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Abstract

The sintering behavior of layered-type perovskite
ferroelectric ceramics SrBi2Ta2O9 has been investi-
gated in this study. Pure SrBi2Ta2O9 powder is dif-
®cult to sinter at low temperatures. Raising the
sintering temperature induces an increase in the
density of SrBi2Ta2O9, and also causes its thermal
decomposition, thereby resulting in the formation of
a secondary phase-SrTa2O6. On the other hand,
adding excess amounts of Bi2O3 (�2mol%) in
SrBi2Ta2O9 facilitates the densi®cation process and
suppresses the decomposition reaction. SrBi2Ta2O9

ceramics with a density higher than 95% theoretical
have been successfully prepared after sintering at
1100�C. The microstructure and crystallographic
orientation are signi®cantly in¯uenced by the sinter-
ing temperature as well as the amount of Bi2O3

addition. Increasing the amount of Bi2O3 and sinter-
ing temperature enhances the development of the pre-
ferred orientation along the c-axis and the coarsening
of grains. The occurrence of the c-axis preferred
orientation is ascribed to anisotropic grain growth.
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1 Introduction

Recently ferroelectric materials are attracting
interest for their application in ferroelectric ran-
dom access memories (FRAM). These memories
may replace the silicon-based electrically erasable
programmable read-only memories (EEPROM) as
they possess low operating voltage, high reading
and writing speed, and nonvolatility.1±5 PbZrx-

Ti1ÿxO3 (PZT) has been a promising material for
the application of FRAM; however, it su�ers severe
polarization fatigue on platinum electrodes after
long switching cycles. In order to improve the resis-
tance to fatigue, conductive oxide electrodes have
been used, but they have lower electrical conductivity
than platinum electrodes.4,5 On the other hand,
SrBi2Ta2O9 has been found to exhibit high fatigue
resistance and polarization retention up to 1012

switch cycles on Pt electrodes.6 This material also
possesses low leakage current as well as low oper-
ating voltage. Because of these excellent electrical
properties, SrBi2Ta2O9 is an attractive material for
FRAM.
SrBi2Ta2O9 is a layered-type perovskite ferro-

electric. This family was ®rst synthesized and
investigated by Aurivillius in 1949.7 The general
formula for Bi-containing layered-type compounds
is Bi2O2Anÿ1BnO3n+1. For SrBi2Ta2O9, n is equal
to 2, and A and B are Sr and Ta, respectively. The
structure of SrBi2Ta2O9 contains a stacking along
the c-axis of two perovskite-like TaO6 octahedron
units between (Bi2O2)

2+ layers, whereas strontium
cations are located in the space between TaO6

octahedrons.8 The crystal structure has ortho-
rhombic symmetry with a=0.5306 nm, b=0.55344
nm, and c=2.49839 nm; the theoretical density is
8.785 g cmÿ3.9

SrBi2Ta2O9 ®lms have been successfully prepared
by physical vapor deposition (PVD),10±15 metal±
organic decomposition (MOD),16±18 metal-organic
chemical vapor deposition (MOCVD),19 and sol±gel
processing.20,21 The thin ®lms prepared by all these
techniques possess excellent ferroelectric character-
istics and fatigue resistance. Di�erent hypotheses
have also been proposed for the anti-fatigue
mechanism of SrBi2Ta2O9 ®lms.22,23 Extensive stu-
dies have been carried out on thin ®lms of SrBi2-
Ta2O9, but less research on bulk ceramics of
SrBi2Ta2O9 has been performed. For PVD pro-
cesses such as RF sputtering and laser deposition,
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preparation of densi®ed SrBi2Ta2O9 target cera-
mics is important. The bulk density, preferred
orientation, and stoichiometry of the target will
a�ect the deposition rate, phase content, and
homogeneity of the thin ®lms obtained.24,25 Hence,
an understanding of the sintering behavior of
SrBi2Ta2O9 ceramics is important.
In this study, the sintering behavior of pure

SrBi2Ta2O9 powder is investigated ®rst. For
improved densi®cation, excess amounts of Bi2O3

are added. Optimal sintering conditions for
obtaining densi®ed and non-decomposed ceramics
are determined. In addition, the variation in the
crystallographic orientation and the microstructure
after sintering are investigated.

