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Bismuth-doped barium titanate ceramics with the general formula Ba1�xBi2x/3

TiO3 (x = 0.0, 0.01, 0.025, 0.05) have been prepared by the solid state reaction
technique. The phase formation and structural property of all compositions
have been studied by x-ray diffraction (XRD) pattern and Rietveld refinement.
XRD pattern reports the single phase tetragonal crystal system with space
group of P4mm. All compositions have been sintered at 1100�C in a microwave
furnace for 30 min. The variation of dielectric constant with respect to tem-
perature and frequency was studied and it was found that the dielectric
constant decreases whereas transition temperature increased with the in-
crease in Bi content. The diffusivity parameter was calculated by the modified
Curie–Weiss law and the diffusivity increased with the increase in Bi content.
The ferroelectric property was studied by the P–E hysteresis loop and it was
observed that the saturation polarization decreased, but the coercive field
increased with Bi content. The optical band gap was calculated from
UV–Visible spectroscopy and found to decrease with Bi content.

INTRODUCTION

Ferroelectric materials are of great interest due to
their wide application in the electronic industries.
Among these, barium titanate, BaTiO3 (BT), a
classical perovskite-type compound, has been one of
the most studied ferroelectrics over recent decades,
not only from the fundamental point of view but also
for its industrial applications due to its high
dielectric constant, piezoelectric coefficients and
high Curie temperature.1,2 Efforts have been made
to improve the dielectric properties by way of con-
trolling grain growth and designing microstructure
inhomogeneity. Doping of BT ceramics is very
important to obtain the required characteristics for
different applications.3,4 In the ABO3 perovskite
structure, dopant cations can enter substitutionally
into two different lattice sites—the smaller, octa-
hedrally coordinated B-sites, or the larger, dodeca-
hedrally coordinated A-sites, mainly depending on
their ionic radii.5–7 The large ionic radius group
prefers to incorporate into Ba sites, while the small
ionic radius group usually incorporates into Ti
sites.8 For many years, A- and B-site dopants have

been used to modify the electrical properties of BT.
Substitution of both isovalent and aliovalent cations
for the host ones in perovskite lattice plays a very
important role in these modification mechanisms.9

The extent of the solid solution of a dopant ion in a
host structure depends on the following: (1) the site
where the dopant ion is incorporated into the host
structure, (2) the compensation mechanism for the
extra charge introduced into the host structure by
incorporation of (aliovalent) dopant ions, and (3) the
solid solubility limit. Aliovalent cations incorpo-
rated in perovskite lattice serve as donors or
acceptors, which can affect the electrical charac-
teristics greatly even though the solubility remains
at a trace level.10 Donor dopants have a higher
valency than the substituted ions, and therefore
their incorporation requires formation of effectively
negatively charged defects, e.g., cation vacancies,
anion interstitials, electrons, or acceptor impuri-
ties.11–13 There are three possible compensation
mechanisms: barium vacancies ðV 00

BaÞ, titanium
vacancies ðV 00

TiÞ, and electrons (e¢).11

Recently, microwave processing of ceramics
has been utilized as an alternative approach for
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conventional sintering of ceramics because of
potential advantages such as rapid heating, pene-
trating radiation, more uniform microstructures
and hence higher density.14–16 The microwave sin-
tering process has unique advantages over the
conventional sintering process. The fundamental
difference is in the heating mechanism. In conven-
tional heating, elements are transferred to the
sample via radiation, conduction and convection
and require long duration for sintering the materi-
als which may cause some of the constituents to
evaporate, thereby modifying the desired stoichi-
ometry and allowing undesired grain growth. Unlike
conventional heating, in microwave heating, the
materials themselves absorb microwave energy and
then transform into heat within the sample volume
and sintering can be completed in shorter times.
Though microwave sintering offers several potential
advantages, we need to sinter the ceramic samples
at a higher temperature in order to achieve good
dielectric properties. Major advantages of micro-
wave processing are higher energy efficiency, en-
hanced reaction and sintering rate and shorter cycle
times and cost saving.17,18 There are few reports on
the microwave sintering of some BT-based materi-
als. The microwave sintering of BT-based multi-
layer ceramic capacitors (MLCC) was reported by
Fang et al.19 Microwave processing of lead-free BT
piezoelectric ceramics was investigated by Takah-
ashi et al.20 But microwave sintering of doped BT
has rarely been reported in the literature. So the
aim of the manuscript is to study the microstructure
and dielectric properties due to substitution of
aliovalent Bi3+ ions on the Ba2+ site of the BT
matrix.

