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Abstract

An innovative colloid-gel process using inorganic salts as starting materials has been successfully
developed for preparing ferroelectric strontium bismuth tantalate (SrBi2Ta2O9) powder. This new tech-
nique began with the preparation of a mixture of Ta(OH)5 colloid with the aqueous solutions of strontium
and bismuth cations, followed by the addition of ethylene glycol and citric acid as gel-forming reagents.
During the calcination process the fluorite phase was formed as an intermediate that was subsequently
converted into the SrBi2Ta2O9 phase. After calcination at 750°C, pure ultrafine SrBi2Ta2O9 polycrystalline
powder with a narrow particle size distribution was obtained. The primary particle size of the obtained
SrBi2Ta2O9 powder was around 40 nm. In comparison with the solid-state reaction, the newly developed
colloid-gel process significantly reduces the heating temperature for synthesizing SrBi2Ta2O9, as well as
the particle size of the obtained powder. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In recent years, bismuth layered-structured ferroelectric materials such as SrBi2Ta2O9 and
Bi4Ti3O12 have become important candidates for application in nonvolatile ferroelectric
random access memories (FeRAM) due to their low coercive field and low leakage current
density. SrBi2Ta2O9 has great potential for use in FeRAM devices because it exhibits
fatigue-free characteristics up to about 1012 switching cycles [1–3]. SrBi2Ta2O9 belongs to
the family of so-called multilayered interstitial compounds having the general formula
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(Bi2O2)
21(An21BnO3n11)

22. The structure of SrBi2Ta2O9 contains a stacking along the
c-axis of two perovskite-like TaO6 octahedron units between (Bi2O2)

21 layers, whereas
strontium cations are located in the space between TaO6 octahedrons. Aurivillius first
synthesized the ceramic form of SrBi2Ta2O9 [4], and Smolenskii [5] and Subbarao [6] later
studied its dielectric properties and phase transformation. Extensive studies have been
carried out examining the formation of SrBi2Ta2O9 films by different processes [7–15];
however, the literature regarding the preparation of SrBi2Ta2O9 powder is very limited
[6,16,17]. The main problem in using the conventional solid-state method for synthesizing
SrBi2Ta2O9 ceramic powder is the formation of large grains that affect the sintering
properties of SrBi2Ta2O9. Few studies have focused on synthesizing the single-phase
SrBi2Ta2O9 powder with fine particle size. Lu and Lee [16] reported a solid-state two-step
synthesis method using SrCO3 and BiTaO4. However, the solid-state method requires
calcination at high temperature, which causes coarsening of the powder.

Various chemical methods have been developed for the synthesis of pure, single-phase
mixed-oxide powders with controlled powder characteristics. One of the more successful
techniques for high-quality ceramic powder synthesis is the so-called Pechini process [18],
which is a solution-polymerization route. In general, the process relies on the ability of
certain organic acids (e.g., citric acid) to chelate metal ions [19–21]. Then, with the help of
a polyhydroxy alcohol (e.g., ethylene glycol), the chelates undergo polyesterification when
heated [22]. The polyesterification reaction results in a polymerized resin that has the various
cations distributed uniformly in stoichiometric proportions. The polymerized resin that
contains the chelated cations is the preceramic powder, which can then be calcined to obtain
the target ceramic powder. Since its invention in the 1960s, the Pechini method (and slight
variations thereof) has been used to produce niobates, titanates, zirconates, chromites,
ferrites, manganates, aluminates, cobaltites, and silicates [19–24].

The purpose of this study was to develop a new chemical process for preparing ultrafine
SrBi2Ta2O9 powder using inorganic salts as starting materials rather than alkoxides. The
developed process can avoid the complex handling and refluxing of alkoxides. As a suitable
water soluble salt of tantalum is not available, a colloidal suspension of Ta(OH)5 was used
as the source of tantalum species. Citric acid and ethylene glycol were used to maintain the
homogeneity of the precursor powder. The formation processes of SrBi2Ta2O9 in this process
were investigated for adjusting the calcination conditions to produce the pure phase. The
microstructural development of the powder during heating was also examined.

