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Abstract Barium Strontium Titanate (BST) solid solution
is a strong candidate material for application in tunable
ferroelectric devices. In this research, we have synthesized
and characterized nanocrystalline BST (Ba0.7Sr0.3TiO3)
powder with average particle-diameter of 15 nm through a
simple sol-gel process, using barium acetate, strontium
acetate and titanium isopropoxide as the precursors. In this
process, stoichiometric proportions of barium acetate and
strontium acetate were dissolved in acetic acid followed by
refluxing, and addition of titanium (IV) isopropoxide to
form BST gel. The gel was analyzed using Differential
Scanning Calorimetry (DSC) and Thermal Gravimetric
Analysis (TGA). The as-formed gel was dried at 200 °C
and then calcined in the temperature range of 400 to 800 °C
for crystallization. Phase evolution during calcination was
studied using X-ray diffraction (XRD) technique. Particle
size, morphology and the lattice fringes of the calcined
powder were characterized by high-resolution transmission
electron microscopy (HR-TEM). To study the effects of
sintering on BST nanopowder, green ceramic specimens
were prepared by uniaxial compaction and then sintered at
950–1,100 °C under atmospheric conditions. Sintered
specimens were analyzed for phase composition, grain size
and geometric bulk density.

Keywords Barium Strontium Titanate .

Nanopowder-synthesis . Nano-electroceramics .

Sintering . Sol-gel

1 Introduction

A number of titanate-based ferroelectric materials have
been investigated in the past for tunable device applica-
tions. These ferroelectrics are used as phase shifters,
resonators, filters and capacitors in communication systems
[1, 2]. The solid solution of Barium Strontium Titanate
(BST) has emerged as a strong candidate material for such
applications. BaxSr1−xTiO3 is a continuous solid solution
between BaTiO3 and SrTiO3 over its entire composition
range [3]. Dielectric permittivity of BST is dependent on
composition and tem>perature and, can be tuned on
application of a DC electric field [4]. BST exhibits a
maximum dielectric permittivity in the temperature range
0–390 K [5] and possesses attractive properties required for
tunable applications [6].

The dielectric constant and intrinsic losses of ferroelec-
tric materials depend on their process of synthesis, micro-
structure and, dopants used [7, 8]. Various processes like
sputtering, laser ablation, chemical vapor deposition (CVD),
solid-state processing and sol-gel have been used to
synthesize BST powder and its thin films for ferroelectric
applications. However, there is still a need to evolve better
process and technology to synthesize reliable tunable
material, with reduced dielectric constant and material loss
tangent; while possessing higher tunability so as to get
optimum K factor (tunability/loss tangent). Some of these
existing challenges and needs might find solution in the
arena of nano-technology and nano-materials, which exhibit
some of the extraordinary properties due to their unusual
chemical and/or synergistic properties. In order to make
ferroelectric materials compatible to semiconductor processing
techniques nano range thin films is a necessity. High
frequency thin film BST device design is generally based
on two approaches. The first uses thin films of thickness
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<50 nm and the second approach uses thicker films generally
>300 nm [9]. Thin films of BST doped with magnesium have
been synthesized with an average grain size of 25 nm, low
dielectric loss of 0.007 and dielectric constant of 386 [10].

Sol-gel synthesis of tunable, non-linear dielectric materials
offer advantages like low temperature synthesis, ease in
controlling the composition variations, low cost and potential
use in film processing. It is believed that nano-sized materials
can offer modified electron sensitive properties [11] and
better sinterability [12]. Earlier studies on synthesis of
crystalline BST powder resulted in powder of 0.8–2.7 μm
[13] using a solid-state reaction route. Selvam and Kumar
[14] reported the synthesis of 50 nm BST powder by direct
precipitation method. Shen et al. [15] successfully synthe-
sized 100 nm BST powder using nitrate based precursor
solutions. Addition of ethyl alcohol during the process further
reduced the powder grain size.

