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Bismuth and Yttrium co-doped Barium Titanate (BaTiOj3) ceramics with the general formula
(Ba;_,Biyx) (Y,Ti;_,) O3 (where z = 0.00, 0.01, 0.03, 0.05) have been synthesized at 1300°C
for 3h by the standard solid-state reaction method. The prepared samples were characterized
by X-ray diffraction (XRD), Scanning Electron Microscope (SEM) and Impedance Analyzer.
Temperature-dependent dielectric properties of the samples were also measured. The XRD
result revealed perovskite structure for un-doped and co-doped BaTiO3 with tetragonal phase.
However, with increasing doping concentration, a Pseudo cubic phase occurs also confirmed by
the twin peaks (002) and (200) of XRD pattern. From SEM micrograph, submicron size
particles were observed for all synthesized BaTiO3 samples and exhibit a narrow size distri-
bution with quiet uniform morphology. The crystalline size for un-doped BaTiO3 found was
24.26 nm, the size decreases (minimum 19.59nm for x =0.03) for all compositions of
co-doped BaTiOs. Dielectric constant values were apparently high and direct current (DC)
resistivity follows a decreasing trend at higher doping concentration. The sample doped with
z = 0.01 shows minimum DC resistivity and maximum dielectric constant among the samples
investigated.
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1. Introduction

Barium titanate (BaTiOs;, BT) has attracted
researchers intensively for its ferroelectric properties
since its discovery in 1945.! The unique physical
properties, emphasized dielectric and piezoelectric
properties, environment friendly and nontoxic na-
ture of BT has received significant attention for in-
dustrial applications.”™ Suitably doped BT dielectric
ceramics have applications in semiconductors, capa-
citors, positive temperature coefficients resistors,
ultrasonic transducers and piezoelectric devices.””
BaTiO3 has a typical perovskite structure and
four modifications: rhombohedral, orthorhombic,
tetragonal and cubic. The most important ferro-
electric (tetragonal) phase gets converted to para-
electric (cubic) phase at the Curie temperature
(T.) ~ 120°C.5

There are several methods used for the synthesis
of BT, these are solid-state reaction, mechano-
chemical synthesis and wet chemical methods like
sol-gel, hydrothermal, co-precipitation method.’
Various types of additives are mixed on A and/or B
sites of BT powder™’ to obtain better performances
and a good control over grain sizes, electrical char-
acteristics of ceramics. Dielectric response in rare
earth modified BT using co-doping method has been
studied widely.*' Bi and Cu co-doped BT was
found with T, ~ 140°C at = = 0.01 and confirmed
by temperature dependence of the dielectric con-
stants.'” The co-doping of Y and Mn facilitates
sintering with the base-metal electrodes as well as
improves the device performance and life time.'!
The effect of Mg and Y addition markedly modify
the dielectric constant-temperature properties of
the BaTiO3.'?

Previous studies show a number of different
dopants (Bi/Cu, Y/Mn, Sm/Mn, Mg/Y, etc.) were
used in BaTiOj; to tailor its structural and dielectric
properties. To the best of our knowledge, no work
has been reported in case of co-doping effect of Bi
and Y in Barium Titanate. Here, Bi and Y ions were
selected as donor and acceptor substituting for
A site & B site of BT-based ceramics, respectively.
The aim of this study is to investigate the effect of
co-doping on Curie temperature (7,) and the di-
electric properties varying with doping concentra-
tion. Also, structural and morphological studies
have been analyzed.

