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Abstract

This paper reports the electrical impedance properties of strontium bismuth tantalates (SBT) and strontium bismuth tantalate
vanadate (SBTV) ferroelectric ceramics. AC impedance analysis was used to study the influences of vanadium doping and post
sintering annealing on the microstructure and electrical properties. It was found that the vanadium doping resulted in the
formation of fine-grained microstructure and an appreciable increase in dielectric constants, and Curie temperature. Post sintering
annealing led to an increase in dielectric constants, but a reduction in dc conductivity. Possible mechanisms of the influences of
vanadium doping and post sintering annealing on the electrical properties are discussed. © 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Bismuth layer structured ferroelectrics (BLSF) have
attracted a lot of research interest recently. Among the
BLSFs, strontium bismuth tantalate (SBT) and stron-
tium bismuth niobate (SBN) are the most promising
fatigue free candidate materials for nonvolatile fer-
roelectric memory devices [1–3]. The dielectric and
electric properties of the SBT system were widely stud-
ied in bulk materials and thin films [4–6]. In order to
understand the electrical conduction mechanisms that
control the polycrystalline SBT ceramics, the contribu-
tions from bulk and grain boundaries have to be sepa-
rated. Frequency-dependent impedance measurements
could deconvolute the two contributions and have been
widely used in the study of electronic ceramics [7–9].
Desu et al. proposed an oxygen vacancy related low
resistivity model to explain the fatigue free properties of
SBT and SBN ferroelectrics, based on impedance study
[10]. We have demonstrated that the partial substitution
of tantalum and niobium ions by pentavalent vanadium

ions has a profound influence on the dielectric and
ferroelectric properties of SBN and SBT ferroelectrics
[11,12]. It was also found that the partial substitution of
niobium ions by vanadium ions has an appreciable
influence on the electrical conductivity [13]. Further-
more, post-sintering annealing was found to have a
significant influence on the dielectric properties of vana-
dium doped SBN ferroelectrics [14].

The present article is to report the electrical
impedance study on the influences of vanadium doping
and post-sintering annealing on the electrical and
dielectric properties of SBT ceramics. In addition, at-
tention was paid to the effects of vanadium doping and
post-sintering annealing on the crystallinity and mi-
crostructure of SBT ceramics. The influences of postsin-
tering annealing and vanadium doping on the
properties of grains and grain boundary of SBT ceram-
ics have been elaborated.

2. Experimental

Polycrystalline strontium bismuth tantalate,
SrBi2Ta2O9 (SBT), and strontium bismuth vanadium
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Fig. 1. SEM pictures of as sintered SBT (left) and SBTV (right) ceramics.

Fig. 2. Dielectric constants versus temperature for as sintered and post annealed SBT and SBTV ceramics at 100 kHz.

tantalate, SrBi2(Tao0.9V0.1)2O9 (SBTV), samples were
prepared by solid state reaction sintering. The starting
materials used were SrCO3, Bi2O3, V2O5, and Ta2O5

(Aldrich Chem. Co.), all with a purity of 99%. The
powders were admixed with a desired weight ratio with
approximately 3.5 wt.% excess Bi2O3, which was to
compensate weight loss of Bi2O3 due to its high vapor
pressure (750 mm Hg at 1570 °C) [15]. Powders were
ball-milled, dried, and then fired in air for 2 h at 850°C
for SBTV and 1000 °C for SBT powders in covered
crucibles. The fired powders were ground, admixed with
approximately 1–1.5 wt.% Polyvinylalcohol (PVA,
Aldrich Chem. Co.) as binder, and pressed into pellets
by cold-isotropic pressing at 250 MPa. The pellets were
sintered in closed crucibles for 2 h at 1000 °C for
SBTV samples and 1200 °C for SBT samples in air. A
relative density above 95% was achieved for both SBT
and SBTV samples. The total weight loss was found to
be around 7 wt.%, including the loss of CO2 as a result

of calcination of SrCO3, the pyrolysis of PVA binder,
and the evaporation of relatively volatile Bi2O3. The
loss of Bi2O3 is estimated to be 2.7 wt.%, below the 3.5
wt.% excess Bi2O3 initially added into the system. Post
sintering annealing was performed for 60 h in air at
1050 °C for SBT samples and 850 °C for SBTV sam-
ples. No appreciable change in relative density was
found in both SBT and SBTV samples after annealing.
Further, there was no weight-loss found after the
annealing.

Fig. 3. Equivalent circuit of the studied ceramic system.
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Fig. 4. Complex impedance plane plots at different temperatures for as sintered (a,b) SBT and SBTV (c,d).