2. Experimental

The flow chart for preparing SrBi2Ta2O9 powder is illustrated in Fig. 1. The inorganic
salts, tantalum(V) chloride (99.8%, Aldrich Chemical Company, Milwaukee, WI), bis-
muth(III) nitrate pentahydrate (99.5%, Nacalai Tesque, Kyoto, Japan), and strontium nitrate
(99.8%, Aldrich Chemical Company), were used as raw materials to prepare SrBi2Ta2O9. To
remove chloride ions from the starting material, a colloidal suspension of tantalum(V)
chloride was prepared in water, followed by the addition of ammonia to precipitate tantalum
hydroxide. The tantalum hydroxide precipitate was filtered and repeatedly washed with
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deionized water. Clear solutions of bismuth and strontium nitrate were prepared separately.
These solutions were added into the colloidal suspension of tantalum hydroxide according to
the molar ratio Sr21:Bi31:Ta51 5 1:2:2. The colloidal suspension of tantalum hydroxide was
used as the source of tantalum due to the unavailability of suitable water-soluble common
salt. Citric acid and ethylene glycol with a ratio of 1:1 were added into the mixed sol solution.
The total metal ion to citric acid molar ratio was maintained at 1:2. The sol solution was
evaporated at 250°C to obtain the precursor powder. This precursor powder was quenched
and calcined in air in a muffle furnace at elevated temperatures.

To verify the reaction occurring in the precursor powder, thermogravimetric and differ-
ential thermal analyses (TG/DTA) was conducted using an Ulvac DTG 7000. Infrared
spectra of calcined powder were examined in a KBr medium using a Bio-Rad FTIR
spectrophotometer. The phase identification and structural analysis for the heat-treated
samples were performed by powder X-ray diffraction using a Mac X-ray diffractometer. The
crystallite size of the calcined powder was calculated from the broadening at half maximum
of the X-ray spectral (115) peak of SrBi2Ta2O9 based on Scherrer’s formula [25]. The
relative amounts of fluorite phase and SrBi2Ta2O9 present in the heated samples were
estimated based on the (111) diffraction peak of fluorite phase and the (115) diffraction peak
of SrBi2Ta2O9. The particle size and morphology of the calcined powders were examined by
scanning electron microscopy (SEM) using a Hitachi S-800 microscope.

Fig. 1. Flow chart for the preparation of SrBi2Ta2O9 powder.
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3. Results and discussion

TG/DTA results for the precursor powder are shown in Fig. 2. A large exothermic reaction
was observed in DTA at about 400°C, which was caused by the combustion of the organic
species present in the precursors. This indicates the incomplete removal of the residual
organic species and nitrates by redox reaction in the previous drying process at 250°C to
obtain the precursor powder. The TG spectrum showed a steady loss of mass up to 600°C;
after that, no significant change of mass was found.

Spectroscopic analysis using FTIR was conducted on the precursor and quenched powders.
Fig. 3 shows the FTIR results. For the precursor powder, two strong bands appeared at 854 and
1463 cm21, indicating the presence of carbonate groups. Upon quenching at 600°C, the band
intensity of the carbonate group was reduced significantly, but the bands remained visible. All
carbonate groups disappeared after the sample was heated at 700°C, at which the precursor
attained a stable weight, as shown on the TGA curve (Fig. 2). At$700°C, two large bands
appeared at 560 and 630 cm21, revealing the formation of a large amount of SrBi2Ta2O9.

