
Abstract Ba0.9Sr0.1TiO3 powder was processed at

80�C by reacting Ti sol in aqueous solutions that

contained BaCl2, SrCl2 and NaOH at atmospheric

pressure. Well-crystallized, spherical, nanosizes

powders were formed by this method. The powders

were found to have a cubic structure, which was

retained even after heating at 900�C. Sintering at

1400�C, led to the formation of a tetragonal

structure with a secondary phase of Ba6Ti17O40.

Abrupt grain growth was observed at 1400�C. The

electrical response of the sample sintered at 1400�C

has three electrically different regions. Each region

of the sample is represented by different RC ele-

ment. Element 1 (R1C1) is the most resistive and

its capacitance ishigh (0.5 nFcm–1) indicating a thin

region, probably the grain boundary. Element 2

(R2C2) shows a smaller resistance value compared

to element 1. The capacitance value of element 2 is

temperature-dependent and displays a Curie–Weiss

behaviour, indicative of a ferroelectric material

above Tc. The lower capacitance of C2 (15 pFcm–1)

indicates that it is a much thicker region than

element 1 and can be assigned as a ferroelectric

bulk region. Element 3 is probably an electrode

effect.

Introduction

Barium titanate (BT) and other perovskite-type

electroceramic materials have been the heart and soul

of several multibillion dollar electronic industries [1]

for more than 50 years due to the high dielectric con-

stant and ferroelectric properties. Since the discovery

of ferroelectricity in single-crystal materials (Rochelle

salt) in 1921, there has been a continuous progression

and technology developments of perovskite-type

electroceramic materials. One such material, Sr doped

BT known as barium strontium titanate (BST), has

been one of the important areas of research in elec-

tronic materials over the last few years. The signifi-

cance of this electroceramic material is mainly due to

the wide variety of applications such as in phased array

antennas, capacitor–varistor protection devices for

microelectronic circuit [2] and uncooled pyroelectric

IRFPA (infrared focal plane arrays) for low cost IR

imaging [3, 4]. BST are also used extensively in inte-

grated circuit (IC) capacitors and in dynamic random

access memory (DRAM) cells [5–7] due to the high

electrical charge storage capacities. Recently, BST

films were used in the formation of graded ferroelectric

devices (GFD’s) [8]. The performance parameters in

these devices are highly dependent on the physical

and chemical characteristics, namely, stoichiometry,
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homogeneity, phase purity, particle size and the dis-

tribution of the starting BST powders. To achieve the

desired characteristics, several wet chemical methods,

e.g. sol–gel, co-precipitation and hydrothermal were

tried for the synthesis of fine BST powders with better

reproducibility and quality [9–15] at lower tempera-

tures. In a wet chemical method, temperature and

pressure are two factors that have critical influences on

the structure and property of the products. A higher

temperature and pressure may improve the crystallin-

ity of the fine powders but can lead to a higher level of

processing inconveniences and difficulties in the size

control of the products. Continuous effort is found in

the literature to develop techniques for making high-

quality powders at lower temperatures and under

ambient pressure. As an example, the crystallization of

BT via a conventional solid-state reaction requires a

calcinations temperature >1000�C but the synthesis

temperature via a chemical method (such as the

hydrothermal method) can be as low as 100–280�C [16–

20]. There seems to be a lot of attention still focused in

lowering the synthesis temperature and pressure.

Wada et al. have developed a method called a low-

temperature direct synthesis (LTDS) and has been

proposed for the synthesis of BT nanoparticles [21]

but the particles formed in this experiment were not

uniform in terms of size and shape, and tend to be

aggregated. Gherardi and Matijevic [22] successfully

prepared spherical colloidal (submicron size) BT par-

ticles of a narrow size distribution by homogeneous

precipitation involving a relatively expensive titanium

alkoxide. Recently, Cho and Kuwabara [23] reported

the synthesis of partially crystallized BT xerogels with

different nano-crystalline structure from a high con-

centration sol–gel method. In the present study, BST

powder which was prepared by a simple chloride

aqueous method at low temperatures, even lower than

the boiling point of water at atmospheric pressure, is

reported. The chloride aqueous method was estab-

lished to produce BST by reacting titania sol in alkaline

aqueous solutions of BaCl2, SrCl2 and NaOH. As

shown in this paper, the chloride aqueous method can

results in nanosized, crystalline particles with the for-

mation of a metastable BST phase under certain con-

dition. Furthermore, there have been very little effort

to study and characterize the electrical properties of

sintered ceramics prepared by chemical methods.