Widespread application of BST for use as parallel plate
capacitor in tunable microwave devices demand good sin-
tering characteristic at low temperatures of around 900 °C.
This would also enable the use of BST in low temperature
co-fired ceramic (LTCC) structures [16]. Nanocrystalline
powder, because of their high diffusivity, can be sintered at
lower temperatures compared to their polycrystalline coarse
grain counterparts [17]. Consequently, in order to meet the
two requirements of thin film applicability and low sintering
temperatures, there is a need for nanocrystalline BST powder
with improved properties. Nanoscale BST powder can also
be used to fabricate ferroelectric particle dispersed nano-
composites exhibiting intelligent functions like predicting
and controlling of crack initiation and growth [18].

The objective of this research was to synthesize nano-
crystalline BST powder below 20 nm via a simple sol-gel
process, which could be easily reproduced and, to study its
sintering behavior. Synthesis of highly crystalline BST nano-
powder with an average particle size of 15 nm, after
calcination at 700 °C, was successfully accomplished. DSC
and TGAwere performed on the as-prepared thick gel. XRD
and HR-TEM techniques were used to characterize the
nanopowder. The phase evolution during crystallization was
studied. Sintering studies were conducted to analyze the effect
of elevated temperature on phase composition/transformation
and densification. This paper presents a detailed description of
our synthesis process and characterization activities.

2 Experimental procedure

2.1 Powder synthesis

Ba0.7Sr0.3TiO3 nanopowder was synthesized using barium
acetate (reagent grade, Acros Organics, NJ, USA), stron-
tium acetate (reagent grade, Alfa Aesar, MA, USA) and

titanium (IV) isopropoxide (purity 98 +%, Acros Organics,
NJ, USA) as precursors for barium, strontium and titanium,
respectively. Acetic acid (5% v/v Fisher scientific, USA) was
used as solvent and 2-methoxy ethanol (99 +%, Acros
Organics, New Jersey, USA) was used to stabilize Titanium
(IV) isopropoxide. Stoichiometric proportions of barium
acetate (0.08 mol) and strontium acetate (0.034 mol) powder
were dissolved in 10 and 5 ml of acetic acid, respectively, by
continuous magnetic stirring at 300 rpm for 15 min. The two
solutions were then mixed and refluxed at 125 °C for 2 h. 2-
Methoxy ethanol (2–4 ml) was added in Titanium (IV)
isopropoxide (0.11 mol) to form a separate solution at room
temperature. The Ba–Sr solution was added to the as-
prepared Ti solution, in drops, with the help of a burette.
pH of the solution was maintained in the range of 3.5–5 by
adding buffering agents. Refluxing resulted in the formation
of a thick white colored gel. De-ionized water was added to it
and the solution was stirred magnetically for 30 min. This
solution was then filtered and heated to 200 °C for 2 h,
resulting in the formation of amorphous Ba0.7Sr0.3TiO3

powder. The amorphous powder was then calcined at 400,
600 and 700 °C, separately, in a muffle furnace in atmo-
spheric conditions, for crystallization. Figure 1 presents a
schematic of the process showing synthesis of nanocrystal-
line BST powder.

2.2 Characterization of BST nanopowder

The as-formed BST gel was characterized using DSC and
TGA to study its thermal properties. For this, 89 mg of as-
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Fig. 1 Schematic detailing synthesis of nanocrystalline BST powder
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processed gel sample was placed in the specimen holder of
a GSC/TGA analyzer (Model SDT Q600 from TA Instru-
ments, Inc.) and heated from ambient temperature to
1,100 °C. SDT Q600 provides reliable and accurate simul-
taneous measurement of heat flow and weight change from
ambient temperature to 1,500 °C. Argon was used for purg-
ing at 10 ml/min. A heating rate of 6 °C/min was used.

BST powders calcined at different temperatures were
characterized using XRD and HR-TEM techniques. Powder
agglomerates heat-treated at 600 and 700 °C, were ground
in a mortar and pestle to obtain fine powder. Phase analysis
of the powder was conducted with the help of a Rigaku
diffractometer (Model D/MAX-B, Rigaku Co., Tokyo,
Japan) using Ni filtered CuKα radiation (1=0.1542 nm)
at 40 kV and 40 mA settings. The XRD patterns were
recorded in the 2θ range of 20–40 degrees. The diffraction
data were analyzed by Rietveld refinement techniques using
General Structure Analysis System (GSAS) software [19].
GSAS is a set of programs for the processing and analysis
of both single crystal and powder diffraction data obtained
with X-rays or neutrons.

