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Abstract In this study, crystalline structure, dielectric and
impedance properties of SrBi;Ta;Og9 (SBT) - based fer-
roelectric ceramics have been investigated with the sub-
stitution of wolframium/tungsten (W) onto the tantalum
site. Wolframium doped SrBi,(W,Ta;_,),0¢ (0.0 < x <
0.20) ceramics were synthesized by solid state reaction
method. The X-ray diffractogram analysis revealed that
the substitution formed a single phase layered perovskite
structure for the doping content up to x < 0.05. The di-
electric measurements as a function of temperature show
an increase in Curie temperature (7.) over the composi-
tion range of x = 0.05 to 0.20. The W% substitution in
perovskite-like units results in a sharp dielectric anomaly
at the ferroelectric phase transition. Furthermore, the di-
electric constant at their respective Curie temperature in-
creases with wolframium doping. Both enhanced Curie tem-
peratures and dielectric constants at the Curie points in-
dicate an increase in polarizability, which could be at-
tributed to the increased “rattling space” due to the incor-
poration of the smaller tungsten cations. The dielectric loss
reduces significantly with tungsten addition. AC impedance
properties vis-a-vis wolframium content has also been
studied.
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1 Introduction

The family of mixed bismuth oxides with general formula
[Bi, O, ]** [An_anO3n+1]2’ was first studied by Aurivillius
[1-4]. Their structures comprise intergrowths of [Bi,O,]*t
layers with perovskite [A,—1B, 03,4117 layers (n = 1, 2,
3, 4). Among the bismuth layered structure ferroelectrics
(BLSFs), SrBi,Ta,Og (SBT), SrBi;Nb,Oy (SBN) and their
solid solutions are the best candidates for application in
information data storage such as ferroelectric random access
memories (FeRAMs). They offer several advantages, being
lead-free, fatigue—free and having independence of ferro-
electric properties with film thickness, as compared with
isotropic perovskite ferroelectrics such as Lead Zirconium
Titanate (PZT) [5-7].

Understanding of these perovskite ferroelectric materials
in respect of their A- and B- site substitutions, which af-
fects their physical and chemical properties is known. This
effect has been extensively exploited in piezoelectrics and
ferroelectrics to improve their performance [8—14]. Most
of the research effort on the improvement of the dielectric
and ferroelectric properties are based on the A-site substi-
tutions in SBT. However, the authors could find only lim-
ited work on the dielectric and ferroelectric properties of the
layered perovskite, SBT, through substitution of the B-site
ions (Ta>*) with other alternate cations of higher oxidation
state. Various doping ions, such as La** , Nd** and Nb>*
in PZT result in enhanced remnant polarization and a de-
creased coercive field [15-16]. Similar results were obtained
in SBN ferroelectric ceramics through partial substitution of
Nb>* by V>* [17, 18]. Thus doping SBT with smaller wol-
framium (W°*) for tantalum (Ta’") could be an approach
for improving the dielectric and ferroelectric properties of
SBT.
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In this paper, we present the effects of substitution of
wolframium for tantalum, on the structural, dielectric and
impedance properties of SrBi,Ta;Ogferroelectric ceramics.

2 Experimental

Ceramic samples with compositions SrBi,(W,Ta;_,)20q
(SBWT), with x ranging from 0.0 to 0.2 were synthesized
by the solid-state reaction method taking SrCOj3, Bi,Os,
Ta,O5 and WO3 (all from Aldrich) in their stoichiometric
proportions. The powder mixtures were thoroughly ground,
passed through a sieve of appropriate size and then calcined
at 900°C-1050°C in air for 2 h. The calcined mixtures were
ground and admixed with about 1-1.5 wt% polyvinyl alco-
hol (Aldrich) as a binder and then pressed at ~300 MPa into
disk shaped pellets. The pellets were sintered at 1150°C for
2 hin air.

X-ray diffractograms of both the calcined and sintered
samples were recorded using a Bruker diffractometer in the
range 10° < 260 < 70° with CuK,, radiation at a scanning
rate of 0.05°/second. The sintered pellets were polished to a
thickness of ~1 mm and coated with silver paste on both the
sides for use as electrodes and cured at 550°C for half an hour.
The dielectric and impedance measurements were carried out
using a Solartron-1260 Impedance/gain—phase analyzer op-
erating at oscillation amplitude of 1 V. The dielectric constant
as a function of temperature was measured at a frequency of
100 kHz while the impedance measurements were carried
out in the frequency range 10 to 10° Hz.

