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Abstract

Nanocrystalline ABi2Ta2O9 (A = Sr2+/Ba2+/Ca2+ion) powders have been prepared through decomposition of mixed metal complexes
based aqueous precursor solution. Calcination of the resultant carbonaceous residue at 700–750◦C for 2 h yield the single-phase ABi2Ta2O9

powders with average crystallite size∼12–17 nm. The relative densities of the powders, after compaction and sintering at 950◦C for 4 h, have
been found to be 96.1, 96.7 and 97.6% of their theoretical values for the Ca, Ba and Sr compositions, respectively. The dielectric constant values
(at 100 kHz) for the sintered pellets of Ba and Sr compositions have been found to be 1165 and 1387 at their respective Curie temperatures
(Tc) of 40 and 279◦C. TheTc for the CaBi2Ta2O9 composition has been found to be greater than 500◦C.
© 2004 Published by Elsevier Ltd and Techna Group S.r.l.
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1. Introduction

Ferroelectrics, which can retain their polarization state af-
ter the removal of applied field, have been intensively inves-
tigated for application in nonvolatile ferroelectric random ac-
cess memory (FeRAM)[1]. To date, lead zirconate titanates
(PZT) are the most widely used ferroelectric materials for
such applications. However, extensive exploitation of PZT
gets restricted due to their serious degradation switching
characteristics, i.e. fatigue[2]. Since polarization must be re-
versed to read or write data in memory cells, hence ‘fatigue’
poses as a crucial deterrent in memory device applications.

Of late, the bismuth-based layered perovskite-type com-
pounds have gained attention as leading entrants for FeRAM
applications because of their excellent fatigue endurance
even after 1012 cycles of operation[3,4]. These Aurivillius
compounds were first discovered by Aurivillious in 1949[5]
and their ferroelectric properties and basic structures were
studied by Subbarao[6] and Smolenskii et al.[7] in the early
60s. Among these Bi-based layered compounds, SrBi2Ta2O9
(SBT) is the most extensively studied ferroelectric com-
pound for the use in memory device as they possess excellent
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fatigue free properties. The crystalline structure of SBT be-
longs to the layered type perovskite ferroelectrics[5] where
the crystal consists of stacks of alternating layers of Bi2O2
and pseudo-perovskite SrTa2O7 units with double TaO6 oc-
tahedral (i.e. SrTa2O7) layers along thec-axis. Neutron and
electron diffraction studies reveal that the SBT structure has
orthorhombic distribution with space groupA21am [8]. The
presence of Bi2O2 layers has been thought to serve as shock
absorbers for enduring the polarization fatigue[9].

However, widespread application and commercialization
of the bismuth layered perovskite ferroelectrics have so
far been limited by their relatively low remnant polariza-
tion [10,11] and high processing temperatures that sets off
volatilization of bismuth from the system. Efforts to enhance
the properties of these layered ferroelectrics by the addition
or substitution of alternative metal ion or by improving its
particle morphology have been reported[8,12] recently.

Our previous studies[13] on dielectric properties of
stoichiometric and off stoichiometric SBT compositions
(Sr1−xBi2+yTa2O9) revealed that the cation substitution (by
Bi3+ ions) at the Sr-site significantly influenced the remnant
polarization of the material. Cation substitution at Sr-site led
to larger ferroelectric polarization and higher ferroelectric
Curie temperature in the sintered materials and thus signif-
icantly influenced their ferroelectric properties compared
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to that of the reported bulk materials[14]. In the present
investigation, Sr3+ ions in the SBT composition have been
independently replaced by Ca2+ and Ba2+ ions and their
dielectric properties have been measured after sintering.

The ferroelectric properties of ceramic materials, such as
SBT, strongly depend on their homogeneity and morphology
hence, the wet or, solution-based chemical routes are con-
sidered appropriate for their synthesis. The solution-based
chemical routes not only reduces the processing tempera-
tures for material synthesis but they can also efficiently con-
trol the morphology, chemical homogeneity and stoichiom-
etry of the material through molecular level mixing of the
starting compounds in a solution[15,16]. In most of the re-
ported wet or chemical processes, metal alkoxides and metal
halides have been used as the starting materials, which are
expensive and moisture sensitive.

