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Abstract

Strontium bismuth tantalates were produced for the first time from microwave–hydrothermal precursors at 200 �C, for 2 h. Structural

and dielectric properties were investigated by X-ray diffraction and complex impedance spectroscopy. A high ferroelectric–paraelectric

transition temperature of 375 �C ðT cÞ was observed, together with two different dielectric regimes for the ac electrical conductivity below

T c. The activation energies were calculated as 0.155 and 0.531 eV, and are related to conduction by oxygen vacancies. It was concluded

that the low activation energies showed by these materials could contribute to their fatigue-free nature.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Strontium bismuth tantalate ðSrBi2Ta2O9Þ has been
extensively studied in the last decade because of its
ferroelectric and structural flexibilities suitable for ferro-
electric integrated devices [1]. Its structure consists of
alternating layers of ðBi2O2Þ

þ2 and pseudoperovskite
ðSrTa2O7Þ

�2 blocks in a global orthorhombic symmetry
(A21am space-group). The Bi2O2 layers and TaO6 octahe-
dra are considerably distorted and the atomic displace-
ments along the a-axis give rise to a spontaneous
polarization along this direction [1]. A large number of
studies have been reported mainly on the formation of
films by different processes [2]. However, the literature
regarding the preparation of ceramics is limited to
conventional solid-state method and a few non-conven-
tional routes [3].

Nowadays, there is a considerable interest in evaluating
new methods for the synthesis of functional electroceramics
in order to achieve better control over physical and
e front matter r 2007 Elsevier Ltd. All rights reserved.
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chemical properties [4]. The hydrothermal synthesis route
presents the highest technological potential to obtain
electroceramics [5–7] due to its low-temperature and
environmentally friendly processing conditions, which
allows the production of ultrafine, crystalline powders in
a single step. A recent innovation in the hydrothermal
process is the introduction of microwaves into the reaction
vessels, which enhances the kinetics of crystallization [8]. In
this paper, Sr-deficient bismuth tantalates (SBT) were
produced for the first time from microwave–hydrothermal
derived precursors. For these ceramics, it is well known
that A-site-deficient materials exhibit enhanced ferroelec-
tric properties. The structural and dielectric properties are
studied and, in addition to the ferroeletric–paraelectric
phase transition, it was observed two conduction regimes
in the dielectric constant and ac electrical conductivity
attributed to oxygen vacancies.

2. Experimental

SrCl2:6H2O ð499%Þ, BiOCl (99.99%), TaCl5 (99.9%)
and NaOH (99.99%) (Fluka Chemie AG and Aldrich
Chemical Company) were used as starting chemicals for
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Fig. 1. XRD patterns for the SBT powders. (a) MHP and samples heated

at (b) 600 �C, (c) 700 �C, (d) 800 �C, (e) 1000 �C, and (f) 1100 �C.
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SBT. The cationic molar ratio employed was Sr=Bi ¼ 0:4,
aiming to the production of a Sr-deficient, Bi-rich SBT
phase. Each reagent was previously dissolved in deionized
water ð18:2MO cmÞ and mixed under vigorous stirring.
NaOH was then added to the aqueous solution in order
to precipitate the oxyhydroxides at pH413. Microwave–
hydrothermal processing was performed using a Milestone
MLS-1200 MEGA microwave digestion system (2.45GHz).
The system was programmed to work at 1000W, for
10min, up to the processing temperature ð200 �CÞ and
maintained at 400W, for 2 h. The resulting precursors were
repeatedly washed with hot deionized water in order to
remove any Na ions present (NaCl) and dried at 80 �C.
Besides, to detect the presence of sodium in the powders
after microwave–hydrothermal synthesis, different charac-
terization methods like energy dispersive X-ray (EDX)
spectroscopy and atomic absorption spectrometry (AAS)
were used. In all cases, sodium ions were not detected,
indicating that the amount of sodium ions, if present, is
below the maximum detection limits of the used techni-
ques. Chemical analysis (AAS-Perkin Elmer 5000) indi-
cated that a Sr-deficient precursor was obtained with final
composition Sr0:85Bi2:1Ta2O9. Heat treatments occurred in
conventional furnaces (air atmosphere), in temperatures
ranging from 600 to 1000 �C, for 30min, aiming to study
the structural evolution under heating of the microwave–
hydrothermal derived powders.