2. Materials and Methods

Analytical grade BaCOjz (99.0%), TiOs (99.0%),
BisO3 (99.9%) and Y503 (99.9%, MERCK,
Germany) were used as raw materials for the prep-
aration of Bismuth and Yttrium co-doped Barium
Titanate ceramics. The samples were prepared
according to the stoichiometric equation (Ba;_,Biy)
(Y,Ti;_,)O3 (z = 0.00, 0.01, 0.03, 0.05) by a con-
ventional solid-state reaction method. Oxide metals
were mixed together and milled by a high-precision
planetary ball mill (Fritch Pulverisette 6, Germany)
for 6h in dry atmosphere to get a homogeneous
mixture. The weight ratio of ball to sample was 2:1
contained in a bowl (250 ml) where the milling speed
was kept at 150rpm. The mixtures were pre-
sintered at 700°C for 3h in air and again hand
milled for half an hour. The grinded BT powders
were mixed with 4 wt.%. PVA (Polyvinyl alcohol)
aqueous solution, which acts as a binder and was
pressed into disk-like pellets with applying pressure
of 2+ 0.5MPa for 1min. Finally, the pellets
were sintered in a programmable muffle furnace
(Nabertherm, Germany) at 1300°C for 3h in air.
The synthesized samples were characterized by
SEM (Hitachi, S-3400N), XRD (EMMA, GBC Sci-
entific equipment radiation functioned at 40KV
and 40mA, source Cu-ka (A= 1.54052°A) and
Impedance Analyzer (Agilent 4294A, 40kHz to
120 MHz). A two-probe method was used to mea-
sure the resistance and capacitance of the sample to
get temperature-dependent dielectric properties.

3. Results and Discussion
3.1. X-ray diffraction (XRD) analysis

X-ray diffractogram (XRD) is a useful tool to
identify various phases of BT Perovskites as well as
other structural properties. Powder XRD patterns
for (Ba;_,Biy) (Y,Ti;_,)O0s3, (z =0.00, 0.01, 0.03,
0.05) samples sintered at 1300°C for 3h are shown
in Fig. 1. Strong peaks were generated from the un-
doped and Bi-Y co-doped BT confirmed perovskite
structure formation and completion of solid-state
reaction. From the XRD patterns, the diffraction
peaks found have (001), (101), (111), (002), (200),
(210), (112), (211) planes at 26 ~ 22°, 32°, 39°,
45.2°, 45.7° and 52°, respectively. Structural eval-
uation was observed from the main peaks (101) and
the characteristic peaks (002, 200).
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Fig. 1.
(where z = 0.00, 0.01, 0.03, 0.05) ceramic samples.

In our experiment, a slight shift of the diffraction
peaks toward lesser degree was observed with the
increase in Bi and Y doping concentrations. Te-
tragonal and cubic phase were identified generally
by an analysis of the 002 (tetragonal) and 200
(cubic) in the 260 range of 45-46°. The splitting of
002 and 200 peaks indicates the tetragonal phase,
while the single (200) peak confirms the cubic phase.
Our experimental results show as doping concen-
tration of Bi and Y in BaTiOj increased, the in-
tensity of the peak (002) minimized. Hence, shifting
of Bragg peak from 45.5 towards 45.0° confirms the
phase transition from tetragonal phase to cubic

60 70 5

2 Theta(degree)

Powder X- ray diffraction pattern and Gaussian fitting of the peaks in the vicinity of 44.5-46° for Ba,_,Biyx) (Y, Ti;_,)Os3,

phase after the certain limit of doping concentration
that matches with the previous result.'®!* Though
an ideal cubic perovskite structure did not appear
by broadening the 200 peak, it may be considered as
pseudocubic. Lattice parameter along these twin
peaks are calculated and plotted as a separate panel
in Fig. 1, where the diminishing effect of tetra-
gonality can be visualized. Loosing tetragonality
generally stabilizes the cubic phase, resulting in re-
duced dielectric constant and similar result was
reported for Nb doped BT.'?

The lattice parameters (a) and (c) were calcu-
lated by using Miller indices (hkl) values and

Table 1. Variation of structural parameters: lattice parameter (a) (A), lattice parameter (c) (A), tetragonality c/a ratio, Crystal
Size and X-ray density for the solid solution of (Ba;_,Biyx) (Y, Ti;_,)O3 samples.

Content of z in Lattice Lattice Lattice Tetragonality ~ Crystal ~ X-ray density
(Ba,_,Biy) (Y,Ti;_,)O; parameter (a) (A) parameter (b) (A) parameter (c) (A) (c/a) size in nm g/m3
X =10.00 3.992 3.992 4.023 1.00877 24.26 6.03
X =0.01 3.978 3.978 4.014 1.0088 21.87 4.909
X =0.03 4.014 4.014 4.036 1.0055 19.59 5.04
X =0.05 4.010 4.010 4.167 1.039 22.89 4.98

1950006-3



J. Mol. Eng. Mater. Downloaded from www.worldscientific.com
by UNIVERSITY OF NEW ENGLAND on 01/01/20. Re-use and distribution is strictly not permitted, except for Open Access articles.