3 Results and discussion
3.1 XRD analysis

Figure 1 shows the XRD patterns of the various SBWT sin-
tered samples. It is observed that the single phase layered
perovskite structure is formed in the range 0.0 < x < 0.05.
For the doped compositions with x > 0.05, in addition to the
major peaks representing the layered perovskite phase, an
unidentified peak is also observed. It seems that this peak
could be possibly due to some unreacted tungsten oxide.
The diffraction patterns were indexed as belonging to the
space group A2;am [19]. Sixteen diffraction peaks were used
for calculating and refinement of the lattice parameters us-
ing a least square refinement method, by means of a com-
puter program package- Powdin [20]. The lattice parameters
were used to calculate structural distortion parameters such
as tetragonal strain (¢/a) and orthorhombic distortion (b/a).
On the basis of ionic radii of atoms and coordination num-
ber(Table 1), it is expected that the tungsten ions will occupy
tantalum (B) sites. Moreover, due to a smaller ionic radius
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Fig. 1 XRD patterns of SrBiy(W,Ta;_,),0Oy sintered at 1150°C

of Wt than that of Ta>T, decrease in the lattice constants is
expected. As expected, the lattice parameters (Table 1) de-
crease with increasing concentration of tungsten. The vari-
ation of tetragonal strain as a function of concentration of
tungsten is shown in Fig. 3.

3.2 Dielectric properties

Figure 2 shows the dielectric constants (Fig. 2(a)) and dielec-
tric loss (Fig. 2(b)) as a function of temperature for doped and
undoped ceramics measured at a frequency of 100 kHz with
oscillating amplitude of 1 V. For all the samples, there is a
sharp transition in dielectric constant at their respective Curie
temperature, 7, where dielectric constant is a maximum. The
dielectric measurements as a function of temperature show
that the 7, decreases from ~328°C (for x = 0.0) to ~302°C
(for x = 0.025) while over the composition range of x =
0.05 to 0.20, the T, shows an increasing trend.

In the donor doped SBT, because of the constraint of main-
taining the overall charge neutrality of the structure, substi-
tution of W+ ions for Ta>* should result in the formation of
cation vacancies, possibly at the A-site. The defect chemical
reaction could be simplified as following:

Table 1 Elements in most stable valence state with their ionic
radius (IR)?' and coordination number (CN). Lattice parameters
a, b and ¢ of SrBi(W,Ta;_,),09 ceramics

lons IR(A) CN «x a(A) b(A) c(A)
St 1.4 12 00 5.5243 55337 25.1001
Bi3*  0.96 5 0025 55215 55090 24.9767
T2t 0.64 6 0050 55172 5.5062 25.0046
W6+ 0.60 6 0075 55005 5.4807 25.0156
0.100 54822 5.4689 25.0354
0200 54852 5.4628 25.0701
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where Vj, denotes the strontium vacant site. When the dopant
concentration is low, the introduction of cation vacancies at
the A site could possibly have resulted in an increase in the
internal localised stress making the perovskite structure less
stable thereby decreasing the 7,. For higher concentrations
of tungsten a significant lattice distortion is evident from the
large decrease in the values of lattice parameters a and b
(Table 1). Hence, because of the decrease in unit cell volume
and the introduction of cation vacancies at the A-site, the
perovskite-like unit is likely to be under compressive stress.
This leads to an enhancement of ferroelectric structural dis-
tortion, thus resulting in a higher 7, [22]. Another explanation
of such behavior of 7, with composition can be studied in
terms of the tetragonal strain. Tetragonal strain is the internal
strain in the lattice which affects the phase transition temper-
ature in the structure [15]. Large value of strain corresponds

of tungsten. It is observed that tungsten doping reduces the
dielectric loss in the doped SBT ceramics. It is possibly due
to the formation of cationic vacancies that effectively sup-
press the formation of oxygen vacancies and decreases the
contribution of such space charges and, thus, a decrease in
dielectric loss of doped SBT ceramics is observed [23-24].

In Fig. 4it is observed that the peak dielectric constant at
the Curie temperature, T, increases with the doping concen-
tration. It is known that a shift in 7, to a higher temperature
corresponds to an increased polarizability, which can be ex-
plained by the enlarged “rattling space” [25]. In addition, the
incorporation of tungsten ions into the SBT structure is likely
to introduce some cationic vacancies, so as to maintain the
electrical neutrality. These cationic vacancies generated by
donor doping make domain motion easier and increase the
dielectric permittivity [24, 26]. Thus an increase in dielectric
constant is observed.