Based on XRD analysis, the powder calcined at 700 °C
for 2 h was examined for its powder morphology, grain size
and the lattice fringes using a HR-TEM (Model Tecnai—
Philips F30, FEI Co., Hillsboro, OR). The calcined powder
was ground into a fine powder and then dispersed in water
by constant stirring for 15 min. A formvar-carbon coated
copper grid was dipped into the solution and instantly with-
drawn. This grid was used for HR-TEM analysis.

2.3 Powder consolidation and sintering

BST nanopowder calcined at 700 °C was uniaxially com-
pacted in a cylindrical steel mold having 10 mm internal
diameter, using a hydraulic single-action press from Carvar
Inc. Green consolidated pellets, with average dimensions of
10 mm in diameter and 2.5 mm in thickness, were sintered
in a high temperature programmable muffle furnace in am-
bient atmosphere at different temperatures (950, 1,000,
1,050, 1,100 °C) for 2 h. A heat treatment cycle was de-
veloped to allow better densification and avoid cracking.
Pellets were initially heated to 400 °C at a heating rate of
5 °C/min and homogenized at this temperature for an hour.
In the second step, temperature was increased to the desired
final temperature at a slower heating rate of 2 °C/min. Soak-
ing time to allow densification at the final temperature was
2 h. Pellets were cooled to room temperature at 8 °C/min.
Three nano-BST specimens were heat-treated at each
sintering temperature and the values reported are average
of the three samples. Geometric bulk density (ρg) of each
pellet was evaluated from the measurements of the mass
of specimen and its volume (determined by dimensional
measurements).

As-sintered BST structures at different sintering temper-
atures were ground into fine powder using a mortar and
pestle for phase analysis. Phase analysis of the powder was
conducted using Ni filtered CuKα radiation (1=0.1542 nm)
at 40 kV and 40 mA settings in a Rigaku diffractometer.
The XRD patterns were recorded in the 2θ range of 20–36
degrees. The effect of elevated temperature on phase com-
position/transformation was studied using the XRD patterns
recorded for BST sintered at 950, 1,000, 1,050 and 1,100 °C,
for 2 h.

3 Results and discussion

3.1 Phase analysis of BST nano-powder

Figure 2 shows the XRD patterns of the powder calcined in
air at 600 and 700 °C for 2 h, separately. It is observed that
peaks obtained at 600°C are not sharp indicating that
particles are not fully crystallized. Thermal heat treatment
with appropriate time and temperature can cause the amor-
phous phase to crystallize because the amorphous phase is
thermodynamically metastable state. This is what we ob-
served, when the calcination temperature was raised from
600 to 700 °C. As seen in Fig. 2, the peaks observed for
powder calcined at 700 °C are sharp, revealing that the
powder is fully transformed to a crystalline state at this
temperature. In both cases, the predominant phase present
was Ba0.7Sr0.3TiO3. Peaks of Ba0.7Sr0.3TiO3 were identified
using PDF card no. 00-44-0093. The PDF card used was
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Fig. 2 XRD patterns of BST nanopowder calcined at 600 and 700 °C,
separately, for 2 h. Ba0.7Sr0.3TiO3 and Ba4Ti13O30 peaks, observed in
these XRD traces, are marked as 1 and 2, respectively
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actually for Ba0.77Sr0.23TiO3 as PDF reference for the exact
composition synthesized in this work could not be found.
The peak corresponding to (100) plane showed the highest
intensity and it was seen that the grains did not have any
preferred orientation. Small amount of Ba4Ti13O30 phase
[PDF # 00-035-0750] was also observed in the XRD pattern.
It has been earlier reported that during sol-gel synthesis of
barium titanium oxides several intermediate phases form
before the transformation of the amorphous phase into
perovskite phase [20]. A titania-rich phase was observed
during synthesis of Ba0.6Sr0.5TiO3 powder, calcined at
1,150 °C for less than 2 h [13].

