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Abstract

Nano-crystalline Strontium Bismuth Tantalate (SBT) has been synthesized by four different chemical based solution methods
using metal salts, EDTA, triethanolamine, poly-vinyl alcohol, sugar and ammonium tartarate. The particle size of the synthesized
powder was found to be in the range of 15-85 nm, depending on the nature of the precursor solution. The method using tartarate,
triethanolamine and EDTA as complexing agents gave the smallest particle size of 15 nm. Bi-evaporation has been prevented totally
through efficient low temperature sintering and more than 97% sintered density has been achieved after sintering at 950 °C for 4 h,

the product exhibited a dielectric constant of 1387.
© 2003 Published by Elsevier Ltd.
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1. Introduction

The most attractive feature of strontium bismuth
tantalate (SBT) is its application in non-volatile ferro-
electric random access memories (NVFRAM), which
may replace the silicon based, electrically vulnerable
programmable read only memories as they posses low
operating voltage, high reading and writing speed and
nonvolatility.'= It also has excellent fatigue endurance
even after 10'? cycles of operation,®’ low leakage cur-
rent and low operating voltage. Lead zirconate titanate
(PZT), another promising material for the application
in NVFRAM, has the major drawback that it suffers
severe polarization fatigue on platinum electrodes after
long switching cycles. The structure of SBT, a layered
type perovskite ferroelectric,® consists of perovskite like
[TaOg]’~ octahedron layers and (Bi,O,)*? layers, with
the strontium cations located in the space between the
[TaOg]’~ octahedron.” The spontaneous polarization
arises from the [SrTaOs;] group, which lies parallel to the
[Bi,Os]** layers, since the [Bi,O3]*" layers weaken the
dipole interaction of the perovskite building block.'”
Several research groups have investigated the synthesis
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of SBT powder or SBT films. The latter have been
reported to be prepared by physical vapor deposition
(PVD),!1=16 metal organic deposition (MOD),'"~1°
metal organic chemical vapor deposition (MOCVD)?°
or sol-gel techniques.'® 2! But there is limited literature
on the preparation and characterization of SBT pow-
ders. In the powder synthesis, chemical processes ensure
chemical homogeneity and stoichiometric control
through molecular level mixing of the starting materials
in a solution.?>?* Among the chemical processes, sol-
gel>*23 and colloid emulsion?® method are most pro-
mising, but they require metal alkoxides or metal
halides, which are inconvenient to use due to their
moisture sensitivity and high cost.

Alternative aqueous based chemical processes are dif-
ficult to find, as the salts of Vb group metals are difficult
to make water-soluble. However the use of water-solu-
ble coordinating complexes of the Vb group metals has
been reported recently.?’-?® These starting materials are
stable in aqueous medium.

In this present paper, we report an aqueous solution
based chemical process for the synthesis of nano-crys-
talline powders of SrBi,Ta,Og from readily available
raw materials, which involves an aqueous solution of
coordinated metal ions. Coordinating/complexing
agents like triethanolamine, ammonium tartarate and
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citrate are used to keep the constituent metal ions in
homogeneous solution. Dehydration and decomposi-
tion of the aqueous solution mixture, followed by calci-
nation produce nano-sized SBT powder, which was
characterized by thermal analysis (DTA and TG), X-ray
diffractometry and TEM. The sintering behavior of the
nano-sized SBT powder is investigated. In addition, the
dielectric properties of the sintered pellets (sintered at
different temperature) have been studied.

1.1. Experimental work

Tantalum oxide (Ta,Os) (Aldrich, 99.8%) was diges-
ted in HF (Merck, India) (1:14 mole ratio) to make a
water-soluble tantalum-complex due to the formation of
water-soluble [TaOFs] 2>~ and/or [TaF;] 2~ species.
Addition of ammonium oxalate (Aldrich 99+ %) fol-
lowed by dilute ammonia-solution to that clear solution
results in an insoluble hydrous tantalum hydroxide
(Ta,0Os, nH,0). This residue was washed thoroughly
with 5% ammonia-solution to remove fluoride ions.
After assay of Ta,Os, the hydrous Ta,Os was digested
in ammonium tartarate (Aldrich, 99%) (4 mol) and
ammonium citrate (Aldrich, 98%) (4 mol) solution
separately to make tantalum tartarate and tantalum
citrate respectively through constant stirring at about 40

[ Ta,O5 ]

l Add HF ~7-8 moles &heated over

water-bath for 48hrs.

