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Abstract

The effect of non-stoichiometry on the ferroelectricity and piezoelectricity of strontium bismuth tantalate, SrBi2Ta2O9, has been studied using
ordinarily fired ceramics. Sr1−xBi2+xTa2O9 (x= 0.0–0.3) [SBT(x)] ceramics were prepared by a conventional ceramic technique and sintered at
1200◦C. The remanent polarization,Pr, and the electric coercive field,Ec, increase with a change in the compositionx. The electromechanical
coupling factors (kp andk33) and mechanical quality factorsQm increase up to aroundx= 0.2, but decreases atx> 0.2 as the composition
x increases. The reduction of the piezoelectric properties atx> 0.2 is associated with the decrease in the electric resistivity of the SBT(x)
ceramics. Both the ferroelectric and piezoelectric properties of the SBT(x) ceramics are basically enhanced by the Bi substitution.
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. Introduction

Strontium bismuth tantalate (SrBi2Ta2O9; SBT), which is
ne of the bismuth layered-structure ferroelectrics (BLSFs),
ave been intensively studied for use in non-volatile random
ccess memories (NvRAMs).1 Since the BLSFs generally
how high Curie temperatures, and low dielectric constantsε

nd losses tanδ, a large anisotropyk33/k31 in electromechan-
cal coupling factors, low temperature coefficients of delay,
LSFs ceramics are also expected to be superior piezoelectric
aterials for use at high temperature and high frequency.
It was reported that the ferroelectric properties of SBT

re enhanced by introducing Bi with a vacancy into the Sr-
ite.2–4 These reports focused on the relationship between
he ferroelectric properties and the crystal structure of SBT.
owever, there are a few reports regarding the piezoelectric
roperties of SBT.5 In our previous report,6 we successfully

mproved the piezoelectric properties in the SBT ceramics
y introducing non-stoichiometry into the starting materials.
he aim of this study is to investigate the influence of non-
toichiometry on the ferroelectricity and piezoelectricity in

SBT ceramics. We prepared Sr-deficient and Bi-excess
ceramics by a conventional ceramic technique, and exam
their ferroelectric and piezoelectric properties.

2. Experimental procedure

Powders of SrCO3, Bi2O3 of 99.99% purity and Ta2O5
of 99.9% were used. Ceramic samples of Sr1−xBi2+xTa2O9
(SBT(x): x= 0.0–0.3) were prepared using a conventional
tering technique. We did not prepare SBT(x) samples with
x> 0.3 because the SBT single phase with the compos
up tox= 0.3 was obtained in our previous study.6 The pow-
ders were mixed in acetone, dried, and then calcined at 8◦C
for 2 h in air. The calcined powders were heated at 110◦C
for 2 h in air. The phase identification of the SBT(x) pow-
ders was performed using a powder X-ray diffraction (XR
method. The SBT(x) powders were uniaxially pressed in
discs or cylinders at 190 MPa. The ceramic samples
prepared by the ordinary fired method at 1200◦C for 2 h.
This sintering condition was also determined, based on
∗ Corresponding author. Tel.: +81 743 72 0086; fax: +81 743 72 6069.
E-mail address:hiro-t@ms.naist.jp (H. Takeda).

previous report.6 The sintered disk ceramics with an 11.0 mm
diameter were polished into a 0.10 mm thick plate for char-
acterization of the dielectric and ferroelectric properties. For
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these ceramics, the electrodes were made on the face of the
disks with fire-on Ag paste or sputtered Au films. The fre-
quency dependence of the dielectric constantεs and dielectric
loss factor tanδ of the SBT(x) ceramics were measured in the
frequency range of 10 kHz to 1 MHz using an impedance
analyzer (HP4194A). The Curie temperatureTc was also
determined. TheP (polarization)–E (electric field) hystere-
sis loops were measured using a standard RT6000 (Radi-
ant Technologies, Inc.) at room temperature in a silicone oil
bath.

