titanate is a
well-known member of bismuth layer-structured ferro-
electrics. It has a strong anisotropic property. Bismuth
titanate is large quickly accessible in most volumes. High
purity, submicron and nano powder structures might be
considered. Bismuth titanate is important from a scientific
and technological point of view because, it exhibits ferro-
electric properties up to the temperature of 675 °C, which is
larger as compared to the lead zirconate titanate (~380 °C)
[5]. BiyTi30y; is a ferroelectric phase with a relatively high
dielectric constant of ~200 and high dielectric strength.
Titanate compounds comprise a form of titanium oxide and
are used in ceramics, electronics, and batteries, among other
things (on account of lithium titanate). Bismuth titanates
exhibit electrooptical and photorefractive impact, i.e., a
reversible change in the refractive list in response to an
applied electric field or illumination. Following that, they
might be used in reversible recording media for continuous
holography or image processing.

The dielectric and ferroelectric characteristics of bismuth
titanate, which were synthesized using several methods, are
discussed in this article. A high temperature coefficient of
resonant frequency, a high dielectric constant, and a high
dielectric loss are all required for an ideal microwave
absorber. Numerous research groups have discovered these
characteristics. As a result, it is better to use bismuth titanate

@ Springer

as a microwave absorber. It will definitely be required in the
future to compare the characteristics of bismuth titanate in
order to determine their applications.

2 Structure

Bi4Ti;O,; is a multilayer ferroelectric oxide made of bis-
muth. The chemical formula for bismuth titanate is
Bi,TiOy, BisTiz045, or BiyTi,O5 [6]. The structure of the
Aurivillius stages can be effortlessly clarified utilizing the
formula (Bi0,)*" (M,.;RnOs,, )%, where  is any number
somewhere in the range of 1 and 6. (Mn_anO3n+1)2* recipe
is comprised of n pseudo perovskite units that are sand-
wiched between two layers of (BizOz)2+ [7]. The M cation
is a major mono, di, or trivalent cation, e.g., Na*, Bi*",
Pb>", though the R cation is more modest tri, tetra, penta, or
hexavalent cation [8, 9]. An alkali or alkaline earth cation is
represented by M. The letter R stands for diamagnetic
transition metal [10]. The sequence of Bi,O, and
perovskite-like M,,_1RnOj3,,, | layers make up the structure of
Aurivillius oxides. Since Aurivillius’ original work, a few
different compounds with this overall equation have been
incorporated and described, including SrBi,Ta,0q (n = 2),
Bi;Ti30¢, (n=3), etc. [11-14]. A simplified crystal struc-
ture of BisTi30, is displayed in Fig. la, b [14]. The bis-
muth oxide layers and three pseudo perovskite units have
been identified. The crystallographic design of Bi;TizO;
ceramic was separated at room temperature by XRD.
[15, 16]. The unit cell attributes of BisTizO;, were found to
be a, b, ¢ as 5.409 A, 5.449 A, and 32.816 A respectively,
demonstrating that the structure is orthorhombic [17]. Unit
cell parameters of pure and doped BisTi3;0;, were given in
Table 1. As the Er content in BisTi3O;, increases, so does
the overall cell volume and averaged particle size. Lead-free
bismuth titanate also has an orthorhombic structure with a
crystalline size of particle 18.8 nm and the sample contains
no impurity peaks and the formation of the agglomerate is
large [16]. Fouskova et al. was presented a quantitative
clarification of the low-frequency dispersions observed in
bismuth titanate crystals. Low-temperature maxima are
apparent in pseudo-orthorhombic ¢,, €,, and €., however,
relaxation character starts from a space-charge which is
produced by the inhomogeneity in the exceptionally high
conductivity or at the surface of the crystal [18]. Rachna
et al. explored lanthanum ion replaced bismuth titanate. The
orthorhombic lattice alteration was decreased by La repla-
cement at x as 0.75 in Bismuth titanate, however, no phase
shift from orthorhombic to tetragonal was observed. With
La-doping, the orthorhombic alteration was found to
diminish from 9.2x107° to 1.85x 107 [19]. Thirur-
amanathan et al. utilized the combustion process to make
bismuth titanate nanopowder for assembling a microstrip
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Fig. 1 a Crystal Structure of
Bismuth Titanate. b The
bismuth oxide layers and pseudo
perovskite units are shown in
this idealized structure of
BisTizOy; [14]
OBi*
®Ti+
002
(b) ?
Table 1 Unit cell parameters of 2 2 2 T3 -
doped and undoped Bi,TixOp Sample a(A) b(A) c(A) V(A)> Properties Ref
Er-doped 5429 5424 32.558 958.73 Enhancement of Up-conversion [33]
Bi;Ti304, luminescence property
V-doped 5.4076 5.4438 32.820 966.15 Enhance ferroelectric and dielectric [21]
BiyTiz0¢, properties.
Nd-doped 5.378 5381 32.826 949.9  Enhance magnetization, improvement [22]
Bi4Tiz0y, ferroelectric, dielectric properties.
Bi4Ti;Oy, 32.8137 5.4063 5.44135 965.28 Enhance electrical property [23]
La-doped 5.4076 5.4438 32.820 966.15 Enhance ferroelectric, impedance [34]
BiyTiz0¢; properties, low dielectric constant