Aqu. solution of Tantalum-fluoro Complex i.e.,
[TaOFs] >/ [TaF,]?

Add aqueous solution of
(NHy); (COO), + (NHy) OH
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Fig. 1. Schematic representation of the preparation of the aqueous
solution of tantalum tartarate/citrate complex.

h. The addition of a catalytic amount of H,O, (Merck,
India) (2-5 mol%) enhances the rate of dissolution of
the metal ions several folds. The overall process is
shown in Fig. 1.

Strontium—EDTA complex was prepared by mixing
an ammoniacal aqueous solution of EDTA (IM)
(Aldrich, 99.5%) with aqueous strontium nitrate (SRL,
India) solution. The bismuth-TEA complex was made
by mixing TEA (MERCK, India, 99%) (2M) with
aqueous Bismuth nitrate solution (SRL, India)

1.2. Preparation of SBT

Four methods are adopted to synthesize nano-sized
SBT. These are as follows.

1.2.1. Tartarate-TEA process

Stoichiometric amounts of Sr—-EDTA, Bi-TEA and
Ta—tartarate were mixed together, followed by addition
of excess TEA (4 mol with respect to the total metal ion)
resulting in a clear precursor solution.

1.2.2. Citrate—TEA process

Stoichiometric amounts of Sr—EDTA, Bi-TEA and
Ta-citrate were mixed together, followed by addition of
excess TEA (4 mol with respect to the total metal ion)
resulting in a clear precursor solution.

1.2.3. Tartarate—PV A—sugar process

Stoichiometric amounts of Ta-tartarate, Sr—nitrate
and Bi-nitrate solution were mixed together to get a
clear solution. Sugar (no. of moles of sugar =3 x no of
moles of metal ion) and 10% PVA solution (no. of
moles of monomer of PVA =2 x no of moles of metal
ion) were added to it and mixed well to make the
precursor solution.

1.2.4. Citrate—PV A—sugar process

Stoichiometric amounts of Ta—citrate, Sr—nitrate and
Bi—nitrate solution were mixed together to get a clear
solution. Sugar and 10% PVA solution as in process C.

A fluffy, mesoporous-carbon rich precursor mass was
produced by heating the precursor solutions at about
200 °C for complete evaporation of the water. Sub-
sequent calcination of the precursor material results in
nano-sized SBT powders. The precursor material and
final product have been investigated through thermal
studies (DTA and TG) using a Shimadzu DT-40
thermal analyzer, by room temperature powder X-ray
diffractometry (XRD) with CuK; radiation using a
Phillips PW 1710 system, by transmission electron
microscopy (TEM) using a model TM 300, Phillips, and
dielectric properties by using a capacitance-measuring
assembly (model AP-1620, GRC) on sintered pallets
have been measured. The chemical compositions have
been analyzed by EDAX.
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2. Results and discussions

The flow diagram (Fig. 1) is based on our previous
reported synthesis of the niobium tartarate complex.?®
Precipitated hydrated poly-nuclear tantalum oxides are
difficult to dissolve in ammonium tartarate. Addition of
a complexing agent, such as ammonium oxalate before
precipitation of the tantalum hydroxide from the tanta-
lum fluoride complex solution, helps to reduce poly-
nuclear chain formation during precipitation of the
tantalum hydroxide.?® Thus, the addition of ammonium
oxalate helps to reduce the number of hydroxy or oxo
bridges of the hydrated tantalum oxide. This hydrous
tantalum oxide is soluble in tartaric acid/citric acid. In
the presence of H,O,, the hydrous tantalum oxide pro-
duces a soluble yellow per-oxo complex 3° that enhances
the rate of solubility of hydrous tantalum oxide in
ammonium tartarate/ammonium citrate.

Complete evaporation of the starting precursor solu-
tion (~200C) leads to the decomposition of the metal-
complexes and excess TEA. The entire process was
accompanied by the evolution of gases such as: CO,
CO,, NHj3, NO, and water vapor, which facilitated the
formation of a carbon-rich, fluffy and highly porous
structure with tap density 0.3 gm/cc. The BET surface
area of the generated carbonaceous mass was found to
be high, ranging between 150 and 175 m?/gm, which
implied that the precursor material was essentially a
matrix of mesoporous carbon. This was confirmed by
the TEM studies indicating a pore-size of 40-50 nm.