2 Experimental Procedure

SrBi2Ta2O9 powder was prepared via a two-stage
process using BiTaO4 as precursor.26,27 Bi2O3 and
Ta2O5 were ball-milled in equal molar ratio with
ethyl alcohol for 48 h using zirconia balls. The
mixed slurry was then dried and calcined in an
electrical furnace at a heating rate of 10�Cminÿ1

and quenched at 900�C to obtain pure BiTaO4.
The obtained BiTaO4 powder was subsequently
mixed with SrCO3 in stoichiometric ratio, followed
by similar ball-milling and drying processes. After
the mixed powder was heated and quenched at
900�C, pure SrBi2Ta2O9 powder was obtained. The
particle size was around 0.1±0.2 �m. For better
sinterability, various amounts of Bi2O3 were
added. We denote powders doped with 1, 2, and 4
mol% excess Bi2O3 as SBT1, SBT2, and SBT4,
respectively, and the non-doped powder as SBT.
The prepared powders were uniaxially pressed at

98 MPa into pellets of 8 mm in diameter. These
pellets were sintered at temperature ranging from
1000 to 1300�C for 1±2 h. After sintering, the den-
sities of the sintered pellets were measured, and the
phase and crystallographic structure were identi-
®ed by X-ray powder di�raction (XRD) analysis
using CuK� radiation. The microstructural evolu-
tion during sintering was investigated by scanning
electron microscopy (SEM). The compositional
analysis was carried out via energy dispersive X-
ray spectroscopy (EDS).

3 Results and Discussion

3.1 Sintering behavior of SrBi2Ta2O9

The sintering behavior of the pressed specimens
is illustrated in Fig. 1. At 1000�C the density of
pellets remains nearly that of the as-pressed pellets.
The densities for pellets sintered at 1250�C for 1

and 2 h reach maximum values of 8.30 and 8.38
g cmÿ3, respectively. The surfaces of sintered spe-
cimens were examined by XRD (shown in Fig. 2).
After 1100�C-sintering a well-developed crystal
structure of SrBi2Ta2O9 is identi®ed, and no sec-
ondary phase is observed. However, at temperature
higher than 1150�C, a secondary phase-SrTa2O6

with a tungsten bronze structure is found.28 At
temperatures higher than 1250�C, all SrBi2Ta2O9

disappears and only SrTa2O6 is observed on the
pellet surface. The observed decomposition of
SrBi2Ta2O9 is considered to proceed as below:

SrBi2Ta2O9 ! SrTa2O6 � Bi2O3 �1�

Since Bi2O3 is highly volatile, it is easily vaporized
from the specimen surface at elevated temperatures.
Therefore, no Bi2O3 is detected by XRD. From
the above sintering experiments and XRD results,
it is found that SrBi2Ta2O9 is hardly sintered at low
temperatures. Raising the heating temperature can

Fig. 1. Density of SrBi2Ta2O9 as a function of sintering
temperature.

Fig. 2. X-ray di�raction patterns of the specimen surface of
SrBi2Ta2O9 sintered at (a) 1100�C, (b) 1150�C, (c) 1200�C, (d)

1250�C, and (e) 1300�C for 1 h.
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increase the density of specimens, but it also induces
the decomposition of SrBi2Ta2O9. Accordingly, in
order to maintain the original structure of SrBi2-
Ta2O9, the highest available sintering temperature
should be 1100�C. However, at this temperature
the relative density of specimens is only 58.6% of
the theoretical value for 2 h-sintering.

3.2 E�ect of the addition of excess Bi2O3 on sintering
and thermal stability of SrBi2Ta2O9

In order to improve densi®cation of SrBi2Ta2O9

and suppress its decomposition, various amounts
of Bi2O3 were added. Figure 3 shows the in¯uence
of the addition of Bi2O3 on the sintering behavior
of SrBi2Ta2O9. With 1 mol% Bi2O3 (SBT1), the
density of these specimens reaches a maximum
value at 1200�C of 8.32 g cmÿ3 (94.7%). 2 and
4mol% (SBT2 and SBT4) Bi2O3 have distinct
e�ects on sintering. At 1100�C, the density of SBT2
increases to 8.46 g cmÿ3 (96.3%). While in the case
of SBT4, the specimens are easily sintered even as
low as 1000�C. At 1100�C, the density of pellets
reaches a maximum value, 8.40 g cmÿ3 (95.6%).
The densities tend to decrease at higher tempera-
tures due to the decomposition of SrBi2Ta2O9.
The percent linear change and di�erential coe�-