Therefore, another aspect of the present investigation

is to evaluate the electrical properties of a sintered

ceramic using ac impedance spectroscopy, a valuable

technique which can distinguish between the different

regions (grain boundary, grain core, surface, electrode

response, etc.) of the material [24]. In this technique, ac

impedance measurements were made over a wide

range of frequencies and the different regions of

the material were characterized by a resistance and

capacitance, usually placed in parallel. The character-

istic relaxation time or time constant, s, of each RC

element is given by the product of R and C (Eq. 1).

s¼RC ð1Þ

xmaxRC¼ 1 ð2Þ

In the frequency domain, RC elements are separable

due to the relation shown in Eq. 2, which holds at the

frequency of maximum loss, xmax, in the impedance

spectrum. Based on the impedance spectrum, it is

therefore usually possible to identify different RC

elements and assign them to appropriate regions of the

sample. The values of the individual R and C element

may be quantified. In general, data obtained by

impedance spectroscopy was analysed in terms of four

possible formalisms, the impedance (Z*), the electric

modulus (M*), the admittance (Y*) and permittivity �*.

These are interrelated [25, 26]:

M� ¼jxCoZ� ð3Þ

e� ¼ ðM�Þ�1 ð4Þ

Y ¼ ðZ�Þ�1 ð5Þ

Y ¼ JxCoe� ð6Þ

where x is the angular frequency, 2pf and Co are the

vacuum capacitance of the measuring cell and elec-

trodes with an air gap in place of the sample.

Experimental procedure

Titanium butoxide [Ti(OBu)4] (99% Fluka Chemical

Co.) was used as a precursor and butanol [BuOH]

(99.9% J.T. Baker) as a solvent. Nitric acid (HNO3)

(Merck) was used as the peptizing agent. All reagents

and solvents were used in as-received forms, without

any purification. Titania precipitation was obtained by

adding 0.4 M of the titanium butoxide into distilled

water. The mixture was stirred at a high speed

(300 rpm) whilst the titanium butoxide was added

drop-wise. The amount of water was fixed at a [H2O]/

[Ti] molar ratio (r) of 110. In a previous paper [27], the

effect of r ratio on titania particle formation had

been studied in details. The precipitates were washed

with distilled water four times using a centrifuge.

Subsequently, the peptization reaction was initiated by
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further addition of dilute HNO3 ([HNO3] = 0.25 M) in

a reaction vessel and placed in a temperature control

bath at 60�C. During peptization, the milky dispersion

(titanium oxy-hydroxide) changed to a clear light-blue

solution, which is indicative of the resuspension of the

precipitates and the reduction of the particle size.

Simultaneously, alkaline aqueous solutions that

contained barium and strontium were prepared by

initially boiling distilled water for at least 30 min to

remove dissolved CO2. The water was maintained at a

temperature of 80�C under moderate stirring while

appropriate amounts of BaCl2 Æ 2H2O (Merck, 99%),

SrCl2 Æ 6H2O (Merck, 99%) and 1 M NaOH (Merck,

99.9%) were added. In this case, 0.9 mol BaCl2,

0.1 mol SrCl2 and 1 mol NaOH were used to prepare

Ba0.9Sr0.1TiO3. After the starting chemicals were dis-

solved, the solutions were filtered using a Buchner

funnel. The filtered solution was kept in polyethylene

bottles. After purging and backfilling with argon, the

polyethylene bottles were sealed and stored in an oven

at a temperature of 80�C. Ba0.9Sr0.1TiO3 was synthe-

sized by dripping slowly the 1 mole titania sol as

described previously, to the solution that was kept in

the oven. The initial ratio of barium and strontium in

solution relative to titanium was 1. After mixing the

titania sol into the solution, the bottles were back-filled

with argon, sealed and placed in an oven for reaction.

The bottles were then removed from the oven and

excess solution was decanted. The powders were

washed several times with distilled water that was

adjusted to pH 10 using NH4OH to remove residual

barium and strontium cations. The BST powders

produced were then placed in petri dishes and dried in

an oven at a temperature of 80�C for 24 h. After dry-

ing, the powders were uniaxially pressed into pellets at

about 100 MPa and sintered at 1400�C for 2 h.