EXPERIMENTAL TECHNIQUES

The stoichiometric ratio of starting chemicals
BaCO3 (99.9%),TiO2 (99.9%) and Bi2O3 (99.9%)
(E.Merck India) were weighed for the composition
Ba1�xBi2x/3TiO3 (x = 0.0–0.1). The weighed powders
were ball-milled for 8 h using high-purity Zirconia
balls and acetone as a medium. After drying, cal-
culations were done in a high purity alumina
crucible at 1100�C for 4 h in a conventional pro-
grammable furnace. The phase purity of the cal-
cined powders was confirmed by XRD analysis
carried out using a Philips diffractometer model
PW-1830 with Cu-Ka (k = 1.5418 Å) radiation in a
wide range of 2h (20�< 2h< 70�) at a scanning rate
of 2� min�1. The calcined powders were ground by
an agate mortar and then pressed into disc form at a
pressure of 5 tons using a hydraulic press with
5 wt.% PVA solution added as a binder. The discs
were sintered at 1100�C for 30 min in a microwave
furnace. For electrical measurements, silver elec-
trodes were applied to the opposite disk faces and
were heated at 300�C for 5 min. The frequency
(1 kHz–1 MHz) and temperature (30–200�C)-
dependent dielectric measurements were carried

out using Hioki LCR meter connected to a PC. The
ferroelectric hysteresis loop measurement was per-
formed in a P–E loop tracer (Radiant Technologies)
based on modified Sawyer–Tower circuit. The
UV–vis spectrum was taken using a Shimadzu
(UV-2600) spectrophotometer.

RESULTS AND DISCUSSION

X-ray Diffraction and Rietveld Refinement
Study

The room temperature Bi-doped BT XRD patterns
are shown in Fig. 1. The obtained results reveal
that the samples are in a single phase with a
tetragonal perovskite structure and have no other
peaks of impurities. The observed diffraction peaks
of BT phase have been indexed with the database of
JCPDS and found to match well with a tetragonal
structure (JCPDS Card No. 98-001-3281, PCPDF
Card No. 83-1880). The increase of Bi content in the
BT lattice promotes a displacement in the XRD peak
position at a high angle indicating a decrease in
lattice parameter (shown in Table I) and hence the
volume of unit cell. This might be due to the sub-
stitution of lower ionic radii of Bi3+ ion (1.17 Å),
which shrinks the unit cell in all three directions
decreasing its volume within the same space. Riet-
veld refinement21 of the powders has been carried
out to confirm these statements. The structural
refinement was performed using the Fullprof pro-
gram.22 According to the literature,23 the quality of
the structural refinement is generally checked by R
values (Rwp, RBragg, Rexp, Rp and v2). After refine-
ment of these samples, the numbers obtained from
R values and v2 are recorded (see Table I). They are
all consistent with tetragonal structures of space
group P4mm. However, no structural phase transi-
tion has been found in this system to increase the Bi
content. The success of a Rietveld refinement is
evaluated by the plot difference between observed
and calculated patterns (see Fig. 2a–d). The bond
lengths of these samples involved in the TiO6
octahedral have been calculated using the Bond_Str
program (FullProf suite 2.05) and are given in
Table I. It is observed that Ti-O(1) bond length and
average Ti-O(2) bond length decrease with increases
of Bi content. The displacement of covalent bond
O-Ti-O in the perovskite lattice may cause distor-
tions in the [TiO6] octahedral which is observed at
higher compositions of Bi (see Table I). The struc-
tural defects observed in the perovskite structure
may be attributed to this distortion which may be
produced due to the oxygen vacancy in the lattice.
That oxygen vacancy may be created by the substi-
tution of trivalent ions (Bi3+) into the Ba2+ site. The
schematic representation of a unit cell of x = 0.05
ceramic is presented in Fig. 3. The refined structure
has been obtained using data given in Table I and
the VESTA program (v.3.0 for Windows). In Fig. 3.
pink-coloured portions of an atom demonstrate the
amount of Bi substitutions in the Ba site.
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Dielectric Study