It is worth noting that the high surface to volume ratio in
nano materials can lead to several interesting properties.
The peaks observed in XRD pattern appear slightly shifted
towards higher 2-theta angles. This may be due to the
decreased interatomic spacing of the small BST nano-
particles. The increased internal pressure in nanoparticles
results in an elastic, compressive volume strain and hence,
in a linear strain. This may sometimes lead to a reduced
lattice parameter or interplanar spacing [21].

Problems arise in multicomponent systems because the
precursors hydrolyze at different rates, leading to inhomo-
geneties. Efforts to synthesize pure BST powders can be
broadly divided into following processes. First, synthesis of
complex precursors followed by hydrolysis or heat treat-
ment. Khollam et al. [22] synthesized BST powders by
synthesizing a barium strontium titanium oxalate (BSTO)
precursor followed by pyrolysis at 730 °C for 4 h. They
could synthesize Ba0.75Sr0.25TiO3 powder with average
powder-particle size of 1 μm. The second process involves
the use of cheaper precursors like barium hydroxides or
chlorides and is based on hydrothermal synthesis route
usually in highly basic solutions. However, the powder
recovery in such processes requires successive steps of
filtration, washing and drying resulting in modification of
Ba/Ti ratio on the particle surface [23]. Tian et al. [24]

reported the synthesis of nanoscale magnesium oxide
(MgO) wrapped BST powders by a modified hydrothermal
process at temperatures as low as 80 °C. In a similar
approach, Qi et al. [25] synthesized barium titanate (BT)
nanopowders by a process called Direct Synthesis from
Solution (DSS).

In order to identify and study the sequence of phase
evolution during calcination, XRD analysis was also
performed on powder, heat-treated at 400 °C for 2 h. The
XRD pattern of this powder predominantly showed the
peaks of barium carbonate (BaCO3) and anatase phase of
titanium dioxide (TiO2). Based on these results, the
chemical equations leading to BaxSr1−xTiO3 phase evolu-
tion can be written as:

Sr CH3COOð Þ2 ! SrCO3

Ba CH3COOð Þ2 ! BaCO3

C3H7Oð Þ4Ti ! TiO2:

xBaCO3þ 1�xð ÞSrCO3þTiO2 ! BaxSr1�xTiO3þCO2:

3.2 Differential scanning calorimetry and thermal
gravimetric analysis

The TGA and DSC plots of the BST gel specimen heated
from ambient temperature to 1,100 °C are shown in Figs. 3
and 4, respectively. In Fig. 4, the first endothermic peak on
the DSC curve between 50 and 190 °C results from the
vaporization of water. This corresponds to a weight loss of
about 65% on the TGA curve in Fig. 3. The second
exothermic peak on the DSC curve stretching from 320 to
400 °C corresponds to a weight loss of about 22% (Fig. 3)
and can be attributed to the dissociation of the acetate and
alkoxide organic groups. A third continuous endothermic
heat flow region begins from 440 °C and ends at around
550 °C. We believe that in this region the initial formation
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of Ba0.7Sr0.3TiO3 phase occurs and is followed by its
crystallization. This matches well with the XRD patterns
(Fig. 2), which shows the presence of partially crystallized
Ba0.7Sr0.3TiO3 phase at 600 °C. The DSC curve also shows
a broad endothermic region, which starts at 830 °C and
stretches till 1,100 °C. This is possibly due to the decompo-
sition of the Ba0.7Sr0.3TiO3 into Ba4Ti13O30 and Sr2Ti5O12.
The decomposition of Ba0.7Sr0.3TiO3 phase has been ex-
plained in detail, later in the paper (Section 3.4). The phase
evolution as established by DSC/TGA relates very well with
the XRD patterns recorded for the powder calcined at 600
and 700 °C (Fig. 2).

3.3 HR-TEM analysis

HR-TEM image of the as-calcined powder at 700 °C is
shown in Fig. 5a. Crystallographic planes and ordered
arrangement of atoms is visible in this image. The powder
was observed to be in form of agglomerates in the dispersed
solution. It was also observed that the shape of the powder
was not uniform. To determine the average particle size of
the powder, measurements were taken along the length and
width of several particles and the average of these
measurements were calculated. The average particle size
of the powder was found to be ∼15 nm. The particle size of
the powder was also determined using the Scherrer’s
equation (1) from the recorded XRD pattern, which was
found to be ∼18 nm, in line with our TEM investigation.