Structural characterization was carried out in a Philips
PW1710 diffractometer with graphite monochromated
CuKa radiation, Ni filter and 32100�2y ð0:02�2y step=sÞ.
Scanning and transmission electron microscopies (JEOL
5410 and Philips CM200) were employed to study the
morphological features of the microwave–hydrothermal
precursors. The results showed particles ranging from 20
ð200 �CÞ to 120 nm ð1000�CÞ in size and with nearly
cubic morphology. Adsorption nitrogen analysis (Quanta-
chrome) showed corresponding specific surface areas of
about 6234m2=g in good agreement with the results from
microscopy. The powders were uniaxially pressed at
110MPa into cylindrical disks of 15mm diameter and
5mm height. Sintering occurred at 1100 �C for 4 h in a
closed alumina crucible to prevent Bi volatilization.
Dielectric characterization was carried out in a HP
4192A impedance analyzer. Gold electrodes were fabri-
cated by sputtering on both sides of the sintered sample
and the measurements were done in the frequency range
10Hz–13MHz, from room temperature up to 500 �C. The
temperature-increasing rate was controlled at 2 �C=min.

3. Results and discussion

SBT belongs to a family of layered-perovskites structu-
rally described by Aurivillius and recently recalculated by
Rae et al. [9]. Fig. 1 presents the X-ray powder diffraction
(XRD) data for the microwave–hydrothermal powders
(MHP in Fig. 1a), as well as the patterns for the samples
heated at 600, 700, 800, 1000 and 1100 �C (Figs. 1b–f). The
phases found after microwave processing appeared to be a
mixture of the SBT phase (ICDD #49-0609) and another
phase with cubic structure ðFd3̄mÞ. There are no evidences
of any Sr–Bi-oxide or Bi–Ta-oxide phases. Also, it was
observed a shift in 2y for the main reflections of the SBT
compound—(1 1 5), (2 0 0), (2 2 0), (3 2 0), (4 0 2), and
(4 0 8), indicating a structural variation in the unit cell.
This shift could be related to the stoichiometric deviation
verified by chemical analysis after processing towards a
Sr-deficient SBT phase.
If the samples are not stoichiometric, Bi cations could

occupy the Sr sites within the perovskite sublattice
[3,10,11]. Boyle et al. [12] present a theory in which the
SBT structure appears to be preceded by the formation of
an ‘‘intermediate phase’’. It is well-known that substitution
of trivalent Bi ions for divalent Sr ions generate cation
vacancies [11]. As it can be seen in Figs. 1a and b, the
diffraction patterns present broad diffraction peaks at
29:3�, 34�, 48:8� and 57:8�, which is attributed to an
intermediate cubic phase for SBT formation [12]. As the
temperature is raised, the diffraction patterns changed
significantly (Fig. 1c–f). For the sample heated at 700 �C
(Fig. 1c), several structural modifications can be observed:
the amount of SBT phase increases substantially, but the
pyrochlore phase is also present. Above 800 �C, the SBT
phase (Fig. 1d–f) can be easily visualized. Fig. 1f shows the
XRD pattern for the sample heated at 1100 �C, where the
orthorhombic phase is observed.
The possibility of forming cubic Fd3̄m structure within

the SBT system depends on the ability to create a cation-
defective structure, which may consider the various valence
states of the cations. In this respect, Ehlert et al. [13]
reported a defect pyrochlore-type structure for Bi–Ta
oxides, while Lu et al. [14] identified a new pyrochlore
phase in the Sr–Bi–Ta–Ti–O system. The structure
described by Ehlert et al. (RbBi2Ta5O16, ICDD #43-
0291) [13] can be considered as a possible match for the
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diffraction peaks observed in the MHP. Rodriguez et al.
[15] calculated the XRD patterns for a similar cation-defect
structure having a Fd3̄m symmetry, with the Ta cations
residing within an oxygen octahedra and the Bi cations
sitting between the Ta–O octahedra. Strontium was
incorporated into the lattice by assuming that it behaves
similarly to Rb cation, but with the possibility of site
mixing with Bi. Finally, an estimated stoichiometry for this
pyrochlore (or intermediate phase) was proposed by
Rodriguez et al. as Sr0:2ðSr0:5Bi0:7ÞTa2O6:75, which is
deleterious for SBT formation due to its strong Bi-deficient
character [15]. In the present work, it was verified that an
‘‘intermediate phase’’ was produced during microwave–hy-
drothermal processing, which is instable under heating.
Conversely to the results of Rodriguez et al. [15] and Ami
et al. [16], the pyrochlore phase found in the present work
was converted to the orthorhombic phase above 800 �C, as
it can be seen in Fig. 1.