The temperature dependence of dielectric con-
stant (e¢) for the Ba1�xBi2x/3TiO3 samples at 1 kHz,
10 kHz, 100 kHz and 1 MHz are shown in Fig. 4a–d).
It is observed from the dielectric study that the
maximum dielectric constant decreases with the
increase in Bi concentration. Replacing Ba2+ by Bi3+

results in A-site deficiency to maintain charge
neutrality, which increases with an increase in Bi
content. Again, the decrement in the lattice

parameter shrinks the unit cell which off-centered
the Ti4+ ion out of the octahedral site so that cou-
pling between the TiO6 octahedra weakens, which
results in a strong decrease in dielectric constant.
The shrinkage of the unit cell and weakened TiO6

octahedral are also presented in the Rietveld
refinement analysis.

It is also observed that the transition temperature
increases with the increase in Bi content. Aliovalent
cations incorporated in the perovskite lattice serve
as donors or acceptors, which can greatly affect the
electrical characteristics, even though the solubility
remains at a trace level.24 Ohsato et al. have
reported that there were three stages of substitution
of rare earth elements in BT. In the first stage, Ti
ions located on the B site were mainly replaced by
rare earth elements, and in the second stage Ba ions
on the A site were also mainly replaced by rare
earth elements. The third stage was over the limit of
substitution and a secondary phase appeared.25 For
the Ba2+ heterovalent substitutions by Bi3+, two
antagonist effects occur. First, the introduction of
Bi3+ with its lone pair should give an increase of Tc

as was, for instance, the case of Pb2+ in Ba1�xPbx

TiO3.
26 The lone pair effect of Bi3+ leads to an

increase in the distortion of the octahedron and an
increase of Tm, although the cation Bi3+ is smaller
than Ba2+ because of the non-spherical and strongly
polarized cation Bi3+ (r3+ Bi = 1.17 Å in 8 C.N).27

The second effect is related to the occurrence of
cationic vacancies when the large Ba2+ is replaced
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Fig. 1. Room temperature XRD pattern of Ba1�xBi2x/3TiO3 ceramic.

Table I. Crystallographic data of Ba 12xBi2x/3TiO3 (x = 0.0, 0.01, 0.025 and 0.05) ceramics obtained using the
Rietveld refinement method

Ba(12x)Bi(2x/3)TiO3 x = 0.0 x = 0.01 x = 0.025 x = 0.05

a (Å) 3.997677 3.994417 3.99217 3.99017
b (Å) 3.997677 3.994417 3.99217 3.99017
c (Å) 4.03554 4.034077 4.033377 4.031077
Volume (Å3) 64.493667 64.36518 64.281629 64.180618
Structure Tetragonal Tetragonal Tetragonal Tetragonal
Space group P4mm P4mm P4mm P4mm
x (Ba,Bi) 0 0 0 0
y (Ba,Bi) 0 0 0 0
z (Ba,Bi) 0 0 0 0
x (Ti) 0.5 0.5 0.5 0.5
y (Ti) 0.5 0.5 0.5 0.5
z (Ti) 0.5233 0.51079 0.50808 0.50808
x (O1) 0.5 0.5 0.5 0.5
y (O1) 0.5 0.5 0.5 0.5
z (O1) 0.99958 0.98773 0.92732 0.92712
x (O2) 0.5 0.5 0.5 0.5
y (O2) 0 0 0 0
z (O2) 0.41057 0.44648 0.55859 0.5495
RBragg 8.757 8.756 8.031 5.756
Rp 32.5 40.9 39.6 38
Rwp 32.7 39 37.3 35
Rexp 19.17 30.64 28.43 28.31
v2 2.9 1.62 1.72 1.53
d Ti-O1 (Å) 1.92205 1.92404 1.6899 1.68918
d Ti-O2 (Å) 2.04996 2.01398 2.00666 2.00206
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by the smaller Bi3+ leading to a decrease of Tm.
Similar kinds of results are obtained in Bi-doped
BaZr0.3Ti0.7O3 ceramics.28 At a higher concentration
(x = 0.05) of Bi, there is very small variation in the
transition temperature. It was observed from x-ray
diffraction that there is a slight hint of a secondary
phase at x = 0.05 which may hinder the further
phase formation (see Fig. 1). This phase indicates
that at higher concentration (x = 0.05), Bi3+ tends to
occupy B-sites rather than A-sites. The transition
can compensate both the lattice stress and the
charge imbalance generated at this stage. As a
result, the concentration of oxygen vacancies is
decreased. The lattice distortion is moderated and the
spontaneous polarization is also partially recovered.
The Curie temperature exhibits a constant value
at about x = 0.05 which might correspond to the
coexistence of the two substitution modes.