S. Islam et al.

Fig. 2.

interplanar spacing with the relation 1/d? = h?+
k?/a® + 12 /c?; where d is interplanar spacing.'® The
measured lattice parameters a, ¢ and c¢/a ratio,
crystal sizes and X-ray density of the prepared
samples are depicted in Table 1.

3.2.

The SEM micrographs of the synthesized samples are
shown in Fig. 2. It reveals the microstructure of
BaTiOj3 has effect on Bi and Y addition for all doping
concentrations. Submicron size particles were ob-
served with less than 2 pim sizes for each case of doping.
Apparently, it demonstrates particle size increases
gradually with increasing doping concentration.

Microstructural characteristics

Table 2.

IPD_BCSIR 15.0kV 12.0mm x5.00k SE

SEM micrographs of (Ba;_,Biy) (Y, Ti;_,)O3 samples for different values of = (where = 0.00, 0.01, 0.03, 0.05).

The average grain size measured from the micrographs
are represented in Table 2. Both coarse and fine grain
particles were observed and it exhibits a narrow size
distribution with quiet uniformity.

Maximum homogeneity for sample £ = 0.01 was
found. The average grain size varies significantly
due to doping content, it increases up to a certain
limit, estimated minimum 0.59 ym at z = 0.03 and
maximum 1.85 ym for z = 0.05. The grain size has
strong influence on the microstructure and dielectric
properties of the synthesized samples.* The ob-
served microstructures exhibit homogenous grain
distribution without any marked micro-cracks and
pores, following the similar trend as in the previous
report.'”

Variation of average grain size, transition temperature, resistivity at room and transition temperature and dielectric

constant measurements for the solid solution of (Ba;_,Biy) (Y,Ti;_,)O3 samples.

Value of z in  Average  Transition Resistivity at room Dielectric constant  Dielectric constant
(Ba,_,Biy) grain temperature temperature Resistivity at T, at room temperature at transition
(Y,Ti;_,)O05 size (um) T, (°C) p (x107Q-cm) 50Hz p (x107Q-cm) (35°C) temperature, T,
X =0.00 1.74 120 3.75 3.94 431 887

X =0.01 1.36 150 1.14 1.41 704 1685

X =0.03 0.59 145 2.19 2.64 621 1128

X =0.05 1.85 125 1.99 2.95 480 971
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(a) The frequency dependent dielectric response for (Ba,_,Bix) (Y, Ti;_,)O3 ceramics, (b) Variation of dielectric constant

(¢') as a function of doping content, x (where z = 0.00, 0.01, 0.03, 0.05) at 50 Hz.

3.3. D:zielectric properties

3.3.1. Frequency dependence of dielectric
properties

Frequency dependence of dielectric constant were
analyzed and given in Fig. 3(a) to show the effect of
co-doping on the behavior of BT. The dielectric
constant (¢’) of Bismuth and Yttrium co-doped
barium titanate at room temperature have been
measured by using the formula'®

, cd
= 1
c g, A’ (1)

where c refers to capacitance, d the thickness, A
the cross-sectional surface area of the pellets in m?
and ¢, is the permittivity of the free space.'” We
observed, at low frequency, the dielectric constant
for all the samples avails higher value?’ and
decreases as the frequency increases, then becomes
constant at certain frequency having usual di-
electric peaks. Therefore, at low frequencies, the
effect of microstructure has a direct influence on
the dielectric properties of doped BT as previously
described.'?

Figure 3(b) shows variation of dielectric constant
() of (Ba,_,Biyx) (Y,Ti;_,)O3 samples with
x =0.00, 0.01, 0.03, 0.05 in the frequency range
40Hz to 1 MHz measured at room temperature. A
significant difference was observed in dielectric be-
havior between low and heavily doped samples.

