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a  b  s  t  r  a  c  t

Barium  titanate  (BaTiO3) doped  with  Strontium  (BST)  nanoparticles  prepared  by using  wet  chemical
method  were  thermally  evaporated  on  to  well  cleaned  glass  substrates  under  the  vacuum  of 2  ×  10−5 Torr,
using  12A4  Hind  Hivac  coating  unit.  The  thickness  of  the  film  was  measured  by  quartz  crystal  moni-
tor.  From  X-ray  analysis,  it has  been  found  that  BaTiO3 nanoparticles  possess  tetragonal  structure  and
deposited  films  has  a polycrystalline  in  nature,  whereas  the  crystallinity  of film  increases  with  increase  of
temperature.  Surface  morphology  of  fabricated  thin  film  observed  that  very  homogeneous  and  uniform
size.  The  transport  mechanism  in  these  films  under  a.c. fields  was  studied  in the frequency  range  12  Hz
to  100  kHz,  at  different  temperatures  (303–483  K).  The  dependence  of  dielectric  constant  and  loss  fac-
tor  for  different  thickness  was  investigated  and  results  are  discussed.  The  process  of  a.c.  conduction  has
been  explained  on  the basis  of hopping  conduction  mechanism.  The  dielectric  constant  (ε′), temperature
co-efficient  of capacitance  (TCC)  and  temperature  co-efficient  of  permitivity  (TCP)  were  estimated.  The
dependences  of  activation  energy  on  thicknesses  also  studied  and  reported.Q4

© 2015  Published  by  Elsevier  GmbH.

1. Introduction

Barium titanate doped with strontium having perovskite struc-
ture is a common ferroelectric material with a high dielectric
constant. It is an attractive material for applications such as mul-
tilayer capacitor, pyroelectric detectors, dynamic random access
memory device, non-volatile memories, integrated circuit tech-
nology, energy storage devices, field-effect transistors, energy
harvesters and positive temperature coefficient of resistance
[PTCR] sensor [1]. Several novel devices have been fabricated based
on Sr doped BaTiO3 thin films, which include phase shifter, thin
film capacitors, photovoltaic devices, optoelectronic devices and
humidity sensors. Due to the desirable properties and applications,
over the last few decades, synthesis of BaTiO3 nanoparticles and
thin film has attracted great attention. Most of the experimental
work carried out so far relate to preparation of nanoparticles like
polymeric precursor method [2] co-precipitation, alkoxide hydrol-
ysis [3], metal-organic processing [4], hydrothermal treatment

∗ Corresponding author. Tel.: +91 8526182494.Q3
E-mail address: chandar.bellan@gmail.com (C.S. Bellan).

[5] and the solid state reaction of mixed oxide route [6]. Among
this method wet chemical method is a promising technique that
offers relative low cost, uniform size and homogenous particles.
A detailed survey of the literature reveals that even though some
work on dielectric properties has been carried out to prepare thin
film of strontium doped barium titanate such as sol–gel method
[7,8], r.f. – sputtering [9], pulsed laser ablation [10] and metal-
organic chemical vapor deposition [11]. No work is found in the
literature about to preparation of thin films by vacuum evaporation
method using glass substrate. Hence the present paper discusses
the structure, dielectric and a.c. conduction mechanism in vacuum
evaporated Sr doped BaTiO3 thin films.

2. Experimental details

2.1. Synthesis of BaSrTiO3 nanoparticles

BST nanoparticles were synthesized using wet  chemical
method. The starting materials used were barium chloride
(BaCl2·2H2O), titanium dioxide (TiO2), strontium carbonate (SrCO3)
and oxalic acid. A solution of Ba:Ti:oxalic acid:SrCO3 having mole
ratio 1:1:1:0.1 was  stirred and evaporated at 70 ◦C till a clear, vis-
cous resin was obtained and then dried at 110 ◦C for 20 h. The

http://dx.doi.org/10.1016/j.ijleo.2015.12.072
0030-4026/© 2015 Published by Elsevier GmbH.
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precursor formed was heated at 900 ◦C for 2 h to form BST nanopar-
ticles. So the chemical composition of our BST nanoparticles is
follows

BST = BaSr0.1TiO3.