The precursor powder was calcined at elevated temperatures for various duration times to
examine the formation of SrBi2Ta2O9. The XRD patterns for the samples calcined for 2 h are
shown in Fig. 4. Fluorite phase and an unknown compound were formed as intermediate phases
after calcination at 500°C. At this temperature, the formation of SrBi2Ta2O9 has also started. The
relative amounts of fluorite phase and SrBi2Ta2O9 are shown in Fig. 5. With an increase in the
heating temperature, the amount of SrBi2Ta2O9 rapidly increased, accompanied with a corre-
sponding decrease in the amount of fluorite phase. After calcination at 750°C for 2 h, the single
phase SrBi2Ta2O9 with a well-developed layered structure was obtained. The formation of

Fig. 2. TG/DTA trace at a heating rate of 10°C/min in air for the precursor powder of SrBi2Ta2O9.
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fluorite phase was also found while heating the sol-gel-derived SrBi2Ta2O9 films [26,27]. The
SrBi2Ta2O9 phase remained stable after calcining the sample at 900°C for 6 h. In the previously
reported colloid-emulsion technique [28], pyrochlore phase was formed as an intermediate that
was ultimately converted into single phase SrBi2Ta2O9. In the present method, the fluorite phase
serves as the intermediate. Extensive studies are needed to reveal the possible reasons for the
formation of different types of intermediates.

Fig. 6 shows the average crystallite size, calculated using Scherrer’s equation, as a
function of calcination temperature from 700 to 900°C. The average crystallite size of the
powder calcined at 700°C for 2 h was 19 nm, which increased to 23 nm when the calcination
temperature was raised to 800°C. Crystallite size, as well as the order of crystallinity,

Fig. 3. FTIR spectra of precursor and quenched powder of SrBi2Ta2O9.
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Fig. 4. XRD patterns for the samples of SrBi2Ta2O9 calcined for 2 h atvarious temperatures.

Fig. 5. Relative amount of resultant phases in the samples of SrBi2Ta2O9 calcined at different temperatures
for 2 h.
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increased with increase in temperature. The crystallite size was found to be 29 nm for powder
calcined at 900°C.

The particle size and morphology of precursor and calcined powders were examined by
scanning electron microscopy. As shown in Fig. 7a, the primary particle size of the precursor
powder was very small, with an average size of 30 nm. The formation of nanosized particles
might be due to the decomposition of the organic species present in the gel, along with the
evolution of gases. Particle morphology of calcined powders (750°C for 2 h) was roughly
spherical, with an average primary particle size around 40 nm (see Fig. 7b). Particle size
increased with an increase in calcination temperature, and the average primary particle size
for 850°C-calcined powder was about 70 nm. The primary particle sizes of the calcined
powders were comparable to those obtained by the colloid-emulsion technique [28], but
relatively small with respect to those obtained by the solid-state method.

In the previously reported two-step solid-state method [16], the single phase SrBi2Ta2O9

was formed by calcining the mixed powder at 800°C. One of the precursors in that method
was BiTaO4, which was prepared by milling the respective oxides for 48 h followed by
calcination at 900°C. In the colloid-gel method, the step of preparing BiTaO4 precursor and
the time-consuming milling process has been avoided. The temperature for the formation of
pure single phase SrBi2Ta2O9 was also reduced to 750°C in this method. In addition, the
morphology of powder obtained through the solid-state method was rather hard agglomerates
with large particles in comparison with the soft agglomerate powder of nanosized particles
with narrow size distribution obtained by the present colloid-gel technique.

Fig. 6. Crystallite size of SrBi2Ta2O9 as a function of calcination temperature.
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4. Conclusions

Pure SrBi2Ta2O9 powder was synthesized via a newly developed colloid-gel method. This
technique is technically simple, compared with the conventional sol-gel method using
alkoxides as raw materials. The materials used in the colloid-gel process are commonly
available inorganic salts that do not require an inert environment for handling. During the
calcination process of the precursor powder, fluorite phase coexisted with layered perovskite
SrBi2Ta2O9 phase. Formation of pure single phase SrBi2Ta2O9 powder was completed by
calcining the precursor powder at as low as 750°C for 2 h. With an increase in the calcination
temperature, the order of crystallinity, crystallite size, as well as particle size increased. The
average primary particle size of SrBi2Ta2O9 synthesized at 750°C was 40 nm. As a result,
monophasic nano-sized SrBi2Ta2O9 powder was successfully prepared in this study.

Fig. 7. Scanning electron micrograph of (a) precursor powder, and (b) SrBi2Ta2O9 powder calcined at 750°C
for 2 h.
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