Furthermore, an increase in ¢’ was observed at all
frequencies for all doping concentration of co-doped
BT than un-doped BT as expected. The value of &’
decreases as the frequency increases following a
general behavior of a dielectric ferroelectric.” A
higher value of the relative dielectric constant at low
frequency is due to the presence of all types of
polarizations (i.e., electronic, ionic, dipolar, inter-
facial, etc.) in the samples at room temperature.
Since only electronic polarization dominates at the
higher frequency i.e., other types of polarizations
vanish. As a result, the £’ value is suppressed.'” This
dielectric behavior can be interpreted by Maxwell—
Wagner phonological theory for interfacial polari-
zation and compliance with Koop’s theory. The
maximum &’ value were observed for x = 0.01 con-
centration and the trend of curve is similar to work
of Shaikh et al.'” This also corresponds with the
effect of grain size described at Table 1 where the
grain size was also finer in case of x = 0.01. Com-
pared to un-doped BT lower &’ can be attributed for
the presence of porosity which inhibited the motion
of the domain wall inside grain.'’

Dielectric loss (tand) for all samples was mea-
sured in the frequency range 40 Hz to 1 MHz at room
temperature are given in Fig. 4. Tan¢ is a parameter
of a dielectric material that quantifies its inherent
dissipation of electromagnetic energy. The loss of
energy as heat causes due to electrical conduction
and orientational polarization of matter. The
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Fig. 4. Dielectric loss (tand) as a function of frequency for
(Ba,_,Biy) (Y,Ti;_,)O3 ceramics.

change in tané exhibits the same tendency as that of
dielectric constant with frequency. At lower fre-
quency tand is higher for un-doped BT and it
remains lower for co-doped samples. The direction
of electron cannot follow the applied field at higher
frequency results low dielectric loss.?! In our study
loss tangent shows a good agreement with the
dielectric constant where tand decreases with the
increase in doping concentration.

3.3.2. Temperature dependence of dielectric
properties

Temperature dependence of dielectric constant
(¢’) for un-doped and co-doped BaTiO3 samples in
the temperature range 35-250°C at 50Hz fre-
quency are shown in Fig. 5. The results followed a
general trend of the ferroelectric property i.e., the
dielectric constant increases with the rise in tem-
perature.’” At Curie temperature, T, it reaches to
its maximum value then undergoes a phase tran-
sition from ferroelectric to paraelectric phase. All
the samples exhibited a little change in dielectric
characteristics. In response to ¢’, a sharp phase
transition from ferroelectric to paraelectric at 7,
are observed for low doped (z =0.01) samples.
Comparatively broad and stable response were
observed for higher dopant concentration for x =
0.03 and 0.05.

The dielectric parameters calculated for pure and
co-doped BT is given in Table 2. It is observed the
Curie peak of BT shifted by co-doping with Bi

1800
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400
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50 100 150 200 250
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Fig. 5. Temperature dependence of dielectric constant for
(Ba;_,Bix) (Y,Ti;_,)O3 ceramics measured at 50 Hz.

and Y. Furthermore, the T, rises upto 150°C at z =
0.01 showing a sharp peak. Samples with x = 0.03
and 0.05 also exhibit higher T, and sharper peaks
than un-doped BT. In addition, samples with z =
0.03 and 0.05 show lower dielectric permittivity
compared to the samples with x = 0.01. This might
be due to the formation of secondary unusual grains.
It is evident that secondary grains lead to a decrease
in dielectric constant.?? Another reason could be the
segregation of heavily doped Bi and Y in the shell
boundary, which makes the shell grain thicker.
These kinds of thicker shell grains are responsible for
the formation of nanoferroelectric phases. However,
in Bi and Mn co-doped BT ceramics, when the ratio
of Bi/Mn increased, peak value of ¢’ decreases with
a flattened curve observed.”® It can be attributed
that microstructure and porosity are responsible for
the curie peak shifting at higher £’.?* Moreover, it is
evident that the measured ¢’ executed proportional
approach to relative X-ray density as depicted in
Table 1. Variation of Dielectric constant and vari-
ation of Curie temperature with doping content x
follow the same trend. Again, the dielectric constant
¢’ increases with increasing x throughout the mea-
suring temperature range. At 7,, it showed higher
values, we found 887 for un-doped BT and maxi-
mum 1685 for Bi and Y co-doped samples for
x = 0.01, which is promising. The observed varia-
tion in &’ could be associated with the porosity and
nonuniform compositional structure and nonhomo-
geneous distribution of dopant throughout the
samples.
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doping concentration, z (where z = 0.00, 0.01, 0.03, 0.05).