In the present study, we report a novel chemical route for
the preparation of single-phase, nanocrystalline ABi2Ta2O9
(where A = Ca2+, Ba2+, Sr2+) powders starting from
aqueous precursor solutions of complexes of the respec-
tive metal ions and triethanolamine (TEA). In this method
tantalum–tartarate complex has been used as the source of
tantalum, which overcomes the problem of moisture sen-
sitivity. The route involved the decomposition of aqueous
precursor solution to obtain a carbonaceous precursor mass,
which resulted in nanosized powders after calcination. The
final powders have been investigated through X-ray pow-
der diffraction (XRD), transmission electron microscopy
(TEM) and dielectric measurements.

2. Experimental procedure

The raw materials, used for the preparation of the
ABi2Ta2O9 (where A= Ca2+, Ba2+, Sr2+) were Sr(NO3)2,
Ba(NO3)2, Bi(NO3)3, EDTA, TEA and tantalum tartarate.
The aqueous based precursor solution for the preparation
of the ABi2Ta2O9 was composed of TEA complex of bis-
muth (i.e. Bi–TEA), EDTA complex of Ca2+/Ba2+/Sr2+
and tartarate complex of tantalum. A stock of aqueous so-
lution of Bi–TEA complex was freshly prepared by mixing
TEA (2 M) and aqueous solution of bismuth nitrate (1 M).
Similarly, aqueous stock solutions of the EDTA complexes
were separately prepared by mixing aqueous solutions
of Sr(NO3)2/Ba(NO3)2/Ca(NO3)2 (1 M) and ammoniacal
EDTA (1 M). The solution of the tantalum–tartarate com-
plex was prepared in the laboratory from its hydrated oxide
(Ta2O5·nH2O) and the details of the preparation process is
discussed elsewhere[13].

Stoichiometric amounts of these metal complex solutions
were taken from their respective stocks and mixed together
with continuous stirring to obtain a clear solution of the
Ca2+/Ba2+/Sr2+–EDTA and Bi–TEA complexes. Stoichio-
metric amount of the prepared tantalum–tartarate complex
solution was then introduced into the solution mixture, fol-
lowed by the addition of optimum amounts of TEA (∼5 mol
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Fig. 1. Schematic representation of the precursor solution method for the
synthesis of Sr/Ba/CaBi2Ta2O9 powders.

per unit mole of the total metal ions). The solution mixture
of the cationic complexes was constantly stirred resulting in
a red, homogeneous precursor solution.

The resultant red colored precursor solution was heated
over a hot plate (at∼200◦C) for complete evaporation. On
complete dehydration of the precursor solution, TEA and the
metal complexes decomposed with the evolution of dense
fumes and resulted in a voluminous, fluffy, black organic
mass. The fluffy precursor material was ground to powder
and was calcined at 700–750◦C for 2 h to obtain the desired
layered perovskite phase. The entire preparative process has
been illustrated inFig. 1.

The nanocrystalline powders of all the different three
compositions (i.e. SrBi2Ta2O9, BaBi2Ta2O9 (BBT), and
CaBi2Ta2O9 (CBT)), which were obtained on calcination
of the respective precursor powders at their phase formation
temperatures, were then compacted into pellets under uni-
axial pressure of 3.2×107 Pa and then sintered at 950◦C for
4 h. The pellet densities were measured using Archimedes’
method, and for calculating the theoretical densities, all the
XRD peaks for the samples were indexed and the lattice
parameters were calculated using a computer package based
on least-square refinement method. For carrying out the
dielectric studies, both flat surfaces of the sintered pellets
were polished and electroded by applying silver paste and
the variations of the dielectric constant (ε) with temperature
was measured at a constant frequency of 100 kHz.