X-ray diffraction data were obtained using CuK�
radiation. SEM (JSM-5200) was used to analyze the
micro structure of the ceramics. The pellets (10 mm in
diameter) were polished to a thickness of approximately
1 mm and electroded by silver paste on both sides and
cured at about 550 °C for about 30 min on a hot plate.
The impedance measurements were carried out in the
temperature range 250–600 °C using a Hewlett–Pack-
ard 4284A Precision LCR meter with 50 mV signal
voltage and frequencies ranging from 20 to 106 Hz.

3. Results and discussion

X-ray diffraction analyses indicated both SBT and
SBTV ceramics consisted of a single crystalline layered
perovskite phase without any detectable secondary
phase. Further, there was no appreciable difference in

the lattice constants between the SBT and SBTV sam-
ples, though the radius of V5+ (58 pm) is significantly
smaller than that of Ta5+ (69 pm) [16]. Similar results
were found in the SBN system when the concentration
of vanadium was less than 10%, which was attributed
to the structural constraint imposed by the Bi2O2

2+

layers [17]. Post-sintering annealing was found having
no appreciable influence on the XRD spectra of both
SBT and SBTV samples, indicating that the annealing
resulted in no detectable change in crystallinity or
microstructure in both SBT and SBTV systems.

Fig. 1 is the SEM images of the fracture surfaces of
SBT and SBTV ceramics without annealing. The frac-
ture surfaces of both samples show dense structures,
which is in a good agreement with above 95% theoreti-
cal density that was determined by Archimedes method.
Further, both SBT and SBTV samples have shown a
typical intergranular fracture, i.e. fracture propagates
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along grain boundaries. However, the grain sizes in the
SBT and SBTV samples differ significantly. The aver-
age grain size of the SBT ceramics is approximately 2
�m and twice the grain size of the SBTV samples (�1
�m). Although, it is not known what is the exact

explanation for such markedly different grain size, the
different sintering temperature and the partial substitu-
tion of tantalum ions by vanadium ions are possible
causes. The sintering temperature of 1200 °C, for the
SBT samples was 200 °C higher than that of the SBTV

Fig. 5. Variation of conductivity from grain (�) and grain boundary (�) with temperature for as sitnered and annealed SBT (a,b); SBT (c,d)
respectively.
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Fig. 5. (Continued)

Table 1
Compositions, sintering condition, and the activation energies of the SBT and SBTV ceramics

Ea (interface)� (grain)Processing � (grain boundary)Sample Ea (grain) (eV) Ea (grain
500°C(� cm−1) 500°C(� cm−1)condition boundary) (eV) (eV)

SBT-as sintered 8.904×10−61200 °C-2 h 4.556×10−6 1.029 1.257 0.826
SBT-annealed 5.40×10−61050 °C-60 h 5.581×10−6 1.063 1.315 1.175

4.975×10−6 1.137×10−5 1.0191000 °C-2 h 1.199SBTV-as sintered
6.61×10−6 1.1×10−5 1.360 1.738SBTV-annealed 850 °C-60h

samples (1000°C). It is well known that the grain
growth becomes predominant at higher temperatures
due to the fact that the activation energy of cross grain
boundary diffusion is higher than that of the activation
energy of grain-boundary diffusion for densification
[18]. Therefore, a higher sintering temperature would
result in a larger average grain size. The incorporation
of vanadium into the system may also have a significant
influence on the grain size. The incorporation of vana-
dium may promote the formation of a low melting-
point mixture at grain boundaries during sintering,
which would effectively increase the diffusion distance
between the grains, which would result in a small grain
size in the sintered ceramics [19]. Reduced grain size by
partial substitution was also commonly found in other
ferroelectric materials [20]. It is very likely that both a
lower sintering temperature and the addition of vana-
dium oxide contributed to the finegrained microstruc-
ture of the SBTV samples as compared with the SBT
samples. It is not known which played a predominant
role in suppressing the grain growth in the SBTV
samples. However, SEM observation revealed that the
post sintering annealing resulted in no appreciable
change in the microstructures of both SBT and SBTV
samples.

Fig. 2 shows the dielectric constants as a function of
temperature of both SBT and SBTV ceramics without
annealing and after annealing measured at a frequency
of 100 kHz. For as sintered samples, although the R.T.
dielectric constant of SBTV is the same as that of SBT
ceramics, both Curie temperatures and peak dielectric
constants differ significantly. Curie temperature
changed from 305 °C for SBT to 364 °C for SBTV,
whereas the peak dielectric constant changed from 400
for SBT to 450 for SBTV. Such changes might be
attributed to the partial substitution of tantalum ions
by smaller pentavalent vanadium ions [14]. These
changes may also, at least partly, be attributed to the
difference in microstructure and stress that is related to
the grain size [20]. Although a similar trend was ob-
served for annealed SBT and SBTV samples, annealing
resulted in an appreciable increase in the peak dielectric
constants with �440 as compared with �400 for SBT
and �610 as compared with �450 for the SBTV
samples without annealing. However, it was found that
Curie temperature of both SBT and SBTV samples
remained almost unchanged after annealing.

