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Abstract

The effect of non-stoichiometry on the ferroelectricity and piezoelectricity of strontium bismuth tantalatdastBj has been studied using
ordinarily fired ceramics. $r,Bi».«TaOg (x=0.0-0.3) [SBTX)] ceramics were prepared by a conventional ceramic technique and sintered at
1200°C. The remanent polarizatioR,, and the electric coercive fiell,, increase with a change in the compositiofihe electromechanical
coupling factors K, andkss) and mechanical quality factof3,, increase up to arourxi=0.2, but decreases at 0.2 as the composition

x increases. The reduction of the piezoelectric properties>&.2 is associated with the decrease in the electric resistivity of thex3BT(
ceramics. Both the ferroelectric and piezoelectric properties of thex3B&(amics are basically enhanced by the Bi substitution.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction SBT ceramics. We prepared Sr-deficient and Bi-excess SBT
ceramics by a conventional ceramic technique, and examined

Strontium bismuth tantalate (SeHiapOg; SBT), which is their ferroelectric and piezoelectric properties.
one of the bismuth layered-structure ferroelectrics (BLSFs),
have been intensively studied for use in non-volatile random
access memories (NVRAMS)Since the BLSFs generally
show high Curie temperatures, and low dielectric constants
and losses tah) a large anisotropls/ks1 in electromechan- Powders of SrC@ Bi,O3 of 99.99% purity and TeOs
ical coupling factors, low temperature coefficients of delay, ¢ 99 9o were used. Ceramic samples of $Biz+TapOg
BLSFs ceramics are also expected to be superior piezoelectri(‘(SBT(X): x=0.0-0.3) were prepared using a conventional sin-
materials for use at high temperature and high frequency. tering technique. We did not prepare SBIéamples with

It was reported that the ferroelectric properties of SBT - '3 pecause the SBT single phase with the composition
are enhanced by introducing Bi with a vacancy into the Sr- up tox=0.3 was obtained in our previous stUtiyhe pow-
site?~* These reports focused on the relationship between yers were mixed in acetone, dried, and then calcined &t@00
the ferroelectric properties and the crystal structure of SBT. ¢4 2 1y in air. The calcined powders were heated at TTD0
However, there are a few reports regarding the piezoelectriciy, o in air. The phase identification of the SEBYpow-
properties of SBP.In our previous repoft,we successfully ders was performed using a powder X-ray diffraction (XRD)
improved the piezoelectric properties in the SBT ceramics method. The SB) powders were uniaxially pressed into
by introducing non-stoichiometry into the starting materials. iscs or cylinders at 190 MPa. The ceramic samples were

Thg aim of this study is to inves_tigate the i_nfluence pf non- prepared by the ordinary fired method at 12a0for 2 h.
stoichiometry on the ferroelectricity and piezoelectricity in  This sintering condition was also determined, based on our
previous reporf.The sintered disk ceramics withan 11.0 mm
* Corresponding author. Tel.: +81 743 72 0086; fax: +81 743 72 6069.  diameter were polished into a 0.10 mm thick plate for char-
E-mail addresshiro-t@ms.naist.jp (H. Takeda). acterization of the dielectric and ferroelectric properties. For

2. Experimental procedure
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these ceramics, the electrodes were made on the face of the 1200
disks with fire-on Ag paste or sputtered Au films. The fre-
quency dependence of the dielectric constaand dielectric
loss factor taid of the SBT§) ceramics were measured in the
frequency range of 10kHz to 1 MHz using an impedance
analyzer (HP4194A). The Curie temperatuig was also
determined. Thé (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. 0
For the piezoelectric measurement, the SBTEeramics 0 200 400 600
were cut and polished into the appropriate shape for two (@ Temperature (°C)
electromechanical coupling factor&,(and ksz) in the
corresponding vibration (radial- and length-extensional)
modes. For thek, and ks modes, we prepared disc
(12mm in diameter and 1.0mm thickness) and cylin-
der (2mmx 2mmx 5mm) 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 {p) for a poling
treatment were as followsEy = 8-10kV/ecm, T, =250°C,
tp=5min for thek, mode andEp=4kV/cm, T,=260°C, - . |
tpy=5min for the kzz. In this study, the maximum tem- N o1 02 03
perature was set at 26Q for safety reasons because the
fire point of the silicon oil is 300C. The dependence of
the piezoelectric properties on the poling condition will gig 1. (a) Temperature dependence of dielectric constaand (b) Curie
be reported elsewhere. The piezoelectric properties weretemperaturd, as a function of the compositiom)(for SBT(x) ceramics.
investigated using a resonance—antiresonance method with
a LF impedance analyzer. The electromechanical coupling giscussed in our previous rep8ithe high density ceramics
coefficients were calculated on the basis of Onoe’s equation it o >0.93 was obtained at> 0.1.
using the resonance-antiresonance frequéymydfy. The compositionX) dependence of the; and coercive
field (Ec) for the SBTK) ceramics is shown ifrig. 3. The
) ) increaseixresulted in agradualincrease in thevalue from
3. Results and discussion 27 to 38 kV/cm. The larg®, was attained for SBT with the

] ) _ cation vacancy and/or Bi incorporation into the Sr-site. This
Fig. 1a shows the temperature dependence of the dielectric,gg it is the same as those reported in Rafhe enhancement

constant measured at a frequency of 100 kHz for the SBT(  fthe spontaneous polarizatidgand enlargement of tHg
ceramics. All samples show a peak in the dielectric constants

between 300 and 60@ corresponding to the Curie tem-
peratureT.. Since the peak position df; was independent
of the measured frequency between 100 kHz and 15 MHz, it

was found that no relaxation effect has been observed for the /Py
SBT(X) ceramics.Fig. 1b shows thel; as a function ofk. of 4

TheT, linearly decreased with an increasexifrom 330°C
(x=0) to 470°C (x=0.3). This tendency is consistent with
the results reported in Refs*.

The P-E hysteresis loops of the SBX)(ceramics were
measured at room temperature and the electric field was ap-
plied along the direction parallel to the pressing akig. 2
shows the polarization hysteresis loop at room temperature P.=10.2 (uC/cm?)
for the SBTk=0.3) ceramics sintered when the drive field E,=38.7 (kV/cm)
(Em) was about 200 kV/cm. The remanent polarizatpof
10.2u.C/cn? was observed. Well develop&d-E hysteresis
loops were observed for all samples except for the stoichio-
metric SBT&=0) ceramics. This result is because it is dif- Fig. 2. polarization hysteresis loop measured using $80(3) dense ce-
ficult to obtain dense stoichiometric SBAX 0) ceramics as  ramics at room temperature (25).
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Fig. 3. Remanent polarizatid® and coercive field. as a function of the
composition ) at room temperature (2%).

value in the SBTX) was favorably explained from the results
of X-ray and/or neutron crystal structure analysis.

Fig. 4shows the frequency dependence of the impedance,
|Z], and the phasé), in the k33 mode for the SBT{=0.2)
ceramics. If the ideal poling state is achieved, the impedance
phase anglé approaches 90n the frequency range between
fs andf,. The phase anglé observed on the samples was
around 85. The calculatedkss 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 factorsk, andkss (Fig. 5a), the mechanical quality
factor Qm (Fig. 5b), and phasé (Fig. 5). In Fig. 5c, we
omitted thed andkss data for SBT=0.0) ceramics because
<0 and thekss values are very small. Similar changes
in the kp(kss), Qm and 6 values versus the composition
were observed in the SBX) ceramics. InFig. 5a, k, and
ksz increased tx=0.15 and 0.25 as the compositigrin-

creased, and thereafter decreased, respectively. The highest

ko of 10.8% was obtained for the SB4%0.15) ceramics
and the highedtzs of 14.2% was for the SBkE 0.25) ones.
These results indicated that the incorporation of Bi atoms
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Fig. 4. Frequency dependence of impedajtteand phas® measured at
room temperature in length-extensional mégisfor SBT(x=0.2) ceramics.
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Fig. 5. (a) Electromechanical coupling factoks &ndkss), (b) mechanical
quality factorsQm, and (c) phasé as a function of the compositiom)(for
SBT(X) ceramics.

with a vacancy into the Sr-site improved not only the ferro-
electric property but also the piezoelectric oneFig. 5o,

the Qm in ky and ksz modes increased up to=0.20 and
0.10 with a change of the compositigrand then decreased,
respectively. The highe€pm, of 4900 in thek, mode was
obtained for the SBX= 0.20) ceramics and the highest one
in the k33 mode of 3500 was for the SBX€ 0.10) ones. In
Fig. 5c, the maximun® values in both thé, andkszz modes
was observed at= 0.20. The variation in thiy(k33) andQm
values was very similar to that 6f It is known that both the
coupling factors an®@, 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
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Fig. 6. Resistivity at room temperature and 2@as a function of the
composition X) for SBT(x) ceramics.

reduction ind occurred because the poling treatment in this
study was insufficient due to a highBg atx>0.2 or other
phenomena. We measured theE hysteresis loops of the
SBT(x) ceramics at 200C nearTp. In this measurement, a
very small variation irk; (12—14 kV/cm) was observed from
x=0.0-0.3. Thes& value also were low enough to apply
the poling treatment.

Fig. 6 shows the composition and temperature depen-
dences of the electric resistivity in the SBJ ¢ceramics. The
resistivity of all the SBTX) ceramics decreased from room
temperature (25C) to 200°C over a 18 order. The resistivity
at 25°C was independent of the compositioth On the other
hand, the variation in the resistivity at 200 was very simi-
lar to that ofd. In Fig. 6, the resistivity at 200C increased up
tox=0.20 as the compositionincreased, and thereafter de-
creased. The low resistivity of the SB% 0.0) ceramics was
due to the low density of the ceramic samples. The density
of the other SBTX) ceramics was the same. The ferroelec-
tric property was enhanced with the increasings shown

in Fig. 3 Therefore, we regarded that the decrease in the re-

sistivity, i.e., the change in the conductivity, for the SR)T(
ceramics ax> 0.2 made the poling treatment insufficient and
then lowered the piezoelectric properties. In this study, we
prepared SBT) ceramics with the nominal starting com-
position of Si_yBi2+TapOg. Considering charge neutrality,

a very small amount of B3 should exist in the ceramic
samples except for=0.0, but we did not detect any impu-
rities using the X-ray diffraction technique. Noguchi et al.
synthesized SBT ceramics with the nominal starting compo-
sition of Sk_;Bi»+, TapOg and found impurity phases for the
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samples witlez> 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 SBK] ceramics are enhanced by Bi sub-
stitution, as is the case for the ferroelectric properties. It is
expected that highdq, andkzz atx> 0.2 are obtained if the
poling state is improved.

4. Conclusions

SBT(X) ceramics withk=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 regowle
focused the influence of non-stoichiometry on the ferroelec-
tric and piezoelectric properties in SBJ(An enhancement
of the remanent polarizatiorP2 with increasingk was con-
firmed. The maximum electromechanical coupling factors
(ko and kzz) and mechanical quality facto®y were ob-
tained for an SBTX) at aroundx=0.2. The reduction of the
piezoelectric properties at>0.2 was found. We regarded
that this phenomenon was due to the decrease in the elec-
tric resistivity of the SBTX) ceramics, and then concluded
that the piezoelectric properties of the SR)i¢eramics are
basically enhanced by Bi substitution.
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