rectangular patch antenna. The selected area electron dif-
fraction pattern confirmed the orthorhombic phase of BTO.
The hysteresis curves illustrate that as the electric field gets
stronger, so does the coercivity and remanence polarization
[20].

On doping vanadium, a limited quantity of vanadium
doesn’t influence the fundamental BTO orthorhombic
design and there is no considerable change in morphology
with the vanadium doping sample as it is a plate-like ani-
sotropic structure. The relative density of the samples
declines up to 97% for vanadium doped BisTiz;O0;,. An
increment in vanadium doping prompts an increase in
density because of the combination of vanadium in
Bi;Ti30,, ceramic equal to 0.024 mol% and it decreases at
0.03 mol% [21]. On doping rare-earth (La, Sm, Nd) with
bismuth titanate, the rare earth cations could substitute
completely at the Bi sites in BiyTizOp, up to x=2.5 at
1100 °C. The lattice parameter for Nd-2.5 is reported that a,
b, ¢ as 0.5378 nm, 0.5381 nm, 3.2826 nm respectively. b/a
as 1.001, and V=0.9499 nm> based on the orthorhombic
system [22]. Yuen et al. presented diffraction peaks of
bismuth titanate as a cubic structure with no trace of
impurity phase [23].

Xiang et al. make bismuth titanate-based composites
along with silver particles. In the composites, no reaction

phase between the Bi;TiO,y matrix and the silver was
observed. With the Bi;;TiO,y matrix and a microstructure
comprising of plate-like grains having an anisotropic form
and equiaxed particles, the metallic silver phase is viable. The
silver particles are scattered at the grain-boundary region and
in the higher BiT plate-like grains [24]. By expanding the
reaction temperature or enlarging the reaction period aids
crystal formation. The morphology of the samples shifts from
spherical to irregular polyhedrons as the reaction time
increases. The bandgap of the prepared sample is 2.76 eV
[25]. Bi;,TiO,y nanoparticles have a micro sheet morphol-
ogy, which means they have excellent sheet images and are
in the micrometer range within the face center cubic struc-
ture. Bi;,TiOy( has high efficiency and a 95% methylene blue
degradation percentage, as well as strong sensitivity [26]. On
doping Nd and Sm, raising the Nd concentration to 1 mol
brought about a critical decrease in grain size. The Nd doping
trend was similar to the Sm doping trend. Both findings
suggest that Nd and Sm have a considerable impact on grain
size homogeneity, especially at high mole content (1.0). At
the point when the amount of rare-earth was expanded from
0.25 to 1 mol, the dielectric constant of Nd doping raises by
82% and 70%, individually. The rise in ¢, in the Sm doping
system, on the other hand, was only about 12% from 0.25 to
1.0 mol. The considerable difference in ¢, between Nd and
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Sm, notably at 1.0, can be explained by the relaxation of
orthorhombic distortion and octahedral tilting in a multilayer
structure [27, 28]. A tendency for 00l-type indices was
observed in lanthanum-doped bismuth titanate ceramics.
Favored orientation decreased as the concentration of La
increased. The drop in preferred grain orientation appears to
be linked to the decrease in grain size. BizLa, Ti3O,, ceramic
exhibited a broad dielectric peak at 7, 280 °C and a reduction
of dielectric maxima, whereas Bis »5L.aj 75Ti301, ceramic had
a sharp peak at 7, 417 °C [29]. Badapanda et al. presented
dysprosium doped barium bismuth titanate. The production
of substances with no secondary phase signature was
observed. The lesser ionic radii of Dy*" associated with Bi ™
resulted in a decrease in the lattice parameter [30]. Bi ions
were exclusively substituted by Nd ions at the Ti—O octa-
hedron layers in this bi-layered perovskite structure for Nd-
doped bismuth titanate. It also has a random orientation and a
plate-like form [31, 32].