3. Characterization of materials

Simultaneously recorded thermogravimetric and dif-
ferential thermal analysis (TG/DTA) (model: Shimadzu
DT-40, Japan) of the precursor powders were carried out
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in air at a heating rate of 5◦C/min. The X-ray diffraction
(model: Philips P.W. 1710, Holland) of the precursor and
heat-treated powders were studied using Cu K� radia-
tion. The microstructure and particle-size studies in the
final powders were carried out on a transmission electron
microscope (TM-300, Phillips, Holland). Dielectric prop-
erties of the sintered pellets have been measured using a
capacitance-measuring assembly (model AP-1620, GRC).

4. Results and discussions

4.1. Thermal studies

The DTA curves revealed similar single step, exothermic
thermal affects for all the ABi2Ta2O9 (whereA = Ca2+,
Ba2+, Sr2+) precursors, with the exothermic peak appearing
around 400–450◦C. The exotherm could be assigned to the
oxidation of the carbonaceous residuals that were retained in
the precursor material on decomposition of the metal com-
plexes and TEA. The entire thermal affect was accompanied
by the evolution of various gases, such as CO, CO2, NH3,
water vapor, etc. which was manifested by a single step
weight loss in the TG curve. Above 750◦C, there was no
significant thermal effect observed in DTA curves and the
corresponding TG curves showed no weight loss, implying
the formation of the oxides phase at this temperature. The
DTA/TG curves for CaBi2Ta2O9 precursors are depicted in
Fig. 2 as a typical representative.

4.2. X-ray diffraction studies

To study the influence of heat-treatment temperatures on
the formation of the layer-perovskite phase, the virgin pre-
cursors of all the three compounds (SBT, BBT, CBT) were
heat-treated at various temperatures ranging between 400
and 900◦C for 2 h. Room temperature XRD studies revealed
that the virgin precursors were amorphous and continued to
remain so up to the heat-treatment temperatures of 400◦C.
Crystallization of the intermediate fluorite phase[17] initi-
ated at 500◦C for 2 h. Heat-treatment of the precursors at

Fig. 2. Thermal studies of the CaBi2Ta2O9 precursors powders.

Fig. 3. Room-temperature X-ray powder diffractograms (using Cu K�

radiation) of the SBT precursors on heat-treatment for 2 h at different
temperatures.

600–650◦C for 2 h was marked by the appearance of diffrac-
tion lines characteristic of the perovskite phase in addition
to the fluorite phase. The mixed phase was eventually trans-
formed to the respective perovskite phase on heat-treatment
of the precursors at 700–750◦C. Further increase in the
heat-treatment temperatures was manifested by sharpening
of diffraction lines, reflecting growth in crystallinity in the
samples. The X-ray diffractograms of the virgin SrBi2Ta2O9
precursor and their respective calcined powders are depicted
in Fig. 3. Crystallization of the desired perovskite phase
from their respective virgin samples via the intermediate flu-
orite phase (no other oxide phase of constituent metal) im-
plied that the intermediate fluorite phase is the nucleating
phase for the formation of the final perovskites. Accomplish-
ment of the pure perovskite phase at relatively low external
heat-treatment temperatures indicated the presence of small
atomic clusters of appropriate chemical homogeneity in the
amorphous precursors, which facilitated the crystallization
process through the nucleating fluorite phase. The crystal-
lite sizes of the heat-treated powders were calculated from
the X-ray broadening of the ‘d’ line, using the Scherrers’
equation[18] and were found to be range between 12 and
17 nm. The details of the phase formation temperature and
crystallite sizes are summarized in theTable 1.