2.2. BaTiO3 thin film preparation

Using the conventional 12A4 Hind Hivac coating unit, pure
(99.999%) aluminium was evaporated from a tungsten filament
onto well-cleaned glass substrates through suitable masks to
form the bottom electrode. Prepared BST nanoparticles were
then evaporated from a molybdenum boat to form the dielec-
tric layer. An aluminium counter electrode was  evaporated
onto the dielectric through suitable masks to complete the
aluminium–BaTiO3–aluminium (metal–insulator–metal structure)
device. A working pressure of 2 × 10−5 Torr was maintained in all
the evaporation processes. For the structural analysis, the BST films
were deposited on the plane glass substrates.

2.3. Measurements

Thickness of the films was measured through quartz
crystal monitor (“Hind Hivac” Digital Thickness Monitor
Model–DTM–101). The structural aspects of the films were
analyzed, using X-ray diffractometer with filtered CuK� radiation
(� = 1.5418 Å). The surface morphology BST was examined by
scanning electron microscope (SEM) and the high-resolution
transmission electron microscopy (HRTEM). Measurements of
series capacitance and the dissipation factor in the frequency
range 12 Hz–100 kHz were carried out at various temperatures
(303–483 K) using digital LCR meter (LCR-819, GW instek, Good
will Instrument company Ltd., Taiwan). The dielectric constant ε′

was evaluated from the capacitance data from the known area and
thickness of the dielectric films.

3. Result and discussion

3.1. EDS analysis

Figs. 1 and 2a–c show the EDS spectrum of as prepared BaTiO3
nanoparticles and as deposited BaTiO3 thin film of various thick-
nesses. Elemental composition analysis indicated the presence of
Ba, Ti, Sr and O in the synthesized BaTiO3nanoparticles as well as
in the BaTiO3 thin films

Fig. 1. EDS spectrum of the BST nanoparticles.

3.2. Surface morphology

3.2.1. Scanning electron microscope (SEM) studies
Fig. 3 shows the SEM images of BST particles. Rod like and uni-

form grain size are distributed throughout the particles. Fig. 4a–c
shows the SEM images of the BST thin films at different thickness. In
all the films micro cracks were observed. These are attributed to the
volume contraction during the crystallization process and the stress
caused by the mismatch in thermal expansion coefficient between
the film and substrate [12]. The grain size of the films increases with
increasing thickness, it could be attributed to higher grain growth
at higher thickness [13].

3.2.2. Transmission electron microscope (TEM)
Fig. 5a shows the HRTEM micrography of the BST nanoparticles

with a well-isolated rod like morphology. The diameter of the rod
is around 50–70 nm.  Fig. 5b is the SAED pattern of the nanorods,
which reveals that the BST products exhibit a tetragonal structure

Fig. 2. EDS spectrum of the BaTiO3 thin films (a) 80 nm,  (b) 150 nm and (c) 165 nm.
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Fig. 3. SEM image BST nanoparticles.

[14]. Fig. 5c shows the fringing spacing of the nanorod. Accord-
ing to the image, well-resolved lattice fringes can be seen clearly,
which give further information on fine micro-structure of the rod
like BST nanoparticles. The fringe spacing of 2.857 Å corresponds to
the (1 1 0) planes of nanoparticles.

3.3. X-ray diffraction analysis

Fig. 6 shows the XRD pattern of BST nanoparticles. From XRD
measurement, the BST particle is exhibited to the tetragonal struc-
ture, because the peak splitting was found clearly in the (0 0 2)
plane, which shows its high degree of tetragonality [15,16]. The
average grain size (D) of the particle was calculated using scherrer’s
formula and it was found to be 66 nm.

The crystallite size is calculated from the Scherrer’s formula
from the full with half–maximum (FWHM) of the XRD peaks

D = 0.94�

 ̌ cos �
(1)

Fig. 4. SEM image BaTiO3 thin films (a) 80 nm, (b) 150 nm and (c) 165 nm.

