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a b s t r a c t

Nano-crystalline Ba1−xSr(x = 0.1 and 0.5)TiO3, (B10ST and B50ST) powders have been prepared by sol–gel
method, using barium acetate (Ba(Ac)2), titanium butoxide (Ti(C4H9O)4), and strontium bromide as
precursors. The prepared samples in the form of powder were found to be amorphous, which crys-
tallized to the tetragonal phase after sintering at heat treatment temperature 750 ◦C in air for 1 h. For the
eywords:
ol–gel
ielectric permittivity
ano-structure BaTiO3

aSrTiO3

Ba(1−x)S0.1TiO3 powder, which have a crystallite size equal about 33 nm, all major peaks corresponding
to perovskite BST phase appeared with (1 1 0) as principle peak. X-ray diffraction (XRD) data were con-
firmed by transmission electron microscope (TEM). The dielectric measurements were carried out in the
frequency range 42 Hz to 1 MHz, at temperature range between 25 ◦C and 250 ◦C. The Curie temperature
was detected at 125 ◦C for BT, while it is detected at 110 ◦C and 75 ◦C for B10ST and B50ST, respectively.
The obtained results showed abrupt decrease in the dielectric permittivity at temperatures above 125 ◦C

3 and
and 75 ◦C, for pure BaTiO

. Introduction

Considerable investigations have focused on ferroelectric mate-
ials such as nano-structure barium titanate BaTiO3 (BT) and
arium strontium titanate BaSrTiO3 (BST), which are considered
o be attractive and advanced material for the electronic industry.
his is due to their special dielectric and electro-optics properties.
here BT and BST have high dielectric constant, low dielectric loss,

ood thermal stability and good high frequency characteristics. The
oss factor dissipates or absorbs the incident microwave energy and
o insertion loss is decreased when the loss tangent is lower.

BT and BST powders are commonly used for making a num-
er of electronic devices like transducers, piezoelectric actuators,
hermal switches, passive memory storage devices and dynamic
andom access memories (DRAMs), etc. . . [1–12]. The most remark-
ble property of BT and BST is related to its high dielectric constant,
here the room temperature dielectric constant of BaTiO3 ceramics

s known to be greater than 2000 [13]. BST finds extensive applica-
ions in tunable microwave devices such as filters, varactors, delay

ines and phase shifters because of the strong dependence of the
ielectric properties on the electric field [14,15].

Several methods have been used for the preparation of BT and
ST in powder form. Compared with other techniques, sol–gel
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Ba0.5Sr0.5TiO3, respectively, leading to phase transition.
© 2010 Elsevier B.V. All rights reserved.

method has the advantages of low temperature processing, non-
vacuum requirement, low cost [16,17].

This objective work aimed to prepare barium titanate and bar-
ium strontium titante in the form of powder in nano-size tetragonal
phase, by using sol–gel method. Barium acetate (Ba(Ac)2), titanium
butoxide (Ti(C4H9O)4), and strontium bromide will be used as the
starting materials. The morphology of the prepared samples was
evaluated by both transmission electron microscope and scanning
electron microscope. TEM micrograph was used to confirm the XRD
results. The dielectric properties of pure tetragonal BT and BST were
studied as a function of frequency in a wide range of temperatures
ranging from 25 ◦C up to 250 ◦C.

2. Experimental procedure

2.1. Sample preparation

BaTiO3 (BT), Ba0.5Ti0.5O(3) and BaSrTiO3 (BST), Ba1−xSrx(x = 0.1 and 0.5)TiO(3) (B10ST
and B50ST), powders were prepared by a modified sol–gel method. Barium acetate
(Ba(Ac)2) (99%, Sisco Research Laboratories PVT. LTD., India) and titanium butoxide
(Ti(C4H9O)4), (97%, Sigma–Aldrich, Germany) were used as the starting materials;
acetyl acetone (AcAc, C5H8O2), (98%, Fluka, Switzerland) acetic acid (HAc)-H2O mix-
ture (96%, Adwic, Egypt) were adopted as solvents of (Ti(C4H9O)4), and Ba(Ac)2,
respectively. Strontium bromide was added to the precursor with different molar
ratios. Densification of gel was obtained, by sintering in air for 1 h at heat treatment

temperature 750 ◦C, in a muffle furnace type (Carbolite CWF 1200).