β ¼ 0:91= dh i cos θð Þ½ � ð1Þ
where,

1 wavelength of X-rays
θ the Bragg angle,
〈d〉 the average particle-size
β the full width at half maximum.

Figure 5b is a magnified TEM image showing clear
lattice fringes matching the (100) lattice plane of the
Ba0.7Sr0.3TiO3 powder in cubic phase. It is well known
that the lattice images are interference patterns between the
direct beam and diffracted beams in HR-TEM and that the
spacing of a set of fringes is proportional to the lattice
spacing, when the corresponding lattice planes meet the
Bragg’s condition. The calculated interplanar distance
from the magnified image was 0.384 nm comparing well
against the standard interplanar distance of 0.396 nm for
cubic Ba0.6Sr0.4TiO3 (PDF # 00-34-0411) in [100] direc-
tion. High Resolution TEM shown in Fig. 6 was done to
obtain the Selected Area Electron Diffraction (SAED)
pattern of the BST nanopowder. Presence of concentric
rings in the diffraction pattern confirms the polycrystallinity
of Ba0.7Sr0.3TiO3 powder.

3.4 Effect of sintering on phase composition/transformation

Dense nano-BST structures, processed via uniaxial com-
paction, were sintered at 950, 1,000, 1,050 and 1,100 °C,
separately, for 2 h to study the effects of elevated
temperature on phase composition/transformation and the
densification behavior of the nanopowder. Figure 7 presents
the average geometric sintered density (ρg) of sintered BST
and the corresponding volume shrinkage as a function of
sintering temperature. It was observed that the density of

Fig. 5 a TEM micrograph of BST powder calcined at 700 °C. b TEM
micrographs showing lattice fringes and interplanar distance (0.38 nm)
of Ba0.7Sr0.3TiO3 phase
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the sintered structures increased from 2.02 g/cm3 at 950 °C
to 2.22 g/cm3 at 1,000 °C. On further increase of tem-
perature, the sintered density decreased. Overall, it was
observed that density of nano-BST could not be improved
significantly by pressureless sintering in this temperature
range. To our knowledge, densification characteristics of
nanocrystalline BST, prepared by sol-gel route, at elevated
temperature have not been reported. Here we present an
explanation of the densification characteristics of nano-BST
based on the XRD analysis of the sintered ceramics. The
XRD patterns of nano-BST sintered at 950, 1,000, 1,050 and
1,100 °C are shown in Fig. 8. The XRD results presented in
Fig. 8 clearly indicate that even the lowest sintering tem-
perature of 950 °C could change the phase purity of nano-
BST. The predominant phase present in nano-BST powder
was Ba0.7Sr0.3TiO3, which had possibly decomposed into

two separate phases viz., Ba4Ti13O30 [PDF # 00-035-0750]
and Sr2Ti5O12 [PDF # 00-052-1348] at elevated tempera-
ture. Ba4Ti13O30, which was present as a minor phase at
700 °C gained in intensity at elevated sintering temper-
atures. Both of these phases have orthorhombic crystal struc-
ture. As can be clearly seen in Fig. 8 that with an increase in
temperature from 1,000 to 1,100 °C the peaks of Ba4Ti13O30

and Sr2Ti5O12 phases increase in intensity with a corre-
sponding decrease in intensity of Ba0.7Sr0.3TiO3 phase
peaks. This indicates that the proportions of the dissociated
phases increase with increase in temperature and at about
1,100 °C the dissociation is almost complete. The peaks of
the dissociated phases are obtained even at 950 °C
indicating that the dissociation of the parent phase starts
at a temperature lower than 950 °C. B. K. Lee and his co-
workers [26] reported the presence of Ba4Ti13O30 in BST
powder synthesized by ball milling. They observed an
increase in the content of Ba4Ti13O30 phase with the
increase in the ratio of Sr:(Sr+Ba) from 0.245 to 0.70 for
BST powder sintered at 1,200 °C. In another investigation
on doped BST ceramics, Ba6Ti17O40 and Ba2TiSi2O8

secondary phases were observed [27].
To qualitatively analyze the percentage of various

phases present in the sintered structures, we compared
their 100% peak intensity calculated using XRD data. The
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maximum value of peak height corresponding to the
various phases present in that composition was recorded
and percentage of phases present was calculated using
Eq. 2