For the piezoelectric measurement, the SBT(x) ceramics
were cut and polished into the appropriate shape for two
electromechanical coupling factors (kp and k33) in the
corresponding vibration (radial- and length-extensional)
modes. For thekp and k33 modes, we prepared disc
(11 mm in diameter and 1.0 mm thickness) and cylin-
der (2 mm× 2 mm× 5 mm) samples, respectively. We
performed the poling treatment of the sample before mea-
surements of the piezoelectric properties. The electric field
strength (Ep), temperature (Tp) and time (tp) for a poling
treatment were as follows:Ep = 8–10 kV/cm,Tp = 250◦C,
tp = 5 min for thekp mode andEp = 4 kV/cm, Tp = 260◦C,
tp = 5 min for the k33. In this study, the maximum tem-
perature was set at 260◦C for safety reasons because the
fire point of the silicon oil is 300◦C. The dependence of
the piezoelectric properties on the poling condition will
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Fig. 1. (a) Temperature dependence of dielectric constantεs, and (b) Curie
temperatureTc as a function of the composition (x) for SBT(x) ceramics.

discussed in our previous report.6 The high density ceramics
with ρ ≥ 0.93 was obtained atx≥ 0.1.

The composition (x) dependence of thePr and coercive
field (Ec) for the SBT(x) ceramics is shown inFig. 3. The
increase inxresulted in a gradual increase in theEc value from
27 to 38 kV/cm. The largePr was attained for SBT with the
cation vacancy and/or Bi incorporation into the Sr-site. This
result is the same as those reported in Ref.4. The enhancement
of the spontaneous polarizationPs and enlargement of theEc

F -
r

e reported elsewhere. The piezoelectric properties
nvestigated using a resonance–antiresonance method

LF impedance analyzer. The electromechanical cou
oefficients were calculated on the basis of Onoe’s equa7

sing the resonance–antiresonance frequencyfs andfp.

. Results and discussion

Fig. 1a shows the temperature dependence of the diel
onstant measured at a frequency of 100 kHz for the SBx)
eramics. All samples show a peak in the dielectric cons
etween 300 and 600◦C corresponding to the Curie te
eratureTc. Since the peak position ofTc was independen
f the measured frequency between 100 kHz and 15 MH
as found that no relaxation effect has been observed fo
BT(x) ceramics.Fig. 1b shows theTc as a function ofx.
heTc linearly decreased with an increase inx from 330◦C
x= 0) to 470◦C (x= 0.3). This tendency is consistent w
he results reported in Refs.2–4.

TheP–E hysteresis loops of the SBT(x) ceramics wer
easured at room temperature and the electric field wa
lied along the direction parallel to the pressing axis.Fig. 2
hows the polarization hysteresis loop at room temper
or the SBT(x= 0.3) ceramics sintered when the drive fi
Em) was about 200 kV/cm. The remanent polarizationPr of
0.2�C/cm2 was observed. Well developedP–E hysteresi

oops were observed for all samples except for the stoi
etric SBT(x= 0) ceramics. This result is because it is

cult to obtain dense stoichiometric SBT(x= 0) ceramics a

ig. 2. Polarization hysteresis loop measured using SBT(x= 0.3) dense ce
amics at room temperature (25◦C).
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Fig. 3. Remanent polarizationPr and coercive fieldEc as a function of the
composition (x) at room temperature (25◦C).

value in the SBT(x) was favorably explained from the results
of X-ray and/or neutron crystal structure analysis.2–4

Fig. 4shows the frequency dependence of the impedance,
|Z|, and the phase,θ, in thek33 mode for the SBT(x= 0.2)
ceramics. If the ideal poling state is achieved, the impedance
phase angleθ approaches 90◦ in the frequency range between
fs and fp. The phase angleθ observed on the samples was
around 85◦. The calculatedk33 value of 13.8% was near the
maximum value of the isomorphic BLSF ceramics fabricated
by an ordinary firing method.

Fig. 5 shows the influences of the sintering temperature
and starting material composition on the electromechanical
coupling factorskp andk33 (Fig. 5a), the mechanical quality
factorQm (Fig. 5b), and phaseθ (Fig. 5c). In Fig. 5c, we
omitted theθ andk33 data for SBT(x= 0.0) ceramics because
θ < 0◦ and thek33 values are very small. Similar changes
in the kp(k33), Qm and θ values versus the compositionx
were observed in the SBT(x) ceramics. InFig. 5a, kp and
k33 increased tox= 0.15 and 0.25 as the compositionx in-
creased, and thereafter decreased, respectively. The highest
kp of 10.8% was obtained for the SBT(x= 0.15) ceramics
and the highestk33 of 14.2% was for the SBT(x= 0.25) ones.
These results indicated that the incorporation of Bi atoms

F t
r .