The microstructure was observed using a JEOL

JSM 6400 scanning electron microscope with a 20 kV

accelerating voltage. Phase identification was per-

formed by high-resolution X-ray diffraction using a

Stoe transmission powder diffractometer system (Stoe

STADI P) operated at 40 kV and 40 mA. The elec-

trical behaviour of the sintered pellets, which had

been electroded with platinum paste and had plati-

num wire contacts attached prior to use, was mea-

sured using a Hewlett Packard 4192A impedance

analyzer. Measurements were done over a frequency

range of 5 Hz–13 MHz. The temperature of mea-

surement was varied from room temperature to

800�C at an interval of 50�C. All the data measured

using ac impedance was corrected for sample geom-

etry. The geometric factor (GF) of the sample was

calculated according to Eq. 7:

GF ¼ l=A ð7Þ

where l is the thickness of the sample (cm) and A is the

cross-sectional area (cm2). This enables the instrument

software to give the output in resistivity (ohm cm)

rather than resistance value. The term capacitance (F)

has been used sometimes although more rigorously this

should be termed geometric capacitance (Fcm–1).

Results and discussion

Figure 1a shows the XRD pattern of Ba0.9Sr0.1TiO3

synthesized at 80�C for 48 h. Except for one small peak

appearing at about 24�, all the other peaks in the

pattern fit with the cubic phase BaTiO3 (space group

Pm 3 m) but are shifted slightly to higher angles

due to strontium addition. The lattice parameter is

a = c = 4.0150 Å. The peak sharpness and intensity

indicate that Ba0.9Sr0.1TiO3 is well-crystallized. The

peak at 24� in the XRD pattern is identified as barium

carbonate. The formation of barium carbonate is

believed to be a result of the reaction between carbon

dioxide that dissolved into the solutions from air and

reacted with alkaline earth chloride during the process.

XRD peaks that correspond to anatase or rutile titania

were not detected. However, at this stage the presence

of amorphous titania is still questionable. Figure 1b

shows XRD patterns of Ba0.9Sr0.1TiO3 treated at

900�C. The result shows the structure is cubic but there

was no carbonate contamination. The lattice parameter

changed with the heat treatment temperature, whereby

at 900�C, the value is 4.0017 Å. The unit cell volume of

the sample decreased by about 1.0% when the powders

were heat-treated at 900�C. These phenomena suggest

that some kind of defects are present in the lattice and

the defect concentration decreased when the powders

were heat treated at 900�C, causing the unit cell vol-

ume of Ba0.9Sr0.1TiO3 to shrink [28].

XRD pattern of Ba0.9Sr0.1TiO3 sintered at 1400�C

for 2 h is shown in Fig. 2. There is a peak splitting of

002/200, 201/210, 112/211 which indicates that the

structure transforms to a tetragonal phase (space group

P4mm). The lattice parameter for Ba0.9Sr0.1TiO3 sin-

tered at 1400�C is a = 3.9810 and c = 4.0096 (Table 1).

Additionally, a small amount of monoclinic Ba6Ti17O40

(space group A2/a) tends to appear in the sintered

sample. The formation of the Ti-rich phase in the sin-

tered ceramic can be related to the high solubility of

Ba and Sr in water as compared to Ti [29, 30]. The

formation of the perovskite involves the reaction of the

Ti with Ba and Sr ions left in solution and this reaction

is mainly determined by the effective Ba and Sr
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concentration in the aqueous phase. When the reaction

is incomplete, the powder obtained upon precipitation

contained some residual Ti-rich amorphous phase and

consequently (Ba + Sr)/Ti < 1. The excess of titanium

leads to the formation of a second compound, BaTi2O5

or Ba6Ti17O40, depending on the temperature of ther-

mal treatment. Therefore, control of (Ba + Sr)/Ti ratio

is essential to obtain a single-phase BST powders.

More details will be reported in the future.

The crystallite size of the fine particles (synthe-

sized powders) was estimated from the diffraction

peak of the (111) plane and the full width of half-

maximum by the Scherrer equation. The size of the

large particles (sintered sample) was measured under

a scanning electron microscope. The crystallite size of

the powder prepared at 80�C for Ba0.9Sr0.1TiO3 is

45 nm. The crystallite size was reasonably stable after

heat treatment at 900�C and is higher by 15 nm

compared to the powder prepared at 80�C (Table 1).

However, at 1400�C, there is a drastic increase in the

grain size (~50 um). The grains have grown excep-

tionally large and there is a crystal growth step

on the surface (Fig. 3). The abrupt grain growth is

believed to be closely related to the formation of a
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liquid phase which might have been originated from

a Ti-rich phase [31–33]. It should be recalled that

there exists a eutectic reaction at 1332�C for the

BaTiO3–TiO2 system [34] which is believed to cause

the abrupt grain growth at 1400�C for these respec-

tive systems.