cient of expansion curves for 4 mol% Bi2O3-doped
(SBT4) and non-doped specimens (SBT) are illu-
strated in Figs 4(a) and (b), respectively. The
shrinkage of SBT4 occurs rapidly between 800 and
1000�C. It is reported that the melting point of
Bi2O3 is 824�C.29 Therefore, it is considered that
the rapid shrinkage of SBT4 above 800�C results
from the formation of a liquid phase which pro-
motes densi®cation liquid-phase sintering. Similar
e�ects of Bi2O3 on the sintering of ceramics have
been reported for Bi4Ti3O12 and ZnO.30,31

The surfaces of the doped specimens were exam-
ined by XRD. The results for specimens sintered at
1100 and 1150�C are presented in Figs 5 and 6,
respectively. It is found that only SrBi2Ta2O9 is

Fig. 3. Density of SBT1, SBT2, and SBT4 as a function of
sintering temperature.

Fig. 4. (a) Percent linear change and (b) di�erential coe�cient
of expansion of SrBi2Ta2O9 (SBT) and SBT4.

Fig. 5. X-ray di�raction patterns of the specimen surface of
(a) SBT, (b) SBT1, (c) SBT2, and (d) SBT4 sintered at 1100�C.

Fig. 6. X-ray di�raction patterns of the specimen surface of
(a) SBT, (b) SBT1, (c) SBT2, and (d) SBT4 sintered at 1150�C.
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detected in all specimens at 1100�C. At 1150�C
SrTa2O6 is found in the specimens of pure SrBi2-
Ta2O9, SBT1, and SBT2 (shown in Fig. 6). How-
ever, SBT4 still preserves its original SrBi2Ta2O9

structure. XRD patterns also indicate that the
intensities of the (00l) di�raction peaks such as (006)
and (008) peaks for the Bi2O3-added specimens are
higher than those for pure SrBi2Ta2O9. This implies
that the grains of the doped specimens exhibit pre-
ferred c-axis orientation. The phenomena of pre-
ferred orientation will be discussed in Section 3.3.
For quantifying the decomposition, the following

equation is used:

Decomposition ratio �%�

� 1ÿ�ISBT�hkl�=��ISBT�hkl� � IST�hkl�� �2�

where ISBT�hkl� and IST�hkl� are the intensities of the
di�raction peaks of SrBi2Ta2O9 and SrTa2O6,
respectively, appearing from 2� � 20� to 45�. The
e�ects of Bi2O3 addition and sintering temperature
on the decomposition of SrBi2Ta2O9 are presented
in Fig. 7. No decomposition of SrBi2Ta2O9 occurs
in all specimens after sintering up to 1100�C. How-
ever, sintering at 1150�C, the decomposition ratios
of SBT, SBT1, and SBT2 are found to be 23.9, 11.4,
and 11.2%, respectively. SBT4 also starts to
decompose when the temperature increases to
1200�C.
In order to realize the decomposition ratio of

SrBi2Ta2O9 for the bulk of specimens, not only the
specimen surface, the sintered specimens were
ground to powder and analyzed by XRD (shown in
Fig. 8). No detectable traces of SrTa2O6 could be
observed in all ground specimens after 1150�C-sin-
tering. The results for the bulk of specimens have a
similar trend as those for the specimen surface.

Comparison of Fig. 7 with Fig. 8 reveals that the
decomposition ratio on the specimen surface is
much greater than that in the bulk of specimens.
This result implies that the volatility of Bi2O3 from
the surface plays an important role in the decom-
position process. One typical microstructure for
the decomposed specimens is presented in Fig. 9.
This ®gure shows the SEM fractograph of 1250�C-
sintered SBT4. It is observed that a porous region
is formed near the surface of the specimen, and a
dense region is formed beneath the porous region.
This is supported by EDS analysis which con-
®rmed that the porous region is SrTa2O6, and the
dense region is SrBi2Ta2O9. These results lead to
conclusion that the decomposition reaction of
SrBi2Ta2O9 occurs from the surface of the speci-
men, and the decomposition zone gradually moves
into the bulk.