%phase I ¼ 100� ½maximum peak height of phase I=

ðSummation of the maximum peak heights

of all the phases presentÞ�

ð2Þ

We selected 950 and 1,000 °C heat-treated pellets for
analysis as we observed the highest sintered density at
1,000 °C. Based on Eq. 2, the percentage of Ba0.7Sr0.3TiO3,
Ba4Ti13O30 and Sr2Ti5O12 phases present in the structures
sintered at 950 °C were 5, 55 and 40%, respectively.
Whereas, the percentage of these phases present in the
structures sintered at 1,000 °C were calculated to be 2, 37
and 61%, respectively. These results can also be used to
explain the poor densification behavior of nano-BST
observed in this work. We used the calculated results on
phase percentage to approximate the theoretical density
(ρth) of sintered structures consisting of these phases viz.,
Ba0.7Sr0.3TiO3, Ba4Ti13O30 and Sr2Ti5O12, using the rule of
mixture. The theoretical density of Ba0.7Sr0.3TiO3,
Ba4Ti13O30 and Sr2Ti5O12 phases are 5.75, 4.6 and
2.428 g/cm3, respectively (based on PDF cards). Based on
this information, the calculated theoretical density of the
structures sintered at 950 and 1,000 °C should be 3.76 and
3.34 g/cm3, respectively. The sintered density of the pellets
measured at 950 and 1,000 °C were 2.02 and 2.22 g/cm3,
respectively. The results indicate that Ba4Ti13O30 and
Sr2Ti5O12 phases are competing for dominance at elevated
temperatures and higher percentage of Sr2Ti5O12 phase in
the powder favors better densification. Based on our work,
it is seen that that heat treatment of nano Ba0.7Sr0.3TiO3

above 950 °C is not favorable and should be avoided as
elevated temperature may cause dissociation during pro-
cessing of structures and nano films.

It is known that that the solution synthesis of oxides and
hydroxides may result in highly unstable materials, which
may stabilize by crystallization or result in phase separation
upon heating [28]. Multi-element phases are generally stable
as long as homogeneity and limited diffusion conditions
exist. Loss of homogeneity is affected by residual organics,
heating rate and mass of the sample. Dried precipitates in
ideal case should not contain any organic materials as their
decomposition may lead to exothermic reactions resulting in
loss of homogeneity and phase separation. The decomposi-
tion of organic components during our synthesis route is
complete at around 400 °C as determined by DSC/TGA
analysis. The low density seems to be a result of phase decom-
position/transformation occurring at elevated temperatures.

It has been reported that the sintering of nanopowder
suffers from several challenges such as particle agglomer-

ation, high reactivity, inherent contamination, and loss of
nano-features [29]. Use of efficient techniques such as wet
compaction, pressure assisted densification processes such
as cold isostatic pressing and hot isostatic pressing might
improve densification of nano-BST. Qi et al. [30] achieved
better sinterability of barium titanate by vapor doping it with
B2O3. It enhanced sinterability by forming a liquid phase
around the grain boundaries. In another work, Liang et al.
doped BST ceramics with alumina (Al2O3), which reduced
its bulk density [31], but it had a strong effect on the dielec-
tric properties and led to a higher tunability.

The full width at half maximum (FWHM) for the most
intense peaks of both Ba4Ti13O30 and Sr2Ti5O12 phases
decreased with increase in the temperature from 950 to
1,100 °C. This decrease in FWHM is indicative of an
increase in particle size with increasing temperature. It is
well known that heat treatment of materials at high temper-
atures lead to grain growth. This grain growth may
sometimes lead to significant increase in grain size and
hence alter the properties of the material. Using the
Scherrer’s formula, the particle size of Ba4Ti13O30 phase
was found to be 60.8, 66.74 and 99.95 nm at 950, 1,000 and
1,050 °C, respectively. Similarly, for Sr2Ti5O12 the particle
sizes were calculated to be 21.38 nm, 28.59 nm and
25.32 nm at 950, 1,000 and 1,050 °C, respectively. The
smaller size of Sr2Ti5O12 particles is also evident by their
broad peaks in Fig. 8.