Fig. 5. (a) Electromechanical coupling factors (kp andk33), (b) mechanical
quality factorsQm, and (c) phaseθ as a function of the composition (x) for
SBT(x) ceramics.

with a vacancy into the Sr-site improved not only the ferro-
electric property but also the piezoelectric one. InFig. 5b,
the Qm in kp and k33 modes increased up tox= 0.20 and
0.10 with a change of the compositionx, and then decreased,
respectively. The highestQm of 4900 in thekp mode was
obtained for the SBT(x= 0.20) ceramics and the highest one
in thek33 mode of 3500 was for the SBT(x= 0.10) ones. In
Fig. 5c, the maximumθ values in both thekp andk33 modes
was observed atx= 0.20. The variation in thekp(k33) andQm
values was very similar to that ofθ. It is known that both the
coupling factors andQm factors depend on the density and
poling state of the ceramics. No difference in the density of
the prepared samples was found in this study except for the
SBT(x= 0.0) ceramics. Therefore, it was expected that the
ig. 4. Frequency dependence of impedance|Z| and phaseθ measured a
oom temperature in length-extensional modek33 for SBT(x= 0.2) ceramics
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Fig. 6. Resistivity at room temperature and 200◦C as a function of the
composition (x) for SBT(x) ceramics.

reduction inθ occurred because the poling treatment in this
study was insufficient due to a higherEc at x> 0.2 or other
phenomena. We measured theP–E hysteresis loops of the
SBT(x) ceramics at 200◦C nearTp. In this measurement, a
very small variation inEc (12–14 kV/cm) was observed from
x= 0.0–0.3. TheseEc value also were low enough to apply
the poling treatment.

Fig. 6shows the composition (x) and temperature depen-
dences of the electric resistivity in the SBT(x) ceramics. The
resistivity of all the SBT(x) ceramics decreased from room
temperature (25◦C) to 200◦C over a 102 order. The resistivity
at 25◦C was independent of the composition (x). On the other
hand, the variation in the resistivity at 200◦C was very simi-
lar to that ofθ. In Fig. 6, the resistivity at 200◦C increased up
to x= 0.20 as the compositionx increased, and thereafter de-
creased. The low resistivity of the SBT(x= 0.0) ceramics was
due to the low density of the ceramic samples. The density
of the other SBT(x) ceramics was the same. The ferroelec-
tric property was enhanced with the increasingx, as shown
in Fig. 3. Therefore, we regarded that the decrease in the re-
sistivity, i.e., the change in the conductivity, for the SBT(x)
ceramics atx> 0.2 made the poling treatment insufficient and
then lowered the piezoelectric properties. In this study, we
prepared SBT(x) ceramics with the nominal starting com-
position of Sr1−xBi2+xTa2O9. Considering charge neutrality,
a very small amount of BiO should exist in the ceramic
s u-
r al.
s po-
s he

samples withz> 0.15 by Rietveld analysis. The existence of
the impurity phases probably lowered the resistivity of the
SBT(x> 0.2) ceramics. We concluded that the piezoelectric
properties of the SBT(x) ceramics are enhanced by Bi sub-
stitution, as is the case for the ferroelectric properties. It is
expected that higherkp andk33 at x> 0.2 are obtained if the
poling state is improved.

4. Conclusions

SBT(x) ceramics withx= 0.0–0.3 were synthesized using
a conventional ceramics technique under the sintering condi-
tions of 1200◦C and 2 h, based on our previous report.6 We
focused the influence of non-stoichiometry on the ferroelec-
tric and piezoelectric properties in SBT(x). An enhancement
of the remanent polarization 2Pr with increasingxwas con-
firmed. The maximum electromechanical coupling factors
(kp and k33) and mechanical quality factorsQm were ob-
tained for an SBT(x) at aroundx= 0.2. The reduction of the
piezoelectric properties atx> 0.2 was found. We regarded
that this phenomenon was due to the decrease in the elec-
tric resistivity of the SBT(x) ceramics, and then concluded
that the piezoelectric properties of the SBT(x) ceramics are
basically enhanced by Bi substitution.
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