2.2. Characterization

X-ray diffraction (XRD) patterns from the prepared samples were recorded
with a Diano X-ray diffractometer using monochromatized CoK�1 radiation of

dx.doi.org/10.1016/j.jallcom.2010.05.060
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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The splitting of the (0 0 1) and (1 0 0) doublets confirmed that
the prepared powder has a perovskite tetragonal phase in BT sam-
ple while this splitting did not appear in B10ST sample which
confirms the presence of cubic phase. Unwanted amount of un-
ig. 1. XRD patterns of pure powder nano-structure BT, sintered at 750 ◦C for 1 h
17].

avelength = 1.79026 Å from a fixed source operated at 45 kV and 9 mA. Crystal-
ite sizes G were determined from the Scherrer’s equation (G = �/D cos �), where �
s the diffraction for a particular Bragg diffraction peak, and D is the (corrected) full

idth (in radians) of the peak at half maximum (FWHM) intensity.
Microstructure and morphology for the undoped and doped barium titanate

ere characterized by using the electron microscope of type: “JEOL transmission
lectron microscope (TEM) model: Jeol 1230” made in Japan magnification power
p to 600 k× Resolving power down to 0.2 nm. Accelerating voltage 100 kV, can
each 120 kV through steps.

The computerized LRC bridge (Hioki model 3531 Z Hi Tester) was used to con-
uct the electrical properties of the investigated samples. The dielectric constant ∈
or the investigated samples was carried out from room temperature up to 250 ◦C
t different frequencies ranging from 42 Hz to 1 MHz. The samples used in the mea-
urement were in the form of disk, have 10 mm in diameter and 3 mm thickness,
ressed using a pressure of 10 Tonn, at room temperature.

The relative dielectric permittivity was calculated using the relations:

ε′ = Cm

Co
ε′′ = ε′ ∗ tan ı

(1)

here Cm is the measured capacitance of the used, Co is the capacity of the empty
ondenser.

ε′′ is the dielectric loss, tan ı is the loss tangent.
The relaxation time was calculated using the relations:

= 1
ωm

(2)

here ωm = 2�f, f is the frequency.

. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of pure BaTiO3 (BT)
◦
owder, sintered at 750 C for 1 h. As previously reported in Ref.

17] it is clearly seen that crystallized BT phase can be obtained at
eating temperature 750 ◦C, indicating that one phase tetragonal
T is presented in the prepared BT and BST samples, (referencing
o JCPDS files 75-0215 and JCPDS files 79-2265, respectively, for

Table 1
2�◦ against the diffraction line of tetragonal phase of pure BT pre-
pared by sol–gel technique in the powder form.

2�◦ Diffraction line of tetragonal phase

22 (1 0 0)
31 (1 1 0)
39 (1 1 1)
45 (0 0 2)
51 (2 1 0)
56 (2 1 1)
70 (2 2 0)
75 (3 0 0)
79 (3 1 0)
Fig. 2. XRD pattern of B10ST powder sintering at heat treatment temperature 750 ◦C
for 1 h.

tetragonal phases), which shows well-defined perovskite structure
with higher intensity and no detectable secondary phases in the BT
pattern [18]. The given data in Table 1 showed that, all the peaks
are of tetragonal phase.
Fig. 3. TEM micrographs (a) and the diffraction pattern (b) of the B10ST powder
sample sintered at heat treatment temperature 750 ◦C for 1 h.
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Fig. 4. The frequency dependence of the dielectric permittivity ε′ (a, c and e) and the loss tangent tan ı (b, d and f) of BT and B10ST and B50ST. The arrows indicate the Curie
temperature.