3.3 Impedance analysis
Complex impedance spectroscopy (CIS) is a well-known and

powerful technique for investigating the electrical and dielec-
tric properties of materials [27]. The a.c. technique of CIS
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Fig. 4 The variation of Curie temperature and dielectric constant at
T, versus concentration of tungsten in SrBiy(W,Ta;_,),0O9. The solid
lines drawn are only guide to the eye

enables us to evaluate and separate the contribution to the
overall electrical properties, of the various components such
as bulk, grain—boundary or polarization phenomenon in a
material, in the frequency or time domain [28]. It is based
on the principle of analyzing the a.c. response of a cell to
a sinusoidal electrical signal and subsequent calculation of
the resulting transfer function (impedance) with respect to
the frequency of the applied signal. The electrical response
recorded at the output, when compared with the sinusoidal in-
put signal applied across the cell, provides us the impedance
modulus | Z| and phase shift (8). The experimental output re-
sponse so obtained, when depicted in a complex plane plot,
appears in the form of a succession of semicircles/arcs in
the frequency domain, arising as a result of the contribu-
tion to the electrical properties due to various components
such as the bulk material, the grain boundary effects and in-
terfacial polarization phenomenon (at the material-electrode
interface).

Figure 5 shows the complex impedance plane plots of the
SrBi (W, Ta;_,),Og ceramics for different concentrations of
tungsten at 425°C. For undoped SBT, the Z’ vs Z” curve
is composed of two semicircles, a large one and a small one
(Fig. 5(a)). The large semicircle at high frequencies indicates
the effect of the grain and the small one at low frequencies
reflects the grain boundary contribution. The Z'-Z" plots of
doped SBT samples are dominated by a single semicircle.
The predominant semicircle represents the impedance con-
tribution of the grains indicating that the grain boundaries
have a less significant contribution to the impedance in the
case of doped SBT ceramics. The values of Ry, Cj , 0, of
the ceramics are listed inTable 2. The value of bulk resistance
(Rp; contribution from the grain interior) is found by the low
frequency intercept of the first semicircle on the real axis. The
semicircle passes through a maximum at a frequency f, (re-
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Table 2 Bulk resistance (Rp), grain boundary resistance
(Rgp), bulk capacitance (C) and bulk conductivity (o) of
SrBiy (W, Ta;_,),Og ceramics

op x 1077

x R (2) Rei(£2) Cy(pF)  (em)™!
0.0 2.7 x 10* 0.615 x 10* 775 27.741
0.025 53 x 103 - 401 1.5623
0.050 9.64 x 10° - 452 0.6380
0.075 245x10° - 365 2.9061
0.100 1.16 x 106 — 433 0.6390
0.200 2.5 x 109 - 612 0.3368

laxation frequency) and satisfies the condition 27 f, R,C), =
1 where Cj, is the bulk capacitance (capacitance of the grain
interior). The value of bulk conductivity, o, is calculated by
the equation:

()

where Z' is the real part of the impedance (intersection of
semicircle on the real axis), ¢ is the thickness and A is the
area of the sample.

Itis observed (Table 2) that with increase in tungsten con-
centration, the bulk resistance increases and the bulk con-
ductivity decreases. The oxygen vacancies are considered to
be the most mobile ionic charge carriers in the perovskite
oxides [29]. The high conductivity value of x = 0.0 sample
can be attributed to the presence of oxygen vacancies due to
the Bi,O3 volatilization during sintering. In doped SBT, to
achieve charge neutrality, the substitution of W®* onto Ta>*
would be accompanied by the formation of cation vacancies
and subsequent elimination of oxygen vacancies resulting in
a significant decrease of vacancy complexes formed due to
Bi, O3 volatilization. It is the decrease in the concentrations
of the oxygen vacancies that a decrease in conductivity with
increasing concentration of tungsten is observed. Moreover,
the increase in the lattice strain for higher concentration of
tungsten (Fig. 3) which is responsible for trapping of elec-
trons inside the domains [30], might be responsible for the
decrease in the bulk conductivity values.

4 Conclusions

It is concluded from the present work that the single phase
layered perovskite structure is maintained up to x = 0.05
in SrBiy(W,Ta;_x)2,09 (SBWT). The Curie temperature de-
creased from ~328°C for SBT to ~302°C for SBWT with
tungsten content, x = 0.025; thereafter an upward trend is
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Fig. 5 Complex impedance plane plots at 425°C for (a) x = 0.0, (b) x = 0.025, (c) x = 0.050, (d) x = 0.075, (e) x = 0.10, (f) x = 0.20 in

SrBiy (W, Ta;_,)209

observed in the values of Curie temperature with tungsten
concentration. The peak dielectric constant at the Curie tem-
perature is found to increase with increasing concentration
of tungsten. The dielectric loss reduces significantly on the
introduction of tungsten into the parent structure, SBT. Dop-
ing SBT with cations of the higher oxidation state such as
W6+ for Ta>*, may result in enhanced remnant polarization

and decreased coercive field, and might become a promising
material for FeERAMs.
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