It is also observed from the temperature-depen-
dent dielectric study that the phase transition
becomes more diffused with an increase in Bi content.
The diffuseness of a phase transition was studied by
the modified Curie–Weiss law as

1

e
� 1

em
¼ ðT � TmÞc

C1
ðatT >TmÞ; (1)

where c and C¢ are assumed to be constants. The
parameter c gives information on the character of
the phase transition; for c = 1, a normal Curie–
Weiss law is obtained, while for c = 2, it reduces to
the quadratic dependency which describes a com-
plete diffuse phase transition. The plot of log
(1/e¢ � 1/em) versus log(T � Tm) at different frequen-
cies is shown in Fig. 5, and a linear relationship is
observed, in which the diffusivity increases with the
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Fig. 2. a–d Rietveld refinement of Ba1�xBi2x/3TiO3 ceramic (a) x = 0.0, (b) x = 0.01, (c) x = 0.025, and (d) x = 0.05.
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increase in Bi content. The broadness or diffusiveness
occurs mainly due to compositional fluctuation and
structural disordering in the arrangement of cations
in one or more crystallographic sites of the structure.

The substitution of Bi3+ for Ba2+ will take place
according to the Kroger–Vink notation, as follows:

Bi2O3 ! 2Bi�Ba þ V 00
Ba þ 3Ox

O; (2)

where Bi and Ba stand for a bismuth atom on the
barium site with one positive charge, V 00

Ba for a
barium vacancy with two negative charges and OO

x

for a neutral oxygen atom on an oxygen site. Thus,
the addition of Bi2O3 in the BT-based ceramics leads
to the formation of a barium vacancy by a charge
compensation mechanism. For every two Bi3+

substituting ions (Bi�Ba), only one A-site vacancy
ðV 00

BaÞ is created, which produces compositional
fluctuation on a microscopic scale. In the same way,
the presence of Bi3+ ions at the A-site and their

Fig. 3. Schematic representation of Ba1�xBi2x/3TiO3 unit cell with the
tetragonal structure of x = 0.05 composition illustrating the [TiO6]
octahedral.

500

1000

1500

2000

2500

3000

3500

4000

4500

ε ' ε '
ε 'ε '

T(°C)

T(°C)

T(°C)

T(°C)

 1MHz
 100KHz
 10KHz
 1KHz

(a)

40 60 80 100 120 140 160 180 200
500

1000

1500

2000

2500

3000

3500

4000
 1MHz
 100KHz
 10KHz
 1KHz

(b)

500

1000

1500

2000

2500

3000
 1 MHz
 100KHz
 10KHz
 1 KHz

(c)

40 60 80 100 120 140 160 180 200
40 60 80 100 120 140 160 180 200

40 60 80 100 120 140 160 180 200

500

1000

1500

2000

2500

3000
 1KHz
 10KHz
 100KHz
 1MHz

(d)

Fig. 4. a–d Dielectric constant (e¢) as function of temperature (T) at different frequencies for Ba1�xBi2x/3TiO3 ceramics (a) x = 0.0, (b) x = 0.01,
(c) x = 0.025, and (d) x = 0.05.

Mahapatra, Parida, Sarangi, and Badapanda1900



interaction with A-site vacancies give rise to a lat-
tice distortion. The lattice distortion and the com-
positional fluctuation originating from Bi�Ba and V 00

Ba
inclusions in the BT structure may explain the dif-
fusion of the ferroelectric phase transition. Again,
Bi�Ba and V 00

Ba increase with the increase of Bi3+, and
for this reason the compositional inhomogeneity is
enhanced. As a consequence, the increase of Bi
content enlarges the degree of diffuseness as
observed experimentally.