Microwave–hydrothermal derived SBT ceramics were
sintered at 1100 �C and its dielectric properties were
investigated in detail. XRD results for these samples
were obtained and compared to those observed for the
only-heated sample of Fig. 1f. Almost identical patterns
were observed for both samples (calcined and sintered SBT
materials). Energy-dispersive spectrometry analysis was
not able to detect any Bi-loss by volatilization in the
samples. Fig. 2 presents the dielectric constant ð�0Þ as a
function of temperature and frequency for the ceramic
sintered at 1100 �C. As a general trend, �0 increases for
increasing temperature up to the ferroelectric–paraelectric
phase transition. For the samples studied in the present
work, the Curie temperatures ðTcÞ were found at 375 �C,
which agree well with those currently found in the
literature for Sr-deficient SBT [3,10,11,17]. In these
compounds, the spontaneous polarization is two times
larger than that of stoichiometric SBT, and the ferroelectric
phase transition ðTcÞ shifts to around 400 �C from 330 �C.
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Fig. 2. Dielectric constant ð�0Þ as a function of temperature and frequency

for the SBT ceramic. Tc is the temperature of the ferroelectric–paraelectric

phase transition. Inset: �0max (observed at Tc) versus frequency.
Miura and Panda et al. [18,19] reported that the excess of
Bi leads to the substitution of trivalent Bi ions for divalent
Sr ions, enhancing the structural distortion in TaO6

octahedra and the spontaneous polarization. Fig. 2 shows
that T c is slightly round-shape and also independent on the
measuring frequency. The dielectric constant decreased
with increasing frequency, from 677 at 100Hz to 206 at
1MHz (see inset in Fig. 2). This behavior is linked to the
ionic conductivity of the sample and will be shown and
discussed later.
Besides the ferroelectric–paraelectric phase transition,

Fig. 2 also shows that the temperature dependence of the
dielectric constant presents two different temperature
regimes: �0 increases slightly below temperatures around
2102240 �C, increasing substantially above this tempera-
ture and below T c. According to Onodera et al. [17], this
behavior could be related to thermally stimulated space
charges (TSSC). Jimenez et al. [20] studied the temperature
dependence of remnant polarization of Sr-deficient Bi-rich
SBT ceramics deduced from measurements of switching
currents and pulsed hysteresis loops. The authors verified a
change in the slope of polarization versus temperature
curves around 200 �C and attributed this behavior to a
phase transition, also claimed by Onodera et al. in another
paper [11]. Jimenez et al. [20] pointed out that the rapid
decrease in the remnant polarization with temperature up
to 200 �C is of practical interest, considering the applica-
tion of these materials as non-volatile ferroelectric mem-
ories. The results on �0 displayed in Fig. 2 showed an
indication of a change in this property for increasing
temperature and frequency.
Fig. 3 presents the electrical conductivity of the SBT

ceramic as a function of temperature and frequency, where
the two conduction regimes mentioned above can be
clearly seen. First, a high ionic conduction with relatively
free charge carriers is observed, reflected in the increasing
conductivity with frequency and temperature. These
charges are also responsible for the dielectric constant
dispersion seen in Fig. 2. The phase transition at 375 �C
appears like a round peak in the electrical conductivity,
which varies as a function of frequency: s � 5�
10�5 O�1 cm�1 at 100 kHz, and s � 2� 10�4 O�1 cm�1 at
1MHz ðT ¼ 375 �CÞ. The temperature where the second
regime starts (denoted T�) can be inferred from the change
in slope in conductivity plot (inset in Fig. 3), where it can
be seen that T� increases with frequency. This result means
that a structural transition is not responsible for this
behavior. According to Tanaka et al. [17], both pulse
switching charge and non-switching response charge
showed ‘‘anomalous’’ thermal behaviors in the temperature
range 1502250 �C. The authors claim that the major part
of the effect is due to the field-induced charge without
ferroelectric-polarization switching. For the samples stu-
died in the present work, the variation in T� with frequency
is probably due to a stoichiometric deviation observed after
microwave processing. Thus, oxygen vacancies or Bi ions
with oxidation state equal to þ2 could generate space
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charges within the ceramic, producing the observed
behavior in �0 and s.