Fig. 5. TEM images of BST nanoparticles (a) nanorod, (b) SAED pattern and (c) the
fringing spacing.

where � is the wavelength of the X-rays used, 2� is the angle
between the incident and scattered X-rays and  ̌ is the full width
at half maximum. The strain (ε) is calculated from the formula

ε = ˇ  cos �

4
(2)

The dislocation density (ı) is defined as the length of dislocation
lines per unit volume of the crystal and is given by

ı = 1
D2

(3)

Fig. 7 shows the XRD patterns of the BST thin films deposited on
glass substrate with different film thickness. The films were found
to be polycrystalline with (0 0 1) (1 1 0), (1 1 1), (2 0 0),(1 0 2) and
(1 1 2) peaks arising at 2� values of 23.95◦, 30.30◦, 36.84◦, 43.06◦,
52.64◦ and 56.63◦, respectively. The intensity of (1 1 0) peak was
higher than (1 1 1) and (2 0 0) peaks. As can be seen, the crystal-
lization of the films strongly depends on the film thickness. The
intensity of the peak increases with increase in film thickness, indi-
cating good crystallinity [17].

Table 1 shows the calculated values of crystalline size (D), dis-
location density (ı) and strain (ε) for different thickness. From the
table it has been observed that the grain size increases with increase

Fig. 6. XRD pattern of BST nanoparticles.
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Fig. 7. XRD pattern of BST thin films for different thickness.

Table 1
Structural parameters of BST thin films of different thicknesses.

Thickness (nm) D (nm) ı × 1015 (lin m−2) ε × 10−3 (lin−2 m−4)

80 28.32 2.2059 1.5037
150 44.44 0.825 0.917
165 51.55 0.491 0.7383

in thickness whereas the strain and the dislocation density decrease
with the increase in thickness. Due to the increase in grain size
with film thickness, the defects in the lattice are decreased, which
in turn reduce the internal micro strain and dislocation density/or
the columnar grain growth is increased [18].

3.4. Dielectric studies

The capacitance, dielectric constant and dielectric loss are
important parameter in the selection of materials for device appli-
cation. The dielectric constant (εr) is evaluated from the equation.

εr = Cd
ε0A

where C is the capacitance, d is the thickness of the dielectric, C-- 0 is
the permittivity of free space and A is the area of the dielectric.

3.4.1. Frequency effect
Fig. 8 shows the variation of dielectric constant with fre-

quency for various thicknesses at room temperature of BST thin
films. The dielectric constant increases with increase in film thick-
ness whereas the dielectric constant decreases with increase
in frequency. The observed decrease of dielectric constant with

Fig. 8. The variation of dielectric constant with frequency for various thicknesses at
room temperature of BST thin films.

Fig. 9. Variation of tan ı with frequency for various film thicknesses at room tem-
perature of BST thin films

increasing frequency may  be due to the tendency of induced dipoles
to orient themselves in the direction of the applied field. The fol-
lowing equation can explain the observed dependence of dielectric
constant ε(ω) with frequency [19].

ε(ω) = ε′′(ω)
tan ı

= ε′′(ω)
(1/ωRC + ωRC)

where the value of ε (ω) ˛1/ωRC at low frequency and ε (ω)  ̨ ωRC
at higher frequency.

When ω = 0, ε′′ (ω) ≈ 0 then ε (ω) = εs (static dielectric constant)
and when ω (œ), ε′′ (ω) ≈ ∞ then ε (ω) = εœ (dielectric constant
at optical frequency). The observed dielectric spectrum shows the
weak polar nature of the BST films. In vacuum evaporated thin films,
the growth processes produce agglomeration and hence porosity
formed in thin films. As the thickness of the film increases, the den-
sity of voids decreases and hence the dielectric constant increases.

Fig. 9 shows the typical variation of tan ı with frequency for vari-
ous film thicknesses at room temperature of BST thin films. The loss
factor is found to increase with increasing frequency in all thick-
ness up to the frequency 1 kHz. The appearance of peak in tan ı
near l kHz and 800 Hz frequencies suggests the existence of res-
onance frequencies. At resonance frequencies the dielectric losses
become maximum [20]. Further, the decrease of tan ı with increase
in frequency after maximum tan ı value can be explained by Debye
formula [21]. According to this formula tan ı is inversely propor-
tional to frequency which explains the decrease in tan ı with the
increase in frequency beyond maximum tan ı.