Fig. 5. Values of 1/ε′ at various frequencies plotted as a function of temperature for BT and B50ST sintered at 750 ◦C for 1 h.
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Table 2
The temperature dependence of ε′ and tan ı for BT and B50ST at 1 kHz.

T in ◦C BT B50ST

ε′ tan ı ε′ tan ı

25 1282 5.70 26 0.72
50 1692 6.08 37 0.70
75 1111 5.93 29 0.73

100 504 5.04 8.2 0.71
125 285 3.87 3.2 0.23
150 2.4 0.20 3.0 0.15
175 2.4 0.21 2.9 0.14
200 3.7 0.43 2.8 0.14

ture above 75 ◦C. This means that the Curie temperature of pure
BT is observed at lower temperature on doping it with strontium
bromide. This is might be due to that the strontium titanate is usu-
ally employed to lower the Curie point [22]. However, the rate of
R.M. Mahani et al. / Journal of Allo

eacted BaCO3 (By reference to JCPDS files 45-1471 for Witherite,
yn) resulting from the reaction of BaO with atmospheric CO2 and
he burn-out of organic materials or as a result of incomplete cal-
inations appeared in Fig. 1.

Fig. 2 shows the X-ray diffraction pattern of the B10ST powder
nnealed at 750 ◦C, which shows all major bands corresponding to
erovskite BST phase with (1 1 0) as the major peak [20].

The accurate crystallite sizes were calculated by using the full
idth at half maximum of the main (1 1 0) diffraction peak using

he Scherrer’s equation and confirmed by using the WinFit program
or both BT and B10ST samples. The calculated crystallite sizes were
ound to be 39.5 and 33 nm for BT and B10ST, respectively. Based
n these results, it should be noted that the average particle size
as significantly reduced by Sr doping.

The properties and morphology of the B10ST powder can be
xplained on the basis of the microstructure, as shown in Fig. 3a
nd b. TEM image of B10ST powders sintered at 750 ◦C is illus-
rated in Fig. 3a. While the selected-area electron diffraction (SAED)
atterns obtained from the TEM of the same sample is shown in
ig. 3b. The (SAED) patterns indicate that the prepared samples are
ssigned to perovskite phase [19]. The grain size was determined
y averaging over the total number of crystallite size in the TEM
Jeol1230) micrograph. Based on this method, the average crystal-
ite size of B10ST powders, synthesized by sol–gel method, was
4.6 nm, which is larger than the XRD results, probably resulting
rom the fact that the uniform strain within the particles that would
ead to the line broadening in XRD pattern were not taken into
ccount [21].

Fig. 4a and b shows the dielectric permittivity (ε′) and the loss
angent (tan ı) of pure barium titanate (BT) as a function of fre-
uency, during heating in the range starting from 25 ◦C up to 250 ◦C.
rom the preceding figures the Curie temperature was detected at
25 ◦C for BT. While it is detected at 110 ◦C and 75 ◦C for B10ST and
50ST, respectively, as shown in Fig. 5c–f, which shows the dielec-
ric permittivity and loss tangent, of the barium strontium titanate
ystem B10ST and B50ST, respectively.

It is clear from Fig. 4a and b that ε′ decreased with increasing
requency showing an anomalous dispersion. Such dispersion in ε′

s accompanied by a relaxation peak in tan ı; see Fig. 4b. The inten-
ity of this peak slightly increased and its maximum shifted to lower
requencies with increasing temperatures, then, it disappeared at
emperature above 125 ◦C.

Abrupt decrease in ε′ is observed at temperature above 125 ◦C,
eads to a phase transition. Such transition occurred at definite tem-
eratures called Curie temperature (Tc), at which BT transformed
rom the ferroelectric phase (polarized state) to the para-electric
hase (unpolarized sate). Large values seen in the dielectric permit-
ivity at certain temperature range between room temperature and
25 ◦C, in which the ferroelectricity property is dominated. Thus,
he permanent dipole moment dominated polarization which in
urn affects the dielectric permittivity arises from the displacement
f negatively charged oxygen ions and positively charged titanium
ons from their symmetrical positions (upward displacement). As

result, an elongation in the vertical direction can be occurred
eading to tetragonal phase. So, the dielectric behavior of barium
itanate in the tetragonal phase is in good agreement with that
haracterized by XRD, see Fig. 1.