Bismuth titanate has been prepared by Solid state,
conventional mixed oxide method, hydrothermal, com-
bustion route, sol-gel synthesis etc. Fuentes et al. used a
combination sol-gel hydrothermal method to prepare Er’
*-doped bismuth titanate nanoparticles at a partial oxygen
pressure of 30 bar. At room temperature, XRD supports
the orthorhombic perovskite structure. As Er concentra-
tion rises, cell volume and average particle size decrease
(from 32.7 to 21.9 nm). The crystals have spherical, plate-
like and agglomerate size bigger than 5 pm [33]. Badge
and Deshpande used the sol-gel process to synthesize
vanadium doped and lanthanum doped bismuth titanate,
which was then calcined at 400 °C for 3 h to examine its
structural, dielectric, and ferroelectric characteristics. The
addition of a small quantity of V has no effect on the basic
BTO orthorhombic structure, indicating that the BVT
samples are single-phase with particle size 37 nm. The
BVT structure is plate-like, comparable to that of BTO
ceramics, there is no significant change in morphology
with vanadium doping. In nature, the grains are mainly
anisotropic and for higher concentration, porosity
increases. In case of La- doped BTO, Additional peaks
linked with the impurity phases La, (Ti,O5), Bi,Ti,0O,
and La,TiO5 were identified at modest intensities. This
suggests that during the sintering (1000 °C for 3 h) of BLT
ceramics, certain changes in crystal structure occurred.
These impurity phases in ceramics appear after sintering,
which might be attributed to high bismuth volatilization
during the sintering process. With an average grain size of
2 um, a typical plate-like morphology was seen. When
bismuth titanate is modified with La>", the grain size
reduces. In larger concentrations of BLT, fine grains
appear between large anisotropic grains. It is possible that
this is due to impurity stages and the change in micro-
structure is related to the replacement of Bi*" ions with
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La*™ ions, which are volatile at high temperatures.
[21, 34]. Soft combustion was used to make bismuth
titanate with varying lanthanum (La) concentrations (0.25,
0.50, 0.75, and 1.0 mol%) sintered 1000 °C for 3 h. In this
process the prepared precipitate paste was kept in oven for
80 °C over night for getting it dried and to combust into
powder, the dry powder was heated on a hot plate. A
thermocouple (K-type, maximum detection at 1200 °C)
was used to determine the temperature. It is obvious that
the observed patterns are identical to the BiyTizO4, per-
ovskite structure, with the (117)-axis orientation being the
most common. Furthermore, there is no indication of
secondary phase development in the doped samples. This
suggests that the La ions in the BisTi30O, perovskite lat-
tice are well dissolved [27].