No definite explanation was found for the change of
the dielectric constants of both SBT and SBTV ceram-
ics with annealing, however, several possible causes are



Y. Wu et al. / Materials Science and Engineering B86 (2001) 70–78 75

briefly discussed below. Post-sintering annealing would
result in a reduction in residual stress in the samples,
and thus lead to an increase in dielectric constants as
reported in other ferroelectric systems [21]. Improved
crystallinity and change of microstructure are also pos-
sible explanations, however, both XRD and SEM re-
vealed no noticeable change in either crystallinity or

microstructures. Change of chemical composition could
be another possible cause. Although no weight loss was
found, the color of the samples did change from dark
brown to yellow brown after annealing, indicating there
were possible changes in chemical composition or in
valence states of constituent ions. For the SBTV sam-
ples, it is possible that the post-sintering annealing

Fig. 6. Variation of reactance Z� with frequency at different temperatures for as sintered SBT (a) and SBTV (b).
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resulted in further oxidation of some tetravalent vana-
dium ions and thus reduction of oxygen vacancies in
the system. However, the oxidation of tetravalent to
pentavalent vanadium ions and the reduction of oxygen
vacancies would result in an increase in both the peak
dielectric constant and Curie point as discussed in detail
elsewhere [11]. In the current research, Curie tempera-
ture of SBTV was found unchanged after annealing.
The lack of observable change in Curie temperature
could be partly due to temperature measurements,
which commonly include a few degrees of variation.
Further, the annealing was conducted in air and, thus,
an extensive oxidation reaction was not very likely and
the reduction of oxygen vacancies could not be the
predominant effect. Further prolonged annealing of
SBTV samples for 160 h indeed revealed an increase in
Curie temperature (�5 °C), implying that there was a
possible oxidation of tetravalent vanadium ions.

To better understand the influences of vanadium
incorporation and post-sintering annealing on the elec-
trical and dielectric properties of the SBT and SBTV
ceramics, ac impedance analyses were conducted to
separate the possible contributions of grains and grain
boundaries. A schematic model of polycrystalline SBT
and SBVT ceramics was described by the equivalent
circuit (as shown in Fig. 3), which was proposed in the
literature [22,23]. The circuit consists of a series connec-
tion of two sub-circuits, one represents grains and
another represents the grain boundary phase. Each
sub-circuit is composed of one resistor and one capaci-
tor in parallel. The impedance of such an equivalent
circuit can be described by both the real part, Z�, and
the imaginary part, Z� as follows [23]:

Z=
Rg

1+ (�RgCg)2+
Rg

1+ (�RgbCgb)2 (1)

Z�=Rg
� �RgCg

1+ (�RgCg)2

�
+Rgb

� �RgbCgb

1+ (�RgbCgb)2

�
(2)

where �=2�f is the angular frequency and Cg, Rg, Cgb,
Rgb are the capacitance and resistance of grains and
grain boundaries, respectively.

Fig. 4 shows the typical Z�–Z� plots of the SBT and
SBTV samples without annealing at various tempera-
tures. There are mainly two overlapping semicircles,
which correspond to grains (the semicircle on the left-
hand side) and grain boundaries (the semicircle on the
right-hand side) in the SBT samples below 450 °C.
When temperature is above 450 °C, there exist three
overlapping semicircles (Fig. 4a). The lowest frequency
range arc was attributed to be the ferro electric-elec-
trode interface effect, which is similar with T. Chen et
al.’s results [10]. When the temperature increases, all
three semicircles become smaller and shift towards
lower Z� values, indicating a reduction of grain, grain
boundary and interface resistance [22]. Z�–Z� plot at

500 °C with fitting curves were shown in Fig. 4b. The
typical Z�–Z� plots of the SBTV ferroelectrics shown in
Fig. 4c were found to be rather different from those of
the SBT samples shown in Fig. 4a. The Z�–Z� plots of
the SBTV samples were predominated by a single semi-
circle with a little deviation at the low frequency range.
The predominant semicircles represent the impedance
contribution of the grains, whereas the grain
boundaries have a less significant contribution to the
impedance. As the temperature increases, the intercepts
of the predominant semicircles at the Z� axis shift
towards lower Z� values, indicating the reduction of the
grain resistance. In addition, the deviations at low
frequencies that correspond to the contribution of the
grain boundaries decrease with an increasing tempera-
ture. Further, the depressed semicircles have their cen-
ters on a line far below the real axis, indicating
departure from the ideal Debye behavior [24]. Another
Z�–Z� plot for SBTV at 500 °C with fitting curves were
shown in Fig. 4d.