On the other hand, by heating BT above its Curie temperature
Tc), both ε′ and tan ı markedly decreased. This is because the
ormed tetragonal phase (non-symmetric) at lower temperature
ransformed into cubic phase (symmetric) at temperature higher

han Tc [20]. In this case, the formed crystalline phase of BT is
ara-electric which has no permanent dipole moment and in turn

t behaves like dielectric.
For the barium strontium titanate system B10ST and B50ST, no

ignificantly changes can be observed in the dielectric permittiv-
225 4.3 0.50 2.8 0.16
250 5.6 0.66 2.8 0.22

ity and loss tangent at temperatures lower than 110 and 75 ◦C,
see Fig. 4c–f for B10ST and B50ST, respectively. But above those
temperatures, both of them markedly decreased. So, 110 ◦C and
75 ◦C represent the Curie temperature of both of the barium stron-
tium titanate system, see the vertical arrows on the presented plots
shown in Fig. 4c–f. The decrease in ε′ with increasing frequency
results in a relaxation peak in tan ı. The maximum of this peak
decreased and shifted to lower frequencies with increasing temper-
ature and then disappeared at temperature above 110 ◦C. However,
the abrupt decrease in the intensity of this peak is indicated at
temperature above 75 ◦C for B50ST.

The comparison between the dielectric behavior of BT and bar-
ium strontium titanate system B50ST prepared in the nano-size,
is clear from the large differences in their dielectric permittivities
measured as a function of frequency and at different temperatures,
see Table 2. It is evident from this table that the dielectric permit-
tivity of BT largely decreased on doping it with strontium bromide.
This is because strontium titanate is usually used to maintain rel-
ativity low temperature dependence of the dielectric permittivity
[21]. In addition, such decrease may be related to the fact that stron-
tium titanate has different lattice constant which add a stress into
the lattice.

In order to observe clearly the Curie temperature for BT and
B50ST, we plotted the inverse of the dielectric permittivity as a
function of temperature at 1 kHz, 10 kHz and 1 MHz as shown in
Fig. 5. In this figure, BT shows abrupt increase in its 1/ε′ (decrease in
ε′) at temperature above 125 ◦C under the mentioned frequencies.
While for B50ST, the abrupt increase in 1/ε′ is seen at tempera-
Fig. 6. The SEM micrograph of B10ST powder sample sintering at heat treatment
temperature 750 ◦C for 1 h.
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ncrease in inverse permittivity for BT is sharper than that obtained
or B50ST.

SEM micrograph image of (B10ST) powders both sintered for 1 h
t 750 ◦C is illustrated in Fig. 6. These images show grains typical
f BST powder, which consists of a granular microstructure with
rregular shaped grains.

Some degrees of agglomeration in this powdered sample, and
he clusters consisted of several small grains. The particles of the
ample have a well-defined shape. This is might be due to some
ggregates of particles together.

. Conclusion

Using the sol–gel method, nano-crystalline pure BaTiO3 (BT) and
10ST and B50ST powders have been successfully prepared. Under
he investigated experimental conditions, single tetragonal phases
ave been obtained for pure sample and also a well-defined tetrag-
nal perovskite phase of BT with crystallite sizes = 39.5 nm was
ppeared, which decreases to 33 nm by doping with Sr in B10ST
amples. TEM micrograph was used to confirm the XRD results,
here the crystallite size calculated from TEM for the B10ST was in

ano-scale and equal to 34.6 nm. The dielectric properties of both
T and BST systems in the ferroelectric phase showed strongly fre-
uency and temperature dependence. Also, dielectric properties
howed that Curie temperature of BT shifted to lower temperature
n doping it with strontium bromide.
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