3.4.2. Temperature effect
Temperature dependencies of the capacitance at the frequency

of 1 kHz for different thicknesses are displayed in Fig. 10. It has
been observed that the capacitance decreases with increase in
thickness whereas capacitance increases with increase tempera-
ture and it attains its maximum value at Curie temperature (Tc)

Fig. 10. Temperature dependencies of the capacitance at the frequency of 1 kHz for
different thicknesses.
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Fig. 11. Temperature dependencies of the dielectric constant at the frequency of
1  kHz for different thicknesses.

378 K and above Tc it decreases indicating that phase transition
from ferroelectric to paraelectric phase. The temperature coeffi-
cient of capacitance (TCC) is an important parameter for assessing
the expected behavior of thin film circuits.

The temperature coefficient of capacitance has been evaluated
using the relation.

TCC = �c = 1(
(C dC) /dT

)

Temperature dependencies of the dielectric constant at the fre-
quency of 1 kHz for different thicknesses are displayed in Fig. 11.
The dielectric constant increases with increase in thickness and
temperature up to the Curie temperature (Tc) 373 K and above Tc

it decreases indicating phase transition from ferroelectric to para-
electric phase. The shift in the Curie temperature is lower than the
pure BaTiO3 thin film. Several other have also reported a shift in
the BaTiO3 Curie temperature with wide limits, depending on the
average grain size, in homogeneities, internal stresses and sinter-
ing temperature [22–24] Table 2 shows the estimated TCC and TCP
values for the films of different thicknesses at a frequency of 1 kHz.
It is found that the TCC and TCP values increase with increase in
thickness. The low values of TCC and TCP of the material suggest its
suitability for capacitor applications.

3.4.3. AC conduction
The dependence of AC conduction on frequency at different tem-

peratures for the Sr doped BaTiO3 thin film of thickness 165 nm
is shown in Fig. 12. The AC conductance has been found to vary
according to the relation Gp � fn, where the value of n depends
on the temperature and frequency. The curves exhibit two  dis-
persion regions one below 400 Hz and the other above 400 Hz. At
room temperature n values range from 0.96 to 1.4. In the second
region (>400 Hz), nearly all the curves approximate to a square
law dependence on frequency and show less dependence on tem-
perature at higher frequencies [25]. This behavior reveals that the
mechanism for AC conduction is hopping of charge carriers.

Fig. 13 exhibits the thickness dependence of conductance for
different thickness at 1 kHz and the estimated activation energy is
presented in Table 3. As seen in the table, the activation energy
decreases as the thickness increases. The observed low value of
activation energy suggests that the conduction mechanism in these
films may  be due to the hopping of electrons.

Table 2
Thickness dependence of TCC and TCP values of BST film at 1 kHz.

Thickness (nm) TCC (ppm/k) TCP (ppm/k)

80 4215 4370
150  8933 7526
165  9631 8436

54321
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Fig. 12. The dependence of AC conduction on frequency at different temperatures
for the Sr doped BaTiO3 thin film of thickness 165 nm.

Fig. 13. Thickness dependence of conductance for different thickness at 1 kHz.

Table 3
Activation energy dependence on thickness.

Thickness (nm) Activation energy (eV)

80 0.3240
150 0.2455
165 0.2374

4. Conclusion

We have successfully synthesized nanoparticles of Sr doped
BaTiO3 by low cost of wet  chemical method using commercially
available chemicals such as BaCl2, TiO2, SrCO3 and oxalic acid.
Thin films of few hundred nanometer thickness was  prepared on
well cleaned glass plate for the first time using thermal evapora-
tion method. X-ray analysis showed that particle has a tetragonal
nature and the deposited film has a polycrystalline nature, whereas
crystallinity increases with increase in thickness. The dielectric
constant of the film increases with increase in thickness. In the
low frequencies and at higher temperatures, the capacitance is
dependent both on temperature and frequency whereas it is inde-
pendent of frequency at low temperature and high frequencies. But
the dielectric constant and loss factor always shows a dependence
on frequency and thicknesses. The low value of TCC and TCP of the
material are suitable for capacitor applications. The a.c. conduction
mechanism in the films has been explained on the basis of hopping
of charge carriers. The activation energy is found to be thicknesses
dependent and it is also observed that decreases with increase of
thicknesses.
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