Fig. 5 shows the Arrehenius plots of the conductivity
of the SBT and SBTV sintered and annealed samples
from different contributions as a function of tempera-
ture. The activation energies of both SBT and SBTV
samples with and without annealing are summarized in
Table 1. Also the conductivities of grain and grain
boundary phases calculated from impedance at 500 °C
are included in this Table for comparison. These data
do not show much difference but our dc conductivity
measurement did show decreasing conductivity results
after annealing [12]. Fig. 5a and Fig. 5b are the conduc-
tivity results of the SBT ceramics with and without
annealing. The conductivity results of the SBTV sam-
ples with and without annealing were shown in Fig. 5c
and Fig. 5d. The influences of the incorporation of
vanadium into the system are 2-fold: the reduction of
the grain size as clearly demonstrated by the SEM
images in Fig. 1, and the possibly enhanced concentra-
tion of oxygen vacancies. It is known that vanadium
can have both pentavalent and tetravalent states. If
there are some tetravalent vanadium ions that occupy
the tantalum ions’ positions, oxygen vacancies need to
be created to maintain electroneutrality. Even in SBT
ceramics, the evaporation of bismuth oxide during sin-
tering would also produce oxygen vacancies. The acti-
vation energies of the conduction for SBT-as sintered,
SBT-annealed and SBTV-as sintered range from 1.019–
1.315 eV, which are reasonably in agreement with the
data reported in the literature [25–27]. This indicates
that the conduction could be attributed to the motion
of the oxygen vacancies. However, the activation ener-
gies of conduction for annealed SBTV, especially for
grain boundary part (1.738 eV) is difficult to be ex-
plained by the same mechanism. Actually further study
is required for better understanding of the
phenomenon.
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Another noticeable change in both SBT and SBTV
samples resulting from the annealing is the increase in
the activation energy for both grain and grain
boundary conduction. It is not known what is the exact
mechanism for such a change. Although the incorpora-
tion of vanadium into the SBT crystal structure is
expected to increase the complexity and thus to increase
the activation energy of conduction, it could not ex-
plain the significant change of the activation energy
with annealing, particularly the activation energy of
grain boundary conduction. Annealing is likely to re-
duce the stress and strain in both grains and grain
boundaries, however, it is not very likely that a reduc-
tion in stress would result in such a significant increase
in activation energy for electrical conduction. Change
in chemical composition, crystallinity, and microstruc-
ture would also result in a change of activation energy
of diffusion, however, both XRD and SEM results
revealed that there was no detectable change in crys-
tallinity and microstructure of the SBTV ceramics with
the annealing, as discussed earlier. Furthermore, no
detectable weight loss implied that there was no or
negligible change in chemical composition.

Fig. 6 shows the imaginary part of the impedance,
Z�, as a function of frequency in both SBT and SBTV
ceramics without annealing. Such plots would allow an
in-depth study of the contribution of both grain and
grain boundary phase on the conductivity and dielectric
properties separately. Compared with bulk and grain
boundary, the interface effect is much weaker, there-
fore, not shown in the spectroscopic plots. At 400 °C,
SBT samples show two distinct peaks that correspond
to contributions of the grain (at the high frequency
side) and the grain boundary (on the low frequency
side) phases, respectively. When the temperature in-
creases, both peaks shift to higher frequencies. The
grain boundary peak shifts faster than that of the
grains; eventually two peaks merge together at 600 °C.
The SBTV samples demonstrate a different relationship
as shown in Fig. 6b. Similarly, the weaker contributions
from the grain boundary were not shown in the plots.
There is only one peak at temperatures ranging from
400 to 600 °C. This peak corresponding to the grain
phase also shifts to higher frequencies as the tempera-
ture increases. Since the change of dielectric constant of
the grain boundary phase would be relatively small, the
shift of the peak towards higher frequencies, as the
temperature increases, is mainly due to the reduction of
bulk resistivity. Further analysis will be conducted to
get a better understand of the influences of the incorpo-
ration of vanadium and the post-sintering annealing on
the dielectric properties of the grain boundaries. Such
experiments will be combined with detailed systematic
analysis on the microstructures and chemical composi-
tions of the grain boundary phase.

4. Conclusions

Partial substitution of tantalum ions by vanadium
ions (10%) in the SBT system resulted in the formation
of fine-grained microstructure and an increase in dielec-
tric constants and DC conductivity. Post-sintering an-
nealing had no appreciable influences on the chemical
composition, crystallinity and micro structure of both
SBT and SBTV ceramics. However, post-sintering an-
nealing led to an appreciable increase in dielectric con-
stants in both SBT and SBTV ceramics, most likely.
due to reduced stress and oxidation of possible tetrava-
lent vanadium ions.
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