Simultaneously recorded thermal gravimetric (TG)
and differential thermal gravimetric (DTG) studies of
the precursor powder were carried out in air at a heating
rate of 10 °C/min. Fig. 2 illustrates the thermogram of
the SBT precursor powder prepared by the tartarate
TEA process as a typical example. The precursor pow-
ders may be considered to be constituted from the metal
carboxylate and the respective metal oxide trapped in a
pyrolyzed mass. The general thermograms reveal a
strong exothermic peak between 300 and 500 °C
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Fig. 2. Thermal studies of the SrBi,Ta,Oq precursors powders prepared
by tartarate-TEA process.

accordingly the evolution of large amounts of gas,
resulting in major weight loss in the TG curve. The
evolution of the various gasses not only helps the pre-
cursor material to disintegrate but also to dissipate the
heat of decomposition, thus inhibiting agglomeration
and sintering of the fine particle. The heat treatment
temperature significantly influences the reactivity and
particle size.

To study the effect of heat-treatment temperature on
the layer-perovskite phase formation, XRD of the cal-
cined mass (at different temperatures ranging from 500—
900 °C/2 h) was performed. The XRD of some calcined
SBT powders and their precursor powders, made by
tartarate-TEA and citrate-TEA method are shown in
Fig. 3. Room temperature X-ray diffractographs
revealed the virgin precursor powder fo be amorphous
in nature. Thermal treatment of the precursor powders
at 500 to 650 °C revealed the formation of a fluorite—
SBT phase;?’ the appearance of the perovskite SBT
phase was observed to occur after 650 °C. Calcination
at 700-800 °C/2 h shows that the fluorite phase totally
transforms into perovskite SBT phase. Since the crys-
tallization of the final layered perovskite phase from the
virgin precursors was observed to occur via a Fluorite—
SBT phase, this phase could be considered to be the
nucleating phase for the formation of the final SBT-
phase. The crystallite sizes in the calcined powders have
been calculated from X-ray line broadening studies
using the Scherer equation 3! and were found in the
range of 12-21 nm.

The finer details of the particles and their morphology
were investigated by TEM. The bright field electron
micrographs of the calcined powders, heat-treated at
different temperatures, reflected the basic powder mor-
phology, where the smallest visible particle could be
identified as the crystallite and/or their agglomerates.
The corresponding selected area electron diffraction
(SAED) pattern of the particles showed distinct rings,
suggestive of an assembly of nanocrystallites. Typical
bright field micrographs and SAED patterns of SBT
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d,e,f- Tartarate - TEA
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Fig. 3. The X-ray diffractograms (using CuK radiation) of calcined
(atAdifferent temperature for 2 h) SrBi,Ta,O9 precursors prepared by
tartarate-TEA and citrate-TEA process.
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powders, obtained from the tartarate-TEA process, are
shown as a typical representative example in Figs. 4 and 5
respectively. Table 1 summarizes the average particle
and crystallite sizes of the materials, as obtained by
TEM and XRD analysis respectively. XRD and TEM
studies have shown that the X-ray crystallite sizes were
comparable (ranging 12-21) for the SBT samples pre-
pared by different solution based chemical methods, but
the particle sizes were different (ranging 15-86), which
indicates that the particles are agglomerated with dif-
ferent degrees of agglomeration.

The calcined SBT nano-crystalline powder was com-
pacted into pellets by applying a uni-axial pressure of
3.2x107Pa and was then sintered at 950 °C/4 h. Density
measurements of the sintered SBT pellets were carried
out using the Archimedes method and were found to be
97.6% of the theoretical density for only the pellet made
by the powders from the Tartarate-TEA route. The
other three pellets (made by citrate-TEA, tartarate—

PVA-sugar and citrate-PVA—sugar route powder) show
poorer sintered density, which have been shown in
Table 1. Both sides of the sintered pellets were polished
and electroded by applying silver paste. Studies of the
variation of the dielectric constant (¢) with temperature
at a constant frequency of 100 kHz have been per-
formed. Due to the poor density of the pellets made by
the citrate-TEA, tartarate-PVA—sugar and Citrate—
PVA-sugar methods, those exhibit poor dielectric
properties. They were therefore sintered at higher tem-
perature (<1100 °C/4h.) to get maximum density and
their dielectric properties were then measured (Table 2).