Impedance measurement of the sample sintered at

1400�C for 2 h was done from room temperature to

800�C on the heating cycle. A typical impedance

complex plane plot, Z* (Z¢¢ vs. Z¢), is shown in

Fig. 4. Three different regions can be observed in the

impedance complex plane. The big semicircle (R1C1)

with capacitance 0.5 nFcm–1 at the maximum of the

impedance semicircle may be assigned to a grain

boundary response. When the high frequency plot was

enlarged, a small not-well resolved semicircle (R2C2)

was observed as shown in the insert of Fig. 4. This

semicircle may be assigned to a bulk response since the

associated capacitance is about 15 pFcm–1. Besides

the bulk and grain boundary responses, an electrode

response appears at the low frequencies. It is hard to

get detail information for this response directly due to

the poor resolution.

Voltage dependence work has been carried out in

order to ensure that the response observed in the

impedance plot (R1 and R2) belongs to the bulk or

grain boundary effects. Impedance was measured at

510�C with different voltages (0 V, 4 V and 8 V).

Biased measurements can cause local heating in the

sample which can strongly affect the impedance

response; hence the sample was given 15 min cooling

time between each measurement. Figure 5 shows the

resistance R1 is dependent on the applied field and R2

is independent of the applied field. A decrease in R1

would be expected for a Schottky barrier mechanism at

the grain boundaries, whereby the barrier height

decreased with increasing applied field. Based on these

results, it can be inferred that R1 response is associated

with a grain boundary.

The admittance spectrum which represents the

conducting properties of the sample is shown in Fig. 6.

The plot consists of two plateaus and the value of the

low frequency plateau equals to 1/(Rgb + Rb); Rgb and

Rb represent the resistance of the grain boundary and

bulk, respectively. As Rgb >> Rb, the value of the low

frequency plateau is approximately equal to the grain

boundary conductivity, rgb. Commonly, the expression

for the value of the high frequency plateau is complex.

Here, as Rgb >> Rb and Cgb >> Cb, it can be deduced

that the value of the high frequency plateau is

approximately equal to the bulk conductivity, rb [26].

The values of Rgb and Rb taken from Fig. 6 are

5.13 · 104 Wcm and 3.95 · 103 Wcm, respectively. The

resistance is rather low although it is fired in air

because alkaline earth titanates are likely to become

slightly reduced during sintering [35]. In particular,

the reduction of Ti4+ to Ti3+ provides free electrons

for electrical conduction. High sintering temperature

(1400�C) may therefore render slightly reduced

ceramics, which should exhibit enhanced conductivity

and low resistivity. Conductivity data for Rgb and Rb at

various temperatures are presented as Arrhenius plots

in Fig. 7 and have activation energies of 1.07 eV and

0.60 eV, respectively. This implies that an extrinsic

conduction mechanism is also active in this material

[36].

Fig. 3 SEM micrographs of
as-sintered surfaces at 1400�C
with different magnifications
(a) 250· (b) 2500·

Table 1 Unit cell parameter
and crystallite size of
Ba0.9Sr0.1TiO3 at different
temperatures

Sintering temperature (�C) Unit cell parameter Crystallite size (nm)

a/Å c/Å c/a V/Å3

80 4.0150 4.0150 1.0000 64.73 45
900 4.0017 4.0017 1.0000 64.08 59
1400 3.9810 4.0096 1.0072 63.55 —
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The capacitance data as a function of temperature

for the high frequency plateau of C vs. log f plot is

shown in Fig. 8a. The value of this plateau is assigned

to capacitance of the bulk, C2. The data shows C2 rises

with temperature up to the Curie point (~80�C), after

which further increase in temperature causes a

decrease in C2. Curie–Weiss behaviour is confirmed by

plotting the reciprocal capacitance against temperature

(Fig. 8b). A linear plot extrapolating to the Curie point

is obtained. Curie–Weiss behaviour exhibited by C2 is

characteristic of the bulk response of a ferroelectric

material above its Curie point. Unfortunately, at low

temperature, no grain boundary plateau appears

because the bulk capacitance rises rapidly as the tem-

perature approaches the Curie point and therefore the

Curie–Weiss behaviour exhibited by C1 is difficult to

be determined. However, the large capacitance value

(~0.5 nFcm–1) indicates that C1 is attributed to the

grain boundary and this region is thin.

Conclusion

Nanosize (45 nm), well-crystalline cubic phase was

successfully obtained at 80�C via a chloride aqueous

method. The characteristics of the powder in terms
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of crystallite size, morphology and phase were still

retained till 900�C. At 1400�C, the structure was

tetragonal and a massive grain growth was observed.

The electrical characterization shows three electrically

different regions. Element 1 (R1C1) is a grain bound-

ary, element 2 (R2C2) is a ferroelectric bulk region and

element 3 is an electrode effect.
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