4.3. Microstructure studies

The bright field transmission electron micrograph for
the representative SrBi2Ta2O9 composition obtained after
heat-treatment of the precursor powders at its crystalliza-
tion temperatures (i.e. at 700◦C for 2 h) is illustrated in
Fig. 4. The TEM micrographs represented the basic pow-
der morphology in the samples, where the smallest visible
isolated spot can be identified with particle/crystallite ag-
glomerates. From the TEM study it was observed that the
particles were almost spherical with average particle di-
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Table 1
Comparison of the general characteristics of the prepared ABi2Ta2O9 powders

Composition Phase formation
temperature (◦C)

Average crystallite
sizea (nm)

Average particle
sizeb (nm)

Relative
densityc

Tc (◦C) εmax
d

SrBi2Ta2O9 700 12 15 97.6 279 1387
BaBi2Ta2O9 750 18 21 96.7 40 1165
CaBi2Ta2O9 750 17 40 96.1 >500 –

a The average crystallite sizes calculated using the Scherrers’ formula applied to the variousdhkl lines of the precursor powders that were calcined at
their respective phase formation temperatures.

b Average diameters of the smallest visible isolated particle/crystallite agglomerate as observed from TEM studies for the precursor calcined at their
respective phase formation temperatures.

c Relative density evaluated of the pellets after sintering at 950◦C for 4 h.
d Value of the dielectric constant measured at their respective Curie temperature (Tc) at 100 kHz.

Fig. 4. Bright field transmission electron micrograph of the SrBi2Ta2O9

samples after calcination of the precursor powders at 700◦C for 2 h.

ameters lying between 15 and 40 nm. The corresponding
selected area electron diffraction pattern of the same sample
(i.e. SrBi2Ta2O9) showed distinct rings, characteristic of an
assembly of nanocrystallites (Fig. 5). Average diameters of
the smallest visible isolated particle/crystallite agglomerate,
as observed from TEM studies, for the various precursor
powders after heat-treated at their respective crystallization
temperatures are given inTable 1. The values of the crystal-
lite size and the average TEM particle size were observed
to be the lowest for the SrBa2Ta2O9 composition.

Fig. 5. The corresponding selected area electron diffraction pattern of the
SrBi2Ta2O9 powders after calcination of the precursor powders at 700◦C
for 2 h.

4.4. Dielectric property studies

Studies on the variations of the dielectric constant (ε) with
temperature, for each of the sintered ABi2Ta2O9 pellets were
performed and the results are depicted inFig. 6. SrBi2Ta2O9
exhibited dielectric behavior distinctive of normal ferroelec-
tric materials where theε values gradually increased with
temperature and attained a maximal value (εmax) at the Curie
temperature (Tc) of 279◦C. Theε values above Curie tem-
perature obeyed the Curie–Weiss law. The CaBi2Ta2O9 com-
position also showed dielectric behavior typical of normal
ferroelectrics, where theε values gradually increased up to
the accomplished temperatures of 500◦C.

The temperature versusε plots for the BaBi2Ta2O9
composition showed a broad peak around Curie temper-
ature (40◦C). This kind of broad transition peak inε
is typical of relaxor-type ferroelectric materials, such as
PbMg1/3Nb2/3O3 [19]. A broad peak in the temperature de-
pendence plot ofε may be attributed to minute differences
in Tc values among the different microscopic ferroelec-
tric domains, which manifests in a gradual ferroelectric
transition in these types of materials.

Difference in the ferroelectric behavior of BBT to that
of SBT/CBT could be attributed to their structural dissimi-
larities. BBT possesses a distorted pseudo-tetragonal struc-
ture with space group 14/mmm while SBT and CBT both,

Fig. 6. Variation of dielectric constant (ε) with temperature for (a)
BaBi2Ta2O9, (b) SrBi2Ta2O9 and (c) CaBi2Ta2O9 systems.
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Fig. 7. (a and b) The bright field transmission electron micrograph of the dried carbonaceous precursor material for the SrBi2Ta2O9 system taken at two
different magnifications.

have a distorted orthorhombic structure with space group
A21am. Such structural dissimilarity probably arises due to
larger size of the Ba2+ ions. It is evident fromFig. 6 that
as the size of the cations in the A-site decreases from Ba2+
to Ca2+, the lattice distortion within the structure become
more pronounced, which culminates in a shift in the Curie
temperatures to higher values; and larger values of sponta-
neous ferroelectric polarization and the dielectric constant
at the respectiveTc.