It is well established that the sintering of SBT pellets,
at high sintering temperature is associated with Bi-
loss.33 To depress Bi-loss through evaporation, excess
Bi,O3 is often used.’> The sintering of powders pro-
duced by the processes tartarate—TEA and citrate—TEA
did not show any Bi loss from the pallets due to the lower
sintering temperature. The analyses of the sintered pallets

Fig. 4. Bright field transmission electron micrograph of the SrBi,.
Ta,04 samples after calcination of the precursor powders at 700 °C/2
h obtained from tartarate-TEA process.

Fig. 5. The corresponding selected area electron diffraction (SAED)
pattern of the SrBi,Ta,O9 powders after calcination of the precursor
powders at 700 °C/2 h obtained from tartarate-TEA process.

Table 1

Comparison of general characteristics of synthesized SBT ceramics

Sample Calcination Average crystallite Average particle Relative density Tc (°C) €max.
temperature (°C) size (nm) size (nm) of pallets at sintering (£2°0C) (£100)

temperature 950 °C

Tarterate-TEA 700 12 15 97.6 279 1387

Citrate-TEA 750 17 19 96.4 283 1232

Tarterate-PVA-sugar 750 16 35 94.9 280 988

Citrate-PVA-sugar 800 21 86 91.7 275 546

Table 2

Variation of dielectric properties with sintering temperatures of synthesized SBT ceramics by four different synthesis route

Sample Sintering Relative Dielectric Tc (°O)

temperature (°C) density constant (£ 100) (£2°C)

Tarterate-TEA 950 97.6 1387 279

Citrate-TEA 1000 97.4 1344 283

Tarterate-PVA-Sigar 1050 97.1 837 286

Citrate- PVA-Sigar 1100 97.7 461 285
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Fig. 6. The X-ray diffractograms (using CuK radiation) of the max-
imum dense SrBi,Ta,0y sintered pellets sintered at the temperature (a)
950 °C for TEA-tartarate (b) 1000 °C for TEA-citrate (C) 1050 °C for
tartarate-PVA-sugar and (d) 1100 °C for citrate- PVA—sugar processes.

1500

1000

(a)

(b)

Dielectric constant

l | I
0 100 200 300 400
Temperature (°C)

Fig. 7. Variation of dielectric constant (¢) with temperature for max-
imum dense SBT palates (a) SrBi,Ta,Oy from TEA-tartarate process
and (b) SrBi,Ta,04 from tartarate-PVA-sugar process.

were done by X-ray Diffraction (Fig. 6) and EDAX,
which showed no noticeable change in chemical com-
position. However, the other two maximum dense sin-
tered pellets (powder prepared by Tartarate—PVA—sugar
and Citrate-PVA-sugar route) show the Bi-loss due to
the higher sintering temperature.

The dielectric constants (Table 2) initially increase
gradually with temperature and attain maxima (€,,,) at
the Curie temperature (7.), as in normal in ferroelectric
materials. Due to Bi evaporation, the dielectric constant
for the citrate-PVA-sugar product decreases drasti-
cally. Fig. 7 shows the corresponding variation of
dielectric constant of SBT obtained from the tartarate—
TEA and tartarate—PVA-sugar methods. It is observed
that SBT powders, prepared through tartarate-TEA
precursor have the highest dielectric constant (1387)

after sintering at 950 °C/4 h at a Curie temperature
279 °C which is very close to the reported value
(290 °C). The €pay is higher than that reported 33 (500).

3. Conclusion

Crystallite sizes of the synthesized powder, prepared
by different routes, are comparable (ranging 12-21);
however, the particle sizes are different, ranging between
15 and 86 depending on the composition of solutions.
Bi-evaporation has been minimized and more than 97%
of sintered density has been achieved at a sintering
temperature less than 1000 °C for 2 h using the tarta-
rate-TEA and citrate-TEA precursor solutions. It has
been observed that SBT powders, prepared through
tartarate—TEA precursor have a high dielectric constant
1387 after sintering at 950 °C/2 h at a Curie temperature
of 279 °C.
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