3.5 Rietveld analysis of diffraction data

The XRD data of nano-BST heat treated at 700 and 1,000 °C
were used for Rietveld refinement using GSAS and graphical
user interface Expedt. A pseudo-Voight function was used as
the profile function in GSAS. Prior to the Rietveld phase
analysis one should have a preliminary idea of the number,
name, crystal structure and space group of the phases
present. To our knowledge, the required data of all the
phases seen in the XRD patterns is not available in literature.
Therefore, certain assumptions and simplifications were
made to perform the analysis. The space group of Ba0.7Sr0.3-
TiO3 is unknown; therefore we used Ba0.77Sr0.23TiO3

[PDF#00-044-0093] and Ba0.6Sr0.4TiO3 [PDF#00-034-
0411] with space group P4 mm and Pm-3 m, respectively.
Ba4Ti13O30 belongs to Cmma space group [32] and was
used as such. The space group of Sr2Ti5O12 phase is un-
known and therefore, was not analyzed.

Figures 9 and 10 show the Rietveld plots of nano-BST
heat-treated at 700 and 1,000 °C, respectively without any
least square refinement. To obtain a better fit of the curve
least square refinement was performed on the Rietveld plot
of the powder heat treated at 1,000 °C with the background
function changed to # 5 with 3 coefficients. The least
square refined plot is shown in Fig. 11. Only Ba4Ti13O30
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phase was used for least square analysis as the complete
information on other two phases could not be obtained.
Peaks of the two unidentified peaks in Figs. 10 and 11 near
22 and 30° are possibly of Sr2Ti5O12 phase, in accordance
with the XRD analysis. The experimental peaks as seen in
Rietveld refinement plots are in agreement with the cal-
culated peak positions and intensities, which confirm our
XRD phase analysis.

4 Conclusions

Nanocrystalline Ba0.7Sr0.3TiO3 powder of average size
15 nm was synthesized via sol gel route. Processing
parameters were optimized and the phase evolution during
synthesis was studied. It was found that the carbonates of the
starting chemicals react to form Ba0.7Sr0.3TiO3 phase at
around 600 °C. Complete crystallization was achieved at
700 °C where the phase composition is predominantly
Ba0.7Sr0.3TiO3 with a small fraction of Ba4Ti13O30. Phase
evolution, as observed in the XRD patterns were consistent
with our findings from DSC analysis of the BST gel. Grain
size calculated from the XRD pattern was 18 nm, in line with
our TEM investigation. The interplanar distance in the BST
nano-grains was found to be 0.384 nm based on our TEM
analysis. Effects of elevated sintering temperature (950–
1,100 °C) on consolidated nano-BST powder were seen to
have undesirable outcome—significant phase transformation
occurs in this temperature range with the predominant phases
being Ba4Ti13O30 and Sr2Ti5O12 and a small fraction of
Ba0.7Sr0.3TiO3. Therefore, we can conclude that it is difficult
to maintain the phase purity of nano-Ba0.7Sr0.3TiO3 at
elevated temperatures. The sol-gel process developed in this
research can be used to deposit nano thin films of BST for
their potential application in tunable ferroelectric devices.
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Fig. 9 Rietveld plot for the refinement of BST powder calcined at
700 °C, 2 h. The + and − signs are for observed and calculated inten-
sities, respectively. The toggles just below the curve represent the
reflection position of various phases. The uppermost toggle line is for
Ba0.7Sr0.3TiO3 followed by Ba4Ti13O30

+ Experimental 
   Calculated 
   Bragg’s peak of different phases 

Fig. 10 Rietveld plot for the refinement of BST powder heat treated
at 1,000 °C, 2 h. The + and − signs are for observed and calculated
intensities respectively. The toggles just below the curve represent the
reflection position of various phases. The uppermost toggle line is for
Ba4Ti13O30, followed by Ba0.6Sr0.4TiO3 and Ba0.7Sr0.3TiO3

Fig. 11 Rietveld plot for the refinement of BST powder heat treated
at 1,000 °C, 2 h with least square refinement. The background function
was changed to function # 5 with 3 coefficients. The toggles used here
are only for Ba4Ti13O30 phase
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