The discussed chemical process is based on the ho-
mogeneous and atomistical distribution of the metal ions
in a precursor solution, which was constituted of soluble
tantalum–tartarate complex (as the tantalum source), EDTA
complexes of Sr2+/Ca2+/Ba2+ ions, TEA complex of bis-
muth and TEA. The amount of TEA in the precursor solu-
tion was always kept in excess to the total cations present in
the reaction mixture (i.e.∼5 mol of TEA per unit mole of
the total metal ions). TEA helped the metal ions to remain
in solution and provided sufficient flexibility to the system
to exist homogeneously throughout the evaporation process
with out under going any precipitation and segregation.

Complete evaporation of the precursor solution resulted
in a weightless, fluffy black decomposed mass, which in
essence is a carbonaceous material. The BET surface area
(carried out by adsorption of nitrogen gas at liquid nitrogen
temperatures using micromeritics high-speed surface area
analyzer) of the generated fluffy carbonaceous precursor was
found to range between 160 and 200 m2/g. TEM studies
of the same precursor material showed continuous network
of cage-like carbon structures with numerous voids (i.e.
pores) homogeneously distributed along the units (Fig. 7a
and b). The structures were observed to be free of sharp-
ened edges with pore diameters ranging between 10 and
65 nm. The corresponding selected area electron diffraction
(SAED) pattern did not show any discrete diffraction pat-
tern inferring the glassy nature of the precursor material.
Thus, based on these studies it could be presumed that the
metal ions and their clusters in the precursor material es-
sentially remained embedded in the matrix of mesoporous
carbon.

Based on the experimental findings it can be presumed
that the complete evaporation of the precursor solution and
the consequent decomposition of the metal complexes gen-
erated, in situ, a matrix of polar mesoporous carbon enriched
with oxygen atoms. The decomposition of TEA along with
the metal complexes during the complete evaporation pro-
cess was expected to impart a higher polarity to the meso-
porous carbonaceous material due to induction of nitrogen
into the matrix. These highly polar, mesoporous-carbon pre-
cursor structures probably favored the accommodation of
the metal ions in its matrix. Calcination of this highly polar
precursor material (at∼500◦C) led to volatilization of the
residual carbon through oxidation and generated sufficient
heat for the formation of the nucleating fluorite phase. Cal-
cination at external temperatures ranging between 700 and
750◦C facilitated rearrangement of the nucleating fluorite
phase and their eventual transformation into nanocrystals of
the respective ABi2Ta2O9 (where A= Ca2+, Ba2+, Sr2+)
phase. It has been an empirical observation that fluffier was
the precursor material, finer were the powders obtained on
heat-treatment and narrower was their grain-size distribu-
tion.

5. Conclusions

The synthesis of the pure nanocrystalline ABi2Ta2O9
(where A = Ca2+, Ba2+, Sr2+) powders through evapo-
ration of a mixture of tantalum tartarate and other metal
ion complex solutions followed by calcination at compara-
tively low temperatures (700–750◦C) has been developed.
The use of soluble tantalum–tartarate as tantalum source is
found to be an efficient alternative for the preparation of
any tantalum based mixed oxides since it is cheap, does not
involve the problems of moisture sensitivity and hydrolysis.
The particle-size distribution observed in the final powders
was narrow, and the average sizes ranged between 20 and
36 nm, which is much smaller than that of those obtained
via other solution-based/solid-state methods. The problems
of bismuth evaporation could be avoided using this process,
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as the phase formation and sintering temperature were quite
low, i.e. 700–750 and 950◦C, respectively.

The dielectric constant measurements revealed that SBT
behaved as normal ferroelectrics while BBT showed charac-
teristics similar to relaxor ferroelectrics. Dielectric constant
and the phase transition temperatures (Tc) were observed to
increase with decreasing size of the cations in the A-site
cation.
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