3.4. Electrical property
3.4.1. Frequency dependence of AC resistivity

Frequency-dependent variation of the electrical re-
sistivity (p) of all the prepared samples are mea-
sured in the frequency range of 40Hz to 1Mz as
shown in Fig. 6(a).

We observed that resistivity experiences a steep
decreasing trend up to 110 KHz frequency range
and becomes independent of frequency afterwards.
It can be attributed that in the low frequency
range, hopping effect of random charge carriers
lowers the resistivity. Independent frequency ran-
ges may be associated with direct current (DC)
conductivity (1/p) at low frequencies, whereas at
high frequency range it was attributed as AC
conductivity of the system.?” Similarly, the resis-
tivity showed a higher magnitude with an in-
creased doping concentration of Bi and Y at low
frequency range, decreasing trend for co-doped
samples (maximum at z = 0.01) than un-doped
ones. Figure 6(b) illustrates the variation of resis-
tivity (p) due to doping concentration, x (where
x = 0.00, 0.01, 0.03, 0.05). Furthermore, with the
increase in doping content x, the resistivity of the
samples follows similar trend reported by Paunovic
et al.?? Tt can be attributed that the resistivity
becomes almost constant at higher frequencies due
to Space charge polarization.

400.0k

350.0k 4
300.0k 4 v

250.0k - | ,

RResistivity (ohm-m)

200.0k A ' L

150.0k I

T T T T T
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(b)

(a) Frequency-dependent resistivity (p) of the (Ba;_,Bix) (Y,Ti;_,)O3 samples, and (b) Variation of resistivity (p) due to

3.4.2. Temperature dependence of DC
electrical resistivity

The electrical behavior of Bi and Y doped BaTiO;
were analyzed by resistivity versus temperature
curves. The DC resistivity was measured as a
function of temperature for all the samples. The
following relation was used to calculated the
resistivity (p):

L

where A is the cross-sectional area of the sample and
L is the length separating the contacts. The In(p)
versus 1000/ T graph in Fig. 7 showed that the re-
sistivity increases with the temperature up to 120°C
for un-doped BT samples and then decreases.

The experimental data showed that 7T, increases
with increasing Bi-Y co-doping, however maximum
was found at z = 0.01 concentration. The resistivity
for un-doped BT is 3.94 x 107Q-cm with corre-
sponding grain size of 1.74 ym. The resistivity of BT
depends on the grain size, resistivity decreases when
grain size increases.”” It is observed that, the value
of resistivity decreases significantly upto x = 0.01
followed by further marginal decrease with the in-
creasing of doping content.”® However, at sample
x = 0.03, the resistivity found 2.19 x 107Q-cm with
a corresponding grain size of 0.59 ym. The variation
of average grain size, resistivity, dielectric constant
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Fig. 7. Temperature dependence resistivity of (Ba;_,Biy)
(Y,Ti;_,)O3 samples.

at room and transition temperature for all prepared
samples were represented in Table 2.

4. Conclusions

In this research, both un-doped and co-doped
BaTiOj3 ceramics have been synthesized at 1300°C
sintering temperature for 3h. It was revealed that
the structural, dielectric and electrical properties of
BaTiO3 have significant influence on Bismuth and
Yttrium co-doping. The XRD pattern confirms pe-
rovskite-type structure with tetragonal symmetry.
However, with increasing doping concentration, a
pseudo cubic phase occurs. The average grain size
estimated from SEM micrographs varies signifi-
cantly due to doping content, which also complies
with the XRD results. Considerably higher dielec-
tric constant ¢’ was found with maximum ~ 1685,
for z = 0.01 in the lower applied frequency range.
Furthermore, temperature-dependent &’ result
revealed that T, raised to 150°C for x = 0.01 with a
sharp peak, but at higher doping content it de-
creased and became diffused. Frequency-dependent
electrical resistivity exhibits a steep decreasing
trend up to 110 KHz frequency range and becomes
independent of frequency afterwards. The DC re-
sistivity decreases notably with increasing temper-
ature for all compositions of co-doped BT.
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