In order to understand the conduction process in the
Sr-deficient SBT ceramics obtained from microwave–
hydrothermal precursors, the temperature dependence of
the ac conductivity at various frequencies was evaluated.
Fig. 4 shows the Arrhenius plot of the electrical con-
ductivity of the sintered SBT ceramic at 1 kHz. As it can be
seen, two different regions (or slopes) are clearly identified.
These two slopes mean different behaviors in the total
conductivity due to TSSC. In each region, the electrical
conductivity can be described by

sT ¼ ðne2l2n0=kÞ exp�E=kT , (1)

where n is the density of charge carriers, e is the electron
charge, l is the distance between the trap sites, n0 is the
characteristic frequency, k is the Boltzmann constant, T is
the absolute temperature, and E is the activation energy of
the TSSC process. The pre-exponential factor ðne2l2n0=kÞ
reflects the carrier concentration. The activation energies
before and after T� were obtained from the linear
portions of the plots of log ðsTÞ versus 104=T , as showed
in Fig. 4. The results showed values of 0.155 and 0.531 eV
for the conduction process, below and above 210 �C ðT�Þ,
respectively.

It is well known that oxygen vacancies are the most
mobile charges in oxide ferroelectrics [21]. This should also
be the case for SBT material, even though two different
processes are present here. Indeed, due to the structural
anisotropy of the material, mainly because the oxygen
octahedra of the pseudo-perovskite blocks are discon-
nected by the Bi2O2 layers, the macroscopic conduction by
oxygen vacancies is likely divided up in two steps: inner
motif (into the blocks) movements, and jumps between
motifs through the Bi2O2 layers. At lower temperatures
(below T�) the oxygen vacancies only have energy to
exchange positions with neighbor ions, which requires low
activation energies (0.155 eV). At higher temperatures
ðT�oToT cÞ, the vacancies would have enough energy to
jump over larger distances, with a higher activation energy
(0.531 eV), so that this would become the dominating
conduction mechanism into the material.
Now, we could wonder what is the origin of the oxygen

vacancies in our system. It is worthy noticing that
Shimakawa et al. [22] and Miyayama and Noguchi [23]
studied the crystal structures, polarization properties, and
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oxygen-vacancy distribution in Sr-deficient and stoichio-
metric SBT modified by rare earth doping. The authors
observed that oxygen vacancies are present in the Bi2O2

layers to compensate the charge difference between the
different ions: Srþ2 and trivalent rare-earth in doped
samples, and Srþ2 and Biþ3 in Sr-deficient SBT materials.
In this work, the microwave–hydrothermal process was
employed to produce suitable precursors for Sr-deficient,
Bi-rich SBT ceramics, decreasing the sintering temperature
and allowing the observation of the oxygen motion. For
these materials, the fatigue-free nature is attributed to the
fact that the oxygen vacancies can easily move.

4. Conclusions

Microwave–hydrothermal processing was employed to
produce SBT precursors for the first time. Sr0:85Bi2:1Ta2O9

ceramics were obtained together with a cubic phase, which
transforms to the A21am structure above 800 �C. This
unexpected behavior for common pyrochlore phases is
explained with basis on the formation of an intermediate
cubic disordered structure with stoichiometry very close to
the main phase. The ferroelectric–paraelectric transition
was found to occur at 375 �C, which is in agreement with a
Sr-deficient phase. Also, two conduction regimes below T c

were observed in �0 and s, with a slight dependence on the
measuring frequency, which are also an indication of
stoichiometric deviation. The presence of vacancies and Bi
ions mixed with Sr ions produces TSSC. The activation
energies before and after the observed change in slope of
the Arrhenius plot ð2102240 �CÞ were determined as 0.155
and 0.531 eV, respectively. This report presents the first
direct evidence of the space charges contributions in SBT,
observed through impedance spectroscopy, notably in the
dielectric constant.
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