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Abstract

The current research work reports on structural, dielectric, pyroelectric and conduction properties of strontium orthotantalate, prepared by using
a high-temperature solid-state reaction technique. Preliminary x-rays structural study of the material confirms the formation of a single-phase
compound with trigonal crystal structure. The microstructure of gold-coated pellet sample recorded by scanning electron microscopy (SEM)
shows well-defined and homogeneously distributed grains. Detailed studies of dielectric parameters (¢, and tan &) of the compound as a function
of temperature at some selected frequencies reveal that these parameters are invariant in a wide range of frequency and temperature (room
temperature to about 400 °C). Studies of pyroelectric properties reveal that the materials have reasonably high figure of merit useful for
fabrication of pyroelectric detector. The ac conductivity spectra show a typical-signature of an ionic conducting system, and are found to obey
Jonscher's universal power law. The low leakage current and negative temperature coefficient of resistance (NTCR) behavior of the sample have
been verified from J~ E plots. The nature of variation of dc conductivity with temperature confirms the Arrhenius and NTCR behavior in the

material.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: B. X-ray methods; C. Dielectric properties; C. Electrical conductivity; D. Alkaline earth oxides

1. Introduction

The discovery of unusual non-linear properties (ferroelectri-
city) and other allied phenomena in Rochelle salt [1] in 1921,
and later on barium titanate (BaTiOs) of perovskite family have
drawn the attention of researchers to search for new dielectric
materials of different structural families for possible industrial
applications. Some simple and complex oxides (derived from
perovskite structure) were extensively investigated in order to
search materials with structural stability [2,3], high dielectric
constant, low dissipation factor, high quality factor, frequency
and temperature independent dielectric properties useful
for meaningful devices such as resonator, oscillator, filter for
wireless communications and ferroelectric related devices [4-8].
In the process several lead based perovskites such as Pb(ZrTi)
O3 (PZT), Pb(MgNb)O; (PMN) etc. were found to have
excellent dielectric, ferroelectric and pyroelectric properties
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useful for multilayer capacitors, sensors and actuators [9—12].
However, these lead based ceramics exhibits compositional
fluctuations due to evaporation of PbO. As a result, the
mechanical and electrical properties of these materials are
greatly affected and create environmental pollution.

In order to solve these problems, non-toxic oxides (ortho-
metallates) of alkaline earth metals with a general formula Aj
(BOy4), (A=divalent metal and B=pentavalent metal) have
attracted much attention of material scientists to work on their
structural, transport and ferroelectric properties for solid-state
devices including lasers [13,14]. Among various metal oxides
studied so far, only a few Ta-based perovskites such as
Baz;MTa,09 (M=Zn, Mg) were found to have some interesting
dielectric properties (i.e., low dielectric constant and low loss
(1073 at 1 GHz)) for micro-wave applications [15—18]. In this
context some of the complex systems such as MO-B,Os
(M=Ba, Sr, Ca and B=V, Nb, Ta) binary system with different
cationic ratio (M: B) have been found useful for devices. With
the cationic ratio (M: B) as 3:1, the oxygen-deficient cubic
(MO,) layers are formed which forces a change in coordination
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of the B atoms from octahedral to tetrahedral. As a result, the
palmierite structure can be derived from that of the 9R
polytypes structures [19]. The investigation on the SrO-rich
part of the StO-Ta,0Os5 binary system (i.e., Sr3Ta,Og) structure
reveals that the inter-layer site of the Sr°* cation is half