The diffuse phase transition behavior as observed
in this ceramic can be induced by many factors, such
as microscopic composition fluctuation, the merging
of micropolar regions into macropolar regions, or a
coupling of the order parameter and local disorder
mode through the local stream. Vugmeister and
Glinchuk reported that the randomly distributed
electrical strain field in a mixed oxide system is the
main reason leading to the diffuse behavior.29 As no
macroscopic phase separation exists in the studied
ceramics, we cannot exclude chemical heterogeneity
at a nanoscale. The distortion arising in the oxygen
octahedra, a redistribution of the charge, and local
formation of charge center results may be the
sources of the random field. This kind of random
field is much weaker than that stemming from
heterovalent cation substitution as in conventional

ferroelectrics. Hence, at high temperature, the
strength of random field-fluctuating dipole moments
of the individual unit cell can give rise to polar
nanoregions. Here, the polar correlations are
strongly diminished and polar domains are less
likely to nucleate. The bismuth substitution not
only decreases the grain size but also the size and
distribution of the polar regions. This can lead to the
broadening of relaxation time and significant
improvement of the diffusion properties of Bi-doped
BT ceramics.

Figure 6 shows the ferroelectric hysteresis loop of
Bi-doped BT ceramics obtained under a maximum
applied electric field of 20 kV/cm. The P–E loops for
all the compositions are recorded at room tempera-
ture and at a frequency of 100 Hz. The values of
remnant polarization (Pr) and coercive field (Ec) are
listed in Table II. It can be seen that both increase
with the increase in Bi content. The increase in the
coercive field indicates that the material gets
harder. The highest value of Pr is observed at
x = 0.01, but with further addition of Bi, the Pr

value decreases. Decreases in Pr in higher com-
positions may be due to the increase in the con-
centration of oxygen vacancies in the system.
And, as a result, the domain pinning effect is
increased.
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Fig. 5. ln(1/e � 1/em) versus ln(T � Tm) of Ba1�xBi2x/3TiO3 ceramic
at 100 kHz.

-20 -15 -10 -5 0 5 10 15 20
-15

-10

-5

0

5

10

15

P 
(μ

C
/c

m
2 )

Electric field (kV/cm) 

x = 0.0

x = 0.01

x = 0.025

x= 0.05

Fig. 6. P–E hysteresis loop of Ba1�xBi2x/3TiO3 ceramic.

Table II. Parameters obtained from temperature dependent dielectric studies at 100 kHz on the composition
of Ba12xBi2x/3TiO3 ceramics with different Bi content

Composition Ba(12x)Bi(2x/3)TiO3 em Tm (�C) c Ec (kV/cm) Pr (lC/cm2)

x = 0.0 3712.429 120 1.12 1.10 1.41
x = 0.01 2843.999 133 1.46 4.08 3.56
x = 0.025 2312.655 138 1.55 5.29 1.71
x = 0.05 2256.176 127 1.58 4.96 0.9
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Optical Study

Figure 7 shows the UV–vis absorbance spectrum
of Bi-doped BT ceramic. The optical band gap en-
ergy (Eg) was estimated by the method proposed by
Wood and Tauc.30 According to these authors, the
optical band gap is associated with the observance
and photon energy by the following equation:

hma / ðhm� EgapÞn; (3)

where a is the absorbance, h is the Planck con-
stant, m is the frequency, Eg is the optical band gap,
and n is a constant associated with the different
types of electronic transitions (n = 1/2, 2, 3/2 or 3
for direct allowed, indirect allowed, direct forbidden
and indirect forbidden transitions, respectively).
Thus, the Eg value of Ba1�xBi2x/3TiO3 ceramic was
evaluated by extrapolating the linear portion of the
curve or tail. In our work, the UV–vis absorbance

2.6 2.8 3.0 3.2 3.4 3.6
0.0

0.5

1.0

1.5

2.0

(α
hv

)1/
2 (e

V
/c

m
)1/

2

hv(eV)

x = 0.0
x = 0.01
x = 0.025

x = 0.05
Linear fit

x = 0.0 ;     Eg = 2.960 eV
x = 0.01 ;   Eg = 2.909 eV
x = 0.025 ; Eg = 2.857 eV
x = 0.05 ;   Eg = 2.836 eV

Fig. 7. The UV–vis absorbance spectrum of Ba1�xBi2x/3TiO3

ceramic.
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spectrum suggests an indirect allowed transition
and, therefore, the n = 2 was used in Eq. 3.