Low-temperature calcination of coprecipitated precursors
was used to directly synthesis rare-earth (RE = La, Nd, Sm)
substitution into BiT. The samples were calcined at tem-
peratures ranging from 500 to 800 °C. The XRD intensity of
the BiT-based peaks diminishes with increasing RE content
at a given temperature, the calcination temperature to gen-
erate a well crystalline BiT powder must be elevated with
increasing RE content, especially for samples with more
than X = 2.0 RE substitution and plate-like grains were also
observed [22]. Pure Bismuth titanate was prepared by sol-
gel method calcined at 500 °C for 14h. The crystalline
nature of BIT begins to emerge at temperatures exceeding
400 °C during annealing. Temperature of maximal thermal
treatment (500 °C) There is complete crystallization,
monophase formation, and the stoichiometric compound
Bi4Ti304, as the predominant crystalline phase. BisTiz01,
nanoparticles were discovered to have an average crystallite
size of 18.82 nm. That’s why the formation of agglomerates
in BIT appears to be quite large (Fig. 2) [16, 35]. Another
method for preparing Bismuth titanate was by conventional
solid-state process at a temperature of 700 °C for 48 h. The
process was used to make a material with the general for-
mula Bij,TiOo, 5 (0 <x<0.6) that has a cubic structure
with the space group 123 without the trace of any impurity
phase [23]. Using a sol-gel technique, a Sm-Ta co-doped
B14TI30]2 (Bi3.96sm0'Q4Ti2'92T30'080|2, BSTTO) thin film
was produced on a Pt(111)/Ti/Si0,/Si(100) substrate and
annealed by fast heat annealing (RTA). The BTO thin film
contains co-doped Sm and Ta, indicating that the BSTTO
thin film is crystallized with the desired (117) orientation.
The grains transformed into major platelike and minor rod-
like crystals when Sm and Ta ions were present in the BTO
thin film. It demonstrates that adding Sm and Ta ions to the
BTO thin film changes the grain formation process. With
the (Bi,0,)*" layers in the ab-plane, the BSTTO thin film
may readily achieve a platelike morphology, resulting in a
BSTTO thin film with a higher grain size than the BTO thin
film [36].
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Fig. 2 (a) XRD pattern of bismuth titanate (b) SEM image of bismuth titanate [35]

3 Ferroelectric properties

Bi,Ti;O;, is an anisotropic material having a plate-like
microstructure, low coercive field, outstanding fatigue
properties, minor remnant polarization, a long retention
period, etc. The synthesis process has a considerable
influence on the structure and properties of BisTi30,. The
domain structure, the degree of interaction among domain
boundaries, and the particular kinds of ferroelectric defects
all influence the properties of ferroelectrics. Impedance
estimations provide accurate data on defects, domain walls,
and any other types of defects. Along these lines, the
impedance estimation is found to be a helpful apparatus for
concentrating on the defect structure of ferroelectric mate-
rials. This investigation not only discloses the defect con-
tribution, yet additionally the relaxation mechanism under a
bunch of experimental conditions. The properties of BTO
ceramics can be improved by replacement doping of the
A-site and B-site with transition metals. It can decrease
leakage current and increase ferroelectric properties greatly.
BTO ceramics doped with Ce, La, Dy, Pr, Er, Sm, Ta, Nd,
and V had previously been examined. Substituting V°>* for
Ti*" reduces leakage current and enhances ferroelectric
characteristics while also improving residual polarization,
P, [15, 17, 33, 36-40]. Dhages et al. prepared Bi;TizO;
using the citrate procedure, demonstrating the effect of
preparation on ferroelectric properties in Fig. 3. Estimates of
the ferroelectric hysteresis loop properties of the pellet
sintered at 1273 K at an applied voltage of 53.6kV cm™!
show values of spontaneous polarization of 9Ccm 2,
remnant polarization of 4Ccm~2, and coercive field of
25kVem ™! without an electric breakdown. The pellet’s
relative density was 90%. The reported values of these
parameters ranged from a coercive field of 25-100kV cm ™!
to spontaneous polarization of 24-40 C cm ™2, depending on
the preparation conditions. The ceramic technique samples
exhibit spontaneous polarization, remnant polarization,
coercive field as 2C cm*Z, 0.5C crn*z, and 23kVcem™!
respectively without an electric breakdown at a field of

= 10

P (puc/cm?)

E (kV/cm)
Fig. 3 Shows the hysteresis loop of BiyTizOy, [41]

Table 2 Remnant polarization (Pr) and coercive field (Ec) for doped
and undoped Bi;Ti;0;, samples

Sample Remnant Coercive field Ref
polarization

Pt/SiO,/Si-doped 23.7 3.1 [6]
Pure Bi4Ti30|2 4 25 [4 1 ]
Sm-Ta co-doped 46.2 102 [36]
BisTizOp;

V-doped BiyTi301, 2.574 22.546 [21]
La-doped BisTizO; 9.6 35 [27]

40kV cem™! [41]. Remnant polarization (Pr) and coercive
field (Ec) for doped and undoped BisTi30;, samples were
given in Table 2. Three overlaying relaxation processes, i.e.,
three semicircles in the complex impedance diagrams that
were very substantially regulated by CNLS fitting, were
recognized to bulk, grain boundary, and electrode/interface
polarization phenomena in BTO ceramics manufactured by
the mixed oxide method. At 7= 200-500 °C, the activation
energies for ac conductivity in polycrystalline BiyTizO;,
ceramics for grain (bulk), grain boundary, and electrode
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processes are 0.6 eV, 0.4 eV, and 0.54 eV, respectively. For
electrode processes, bulk, grain boundary, and poly-
crystalline BTO ceramics have the activation energies for
relaxation values as 0.46 eV, 0.07 eV, and 0.56 eV respec-
tively. In the case of grain boundaries, the activation energy
for relaxation is greater than the activation energy for ac
conductivity. But for the electrode process, the results were
different as their activation energy for Ac conductivity was
found to be higher side than for relaxation. Activation
energies for relaxations in a bulk compound are ten times
lesser as compared to the activation energy for conductivity
[17]. Bismuth titanate includes narrow-angle twin walls for
weak-field permittivity of single crystals, and the quantita-
tive clarification of low-frequency dispersions was dis-
covered in these crystals, leading to the following findings
as in pseudo-orthorhombic €,, €y, and €., low-temperature
maxima are seen, but the relaxation character comes from a
space-charge caused by inhomogeneity in the very high
conductivity or at the crystal surface. The frequency
dependency could be attributed to domain-wall oscillations
if the relaxations arise in b-oriented samples. The fact that
the crystals were not poled, that dispersion does not happen
where ¢ is low at lower temperatures, and that dispersion
frequencies have no obvious relationship to specimen
dimensions suggest that frequency dependence is not of
piezoelectric origin [18]. For a high-temperature ultrasound
sensor, expanding the terminating temperature prompts an
increment in density, but on the other hand, is joined by a
decrease in ds; values. The thermal stability of BIT with the
piezoelectric coefficient was observed. The piezoelectric
coefficient of a pressed sample with Oil bath poling is
obtained as 17pCN~' and for thick film, the sample
accomplishes the piezoelectric coefficient as 8 pC N,
Through-thickness ultrasound estimations were carried on
aluminum, gentle steel blocks, and the stainless-steel pipe at
temperatures equal to 230°C. For permanent bonding,
couplings that are fit for working at a higher temperature
will fundamental to have a thermal coefficient of develop-
ment helpful with every bismuth titanate transducer esti-
mated as 79 M K™! [42]. Below T, the dielectric loss will
be constant and a rapid growth occurs about 7, for all fre-
quencies. Because of charge relaxation and ionic polariza-
tion at grain and plate boundaries, the ferroelectric to
antiferroelectric transition is more noticeable at lower fre-
quencies. From room temperature to 300 °C, the dielectric
constant and dielectric loss are both independent of fre-
quency and temperature; however, above this temperature,
the obtained sample shows dispersion in dielectric char-
acteristics. The impedance plot indicates that the Zp value
declines with the temperature rise, suggesting the rise in
capacitance and reduction in resistance of the material
represents an increment in conductivity. Arrhenius plots
display the conductivity rises with increasing temperature.
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The conductivity is observed to be dependent on the
mobility of oxygen vacancies in the sample [43]. The
component generally relates to bulk properties at higher
frequencies, grain boundaries at intermediate frequencies,
and the influence of processes happening on electrodes or
borders at low frequencies. As an alternative to a centered
semicircle on the real axis, the Nyquist plot displays dis-
persion, indicating a non-Debye kind of relaxation, which
could be because of multiple relaxation processes in the
material. The enhancement in ferroelectric characteristics
with vanadium doping in bismuth titanate ceramic could be
due to a decrease in space charge density. Oxygen vacan-
cies formed by certain bismuth vacancies will cluster at
domain borders in undoped BTO ceramics, creating sig-
nificant domain pinning and lowering polarization. The
removal of the influence of domain pinning is expected to
be possible by reducing bismuth vacancy at A-sites.
Another way to produce intrinsic ferroelectricity is to
exclude oxygen vacancies created by substituting higher-
valent cations for Ti at the perovskite B-site. The replace-
ment of V3 with Ti*" to achieve charge neutrality would
be performed by incorporating oxygen into oxygen vacan-
cies. Bismuth and oxygen vacancy complexes are elimi-
nated as a result. As a result, strong domain pinning has less
of an impact. Strong domain pinning is reduced to produce
large polarization. By reducing domain pinning, vanadium
doping in BTO ceramics results in substantially higher
polarization than pure BTO ceramics. At ambient tem-
perature, the ferroelectric P—E loops for all BVT samples
are shown in Fig. 4 at a maximum applied field of roughly
30kV/cm. With increasing vanadium doping up to
0.024 mol%  vanadium, residual polarization (Pr)
(1.232-2.482) and coercive field (Ec) (17.244-22.340) for
all BVT samples rise. The leakage current is successfully
reduced by improving polarization with B-site doping of
vanadium into BTO [21].

6'— T M T T T
| —-—BVT0.000
- BVT0.006
4r . BVT0.012 .
I —— BVT0.018
“c 2f < BVT0.024
s | BVT0.030 .
o
= 0
1 |
-y i
2k
4 - .
-6_ 1 1 L 1 L 1
80 60 -40 20 O 20 40 60 80

E = kV/icm
Fig. 4 P-E loop for vanadium doped bismuth titanate [21]
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Fig. 5 Nyquist plots for (a) 24% of V doped-BTO at various temperatures (b) For all V doped BTO at 250 °C [43]

4 Dielectric properties

When a dielectric material is exposed to an exterior electric
field, polarization happens, which involves the reverse
motion of charges and results in the production of an
induced field that is the polar opposite of the applied
external field. The dominant contribution to the overall
polarization below the microwave frequency range comes
from orientation polarization because of induced dipole and
permanent dipoles, as well as bilateral and space charge
polarization. Losses in the dielectric are connected with the
relaxation of various types of polarization. Reduction in
polarization occurs once the dielectric is removed from the
external electric field, resulting in a return to the equilibrium
condition. The Debye model, which predicts relaxation
behaviors for identical non-interacting dipoles, does not
apply to real dielectrics. Relaxing polarons, quasiparticles
related to local lattice deformation generated by moving
charge carriers and implicated in the electrical conduction of
various materials, attain thermally induced Debye-type
relaxation. Relaxation of these sorts of polarization occurs
once the dielectric is removed from the external electric
field, resulting in the return to the equilibrium condition.
Real dielectrics behave differently as compared to the
simplistic Debye model, which defines relaxation behaviors
for undistinguishable non-interacting dipoles [44]. Hideo
Kimura et al. observed the dielectric characteristics of
Bi,Ti;O,, fiber crystals. Dielectric analysis shows that a
huge difference of greater than ten times becomes deter-
mined for the dielectric constant along the c-axis as com-
pared with the a-axis. From the Arrhenius plot of the inverse
impedance and inverse temperature, the activation energies
measured above 400 °C were 0.6 eV along the c-axis and
0.5eV along the a-axis. The activation energies for AC
conductivity, as well as the c- and a-axes, were measured to
be 1.3 and 0.7 eV. So, the conductivity along the c-axis is

smaller than the a-axis [45]. Below Tc, the dielectric loss is
constant and rapidly rises near T, for all frequencies. The
ferroelectric to antiferroelectric transition is more visible at
lower frequencies because of charge relaxation and ionic
polarization at grain and plate boundaries. From ambient
temperature to 300 °C, Frequency and temperature have
little effect on dielectric loss and dielectric constant. how-
ever, above this temperature, the obtained sample shows
dispersion in dielectric characteristics (Fig. 5) [43]. For
high-temperature ultrasonic transducers, Elastic modulus,
density, permittivity, and conductivity were measured and
the d3; constant was estimated as 16 Picocoulombs per
Newton. This value is greater than that of bulk bismuth
titanate, which has been reported. As a result, these films
can resist greater field strengths during poling, resulting in
higher ds; values. [46]. The relative permittivity has a low-
frequency dispersion for all temperatures measured due to
the presence of conduction processes in the material.
Charge carriers must be addressed in the polarization pro-
cesses in this situation, and relative permittivity has a
conductive component (Io/w) [47]. Rachna et al. studied La-
doped Bi4Tiz0;, ceramics. According to dielectric studies,
BLTO075 has greater activation energy than BLTO, owing to
lower oxygen ion-vacancy concentrations. With the change
in the oxygen ion-jump relaxation peak in the temperature
dependence of the dissipation factor study, this site-favored
replacement became more regular. Because of the decrease
in oxygen vacancy concentrations in the perovskite lattice,
the temperature dependence of DC conductivity for each of
the three contributions revealed that while La-doping did
not change the activation energy of plate boundaries, it
improved the activation energy of the crystalline layer. It is
hypothesized that the Bi-ions were replaced by La-ions
rather than the Bi,O, layer [19]. Mukhortov et al. observe
the anisotropic dielectric response of BiyTizO;, films rises
with the decline in film thickness along with the crystal
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directions. The dielectric constant in the direction of [100]
is higher than in the direction of [110] [48]. The Nyquist
plot Fig. 6 displays a non-Debye type relaxation as an
alternative to a semicircle, which might be due to the
material’s numerous relaxation processes arising in the
material. The radius of the semicircle reduced as the tem-
perature increased, indicating that it had a lower resistance
value at higher temperatures. The radius of the semicircle
decreases, suggesting a shorter relaxing time. As the tem-
perature rises, the dielectric constant rises with it. With
increasing temperature, charge carrier mobility increases,
resulting in increased polarization and a high dielectric
constant. Charge accumulation at grain boundaries causes a
larger dielectric constant value at high temperatures. The
dielectric constant reduces as the frequency rises. At lower
frequencies, electronic, ionic, dipolar, and interfacial/space
charge polarization all contribute to the dielectric constant;
however, beyond 100 kHz, interfacial/space charge polar-
ization’s contribution is reduced, resulting in a drop in
dielectric constant [16, 34, 35]. The dielectric constant rises
as the palletization pressure rise. This is due to the increased
density of pellets. The increased dielectric constant reported
in these materials can be attributed to the Bi and Ti ions’
considerable electronic polarizability in conjunction with
their ionic polarizability, as well as the favorable polariza-
tion of the internal field [49]. The Dielectric permittivity-
temperature curve for the Sm-2.0, La-2.0, and Nd-2.0 and
ceramics indicates ¢, is highest (around 540-560 °C) in their
curves consisting of anisotropic plate-like grains which
corresponded to the ferroelectric—paraelectric phase transi-
tion. By increasing the Nd substitution of X=2 to 2.5,
structural distortion may be reduced, and the BiT-based
phase can become ferroelectric [22, 50, 51]. The dielectric
loss (tan 6) of Nd and Sm-doped BiT was observed at
1 MHz that BNdT and BSmT have low tand and BNdT
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have high &, [20]. For strongly (117)-oriented BSTTO thin
film has a high remanent polarization (2Pr) as 46.2 Clem?
and low coercive field (2E;) as 102kV/cm [36]. The
dielectric property of BiT/Ag composites was measured as a
function of frequency from 1 kHz to 1 MHz was observed.
The dielectric property of BiT/Ag composites was measured
as a function of frequency from 1kHz to 1 MHz. When
silver is added to pure BiT ceramic, the dielectric constant
increases by up to ten times, owing to the effective electric
fields formed around the scattered metal particles as well as
the percolation effect. Incorporating silver particles also
reduce dielectric losses dramatically, with BiT/Ag compo-
sites having dielectric losses of less than 0.5% [24]. The
peaks of dielectric constants at Curie temperature grew
wider as the composition contained more vanadium. The
creation of an extra phase and non-uniform vanadium dis-
tribution in the samples might be the source of this phe-
According  to  ferroelectric =~ property
measurements, the BTV02 sample’s remanent polarization
and coercive fields were 12C/cm? and 32.5kV/em,
respectively. Piezoelectric constants (d33) as large as 20
Picocoulombs per Newton were observed in both BTV02
and BTV04 samples, showing that the addition of vanadium
to BIT improves polarization characteristics [52]. Table 3.
Shows the dielectric constant and dielectric loss of doped
and undoped BiyTi305.

nomenon.

5 Applications of bismuth titanate

Bi4Tiz04, is a single crystal with a low dielectric permit-
tivity, making it suitable for memory elements, optical
displays, and piezoelectric converters in pyroelectric devi-
ces across a wide temperature range up to 600 °C [26].
Ceramics made of BiyTi;0;, have been employed in
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Table 3 Dielectric constant and . - - ; - o

dielectric loss of doped and pure Sample Dielectric constant (&’) Dielectric loss (tand) Ref

bismuth titanate Vanadium doped Biy Tiz01» 403 12.7 21]
Lanthanum doped BisTizO1; 354.5 0.874 [34]
Pure B14T13012 450 0.98 [53]

capacitors, transducers, sensors, LTCC multi-layered cera-
mic technology [21, 35], NVRAM device [30, 52] and other
applications. Bi;TizOy, is a ferroelectric material that may
be employed in ferroelectric or electrooptic devices in thin
film form. BisTi30,, is a potential option for ferroelectric
random-access memories (FRAM) and dynamic random-
access memory due to its high Curie temperature, out-
standing fatigue behavior, and tolerable ferroelectric char-
acteristics  [34]. Bi4Ti30;, films produced on a
superconductor shown promising ferroelectric character-
istics and the ability to be integrated into semiconductor
device processing techniques.

6 Summary and outlook

In summary, the dielectric, and ferroelectric properties of
bismuth titanate composites prepared by different methods
were reviewed. The domain structure, the degree of contact
between domain boundaries, and the different types of
ferroelectric defects all have a role in the properties of
ferroelectrics. With increasing temperature, charge carrier
mobility increases, resulting in increased polarization and a
high dielectric constant. Charge accumulation at grain
boundaries causes a larger dielectric constant value at high
temperatures. The dielectric constant decreases as the fre-
quency rises. At lower frequencies, electronic, ionic, dipo-
lar, and interfacial/space charge polarization all contribute
to the dielectric constant; however, at 100 kHz, the con-
tribution from interfacial/space charge polarization decrea-
ses, leading to a dielectric constant decrease. Bismuth
titanate single-crystal displays spontaneous polarization
values of 4 and 50 C/cmz, coercive field values of 3.5 and
50 kV/cm, and dielectric constant values of 130 and 160, in
addition to the c- and a-axes. Activation energies for Ac
conductivity were compared to activation energies for grain
(bulk), grain boundary, and electrode processes in poly-
crystalline Bi;TizO;, ceramics. The activation energy for
grain boundary relaxation is greater than the activation
energy for Ac conductivity. The activation energy for Ac
conductivity is larger in the electrode process than in the
relaxation process. Similarly, in the case of bulk, the
relaxation activation energy is ten times lower than the Ac
conductivity.

The disadvantages of BIT include significant dielectric
loss, low remanent polarization (Pr), and a large coercive

field (Ec). To improve their properties, different types of
ions have been doped at the A-sites or B-sites. When
vanadium is doped into bismuth titanate, the dielectric
constant rises as the vanadium concentration rises,
increasing space charge density. The activation energy of
plate borders remains unchanged when lanthanum is doped
with bismuth titanate, but the activation energy of the
crystalline layer is improved due to lower oxygen vacancy
concentrations in the perovskite lattice. Because of the
effective electric fields created around the scattered metal
particles as well as the percolation effect, the dielectric
constant of pure BiT ceramic increases by up to ten times
when silver is introduced. Adding rare-earth (La, Sm, Nd)
with bismuth titanate, the rare earth cations could substitute
completely at the Bi sites in BisTi3O, up to x=2.5 at
1100 °C. Sm-2.0 ceramics consisting of anisotropic plate-
like grains has relative permittivity maxima at 540-560 °C,
which matches the ferroelectric—paraelectric phase transi-
tion. The depolarization temperature also corresponds to the
ferroelectric to antiferroelectric transition as the specimen
gets depolarized and loses its piezoelectric activity as the
temperature rises. Charge carrier mobility increases as
temperature rises, resulting in higher polarization and a high
dielectric constant. At high temperatures, charge accumu-
lation at grain boundaries results in a higher dielectric
constant value. For Nd- or Sm-substituted Bismuth titanate
samples, the spins in the Nd (Sm)-containing sublattices
must be slightly tilted or canted in antiparallel alignment. In
the case of Lead-free bismuth titanate, Hysteresis mea-
surements show that the remnant polarization and coercive
field dependents on an applied electric field. The ds3 con-
stant for ferroelectric bismuth titanate was found to be
16 pC/N, which is greater than bulk bismuth titanate. Higher
the ds; value higher the field strength. The ferroelectric to
antiferroelectric transition was more visible at lower fre-
quencies. This occurs as a result of charge relaxation and
ionic polarization at grain and plate boundaries. In this
approach, conductivity in the sample relies on the variety of
oxygen vacancies.
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