Fig. 9. SEM fractograph of SBT4 sintered at 1250�C for 1 h.
Fig. 7. Decomposition ratio of SrBi2Ta2O9 on the specimen

surface as a function of sintering temperature.

Fig. 8. Decomposition ratio of SrBi2Ta2O9 in the bulk of
specimens as a function of sintering temperature.
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3.3 E�ects of the addition of excess Bi2O3 on the
preferred orientation and microstructure of SrBi2Ta2O9

As shown in Figs 5 and 6, the (00l) di�raction
peaks on the surface of the Bi2O3-doped specimens
have higher di�raction intensity than those of pure
SrBi2Ta2O9, showing a c-axis preferred orientation.
The degree of c-axis preferred orientation (F) is
given by:32

F � �Pÿ P0�=�1ÿ P0� �3�

where P � � ISBT�00l�
� ISBT�hkl�

, and � ISBT�00l� and �ISBT�hkl�

are the sum of intensities of the (00l) re¯ections
and that of the (hkl) re¯ections in the sintered spe-
cimens, respectively; P0 is the value of P for random
orientated powder. Thus, the value of F is equal to
zero for random orientation and one for complete c-
axis orientation. Figure 10 shows the F factor for
specimens sintered at 1050, 1100, and 1150�C as a
function of added Bi2O3. For pure SrBi2Ta2O9 and
SBT1, no obvious preferred c-axis orientation is
observed. With more Bi2O3 addition (for SBT2 and
SBT4), the specimens exhibit progressing stronger

c-axis orientation. Furthermore, raising the sinter-
ing temperature also signi®cantly enhances the
degree of c-axis orientation.
In order to understand the origin of the c-axis

preferred orientation, the microstructures of the
specimen surfaces were examined. When no excess

Fig. 10. Degree of c-axis orientation for specimens sintered at
1050, 1100 and 1150�C for 1 h.

Fig. 11. SEM photographs of (a) SBT, (b) SBT1, (c) SBT2, and (d) SBT4 sintered at 1100�C for 1 h.
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Bi2O3 is added, a porous microstructure is observed
[shown in Fig. 11(a)], con®rming the low sinterability
of undoped SrBi2Ta2O9. The grain size of this speci-
men is found to be slightly coarsened to 0.5ÿ1 �m.
With 1 mol% added Bi2O3 (SBT1), large amounts of
pores still exist as shown in Fig. 11(b). In these two
specimens, the morphology of the grains remains
nearly equal-axial. With more Bi2O3, specimens
reveal higher density [SBT2 in Fig. 11(c)], and the
morphology of grains becomes elongated with an
aspect ratio around 2±3 and a size of 0.8±1.5 �m.
The morphology of SBT4 grains [Fig. 10(d)] is plate-
like with a high aspect ratio of around 5±6 (0.5±1�m
in thickness and 3±5�m in length).
It has been reported that the grains of layered-

perovskite materials are inclined to grow along a-b
planes and to develop a plate-like morphology in
the presence of molten-salts or liquid phases at ele-
vated temperatures.33,34 When Bi2O3 is added in
SrBi2Ta2O9, the resulting liquid phase enhances
anisotropic grain growth. It also appears that in the
liquid phase the basal a-b planes of grains develop
parallel toward the pressed specimen surfaces. As a
consequence, the addition of Bi2O3 to SrBi2Ta2O9

not only signi®cantly improves the sinterability, but
also markedly enhances the preferred orientation at
the surface of sintered specimens.

4 Conclusions

The sintering and decomposition of SrBi2Ta2O9

have been investigated. Sintering at low tempera-
tures (�1150�C) is ine�ective. Raising the tem-
perature to above 1200�C increases the density of
specimens, but also leads to formation of the por-
ous secondary phase-SrTa2O6. When Bi2O3

(�2mol%) is added to SrBi2Ta2O9, the sinter-
ability is substantially improved. Dense and stable
SrBi2Ta2O9 ceramics are successfully achieved. The
Bi2O3 addition also in¯uences the microstructure,
and increases both the degree of c-axis preferred
orientation and the grain size.
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