The literature31 describes that the band gap
energy is indirect when the electronic transitions
occur from maximum-energy states located near or
in the valence band (VB) to minimum-energy states
below or in the conduction band (CB), but in dif-
ferent regions in the Brillouin zone. The distinct Eg

calculated from the UV–vis absorption (Fig. 7)
spectra indicated the existence of intermediary en-
ergy levels within the optical band gap. It is possible
to conclude that these energy states are basically
composed of O 2p orbitals (near the VB) as well as Ti
3d orbitals.32 The origin of these orbitals or energy
levels is directly related to the presence of struc-
tural order–disorder into the random lattice, as a
consequence of distortions on the [TiO6] clusters.33

The obtained Eg values for the doped ceramics can
be associated with the structural disorder intro-
duced into the lattice due to creation of A-site
vacancies and distortions in the [TiO6] clusters. A-
site vacancies introduce shallow defects in the band
gap of BT, decreasing the value. Vacancies increase
with the increase in Bi content and this results in
the formation of larger numbers of shallow defects.
Distortion in the TiO6 octahedron also increases and
hence the band gap decreases further.34

The width of defect bands formed in the band gap
can be determined. These defect band states create
a band tail extending from the lower of CB to deep
down in the band gap, and, similarly, the defect
states very near to the VB also spread the VB edge
deep inside the gap. As a result, on both sides of the
VB maximum and the CB minimum, an energy tail
is formed and the banding of tail is associated with
the disorders present in the system. This defect tail
is known as the Urbach tail, and the energy
associated with this defect tail is referred to as
Urbach energy.35,36 The equation of Urbach energy

is given by a ¼ aoexp E
EU

� �
whereE ¼ hv;where a is

the absorption coefficient and EU is the Urbach
energy.37 Since the absorption coefficient is propor-
tional to absorbance,38 therefore in general we can

write a � e
E
EU. The Urbach energy is calculated

by plotting lna versus photon energy (hv). The
reciprocal of the slope of linearly fitted lines gives
the value of Urbach energy as per the equation:

lnðaÞ ¼ Cþ E

EU
(4)

The plots for Urbach energy calculation are
shown in Fig. 8a–d. From Fig. 9, it can be observed
that as the band gap decreases, the magnitude of
defect energy (Urbach energy) increases. This
clearly indicates that sub-band states formed in
between the valence and CBs result in the narrow-
ing of the band gap. The effective reduction of the
band gap of Ba1�xBi2x/3TiO3 powders with an in-
crease of doping level signifies that the number of

defect levels below the CB increases to such an ex-
tent that the band edge is shifted deep into the
forbidden gap. A similar type of behavior is observed
in Cu-doped TiO2 nano-particles.37

CONCLUSION

Bismuth-modified BT ceramics have been pre-
pared by the solid state reaction route. The x-ray
diffraction study and Rietveld refinement study
show that all the composition possess a single
phase tetragonal crystal system with the space
group of P4mm. The dielectric constant decreases
with the increase in Bi content which may be due
to the incorporation of a smaller ionic radius which
causes lattice parameter transformation and
internal stress. The increase in the transition
temperature in the temperature-dependent dielec-
tric study is due to the enhancement in the
tetragonality with Bi doping. The diffusivity value
is calculated from a modified Curie–Wiess law and
found to increase with the increase in Bi content.
The ferroelectric hysteresis loop shows an incre-
ment in remnant polarization and coercive fields.
The increase of oxygen vacancies due to the
incorporation of Bi3+ content into the BT lattice
causes a decrease of the band gap. Values of the
Urbach tail are found to increase with Bi3+ doping
which confirms that crystal disorder increases due
to defects or impurity. This structural distortion
and/or defects in the band gap raise a fundamental
condition for the existence of polarizations and PL
emissions. Finally, it can be concluded that the
increase of Curie temperature and dispersive
characteristics of the transition temperature are
suitable for high-temperature capacitance stability
of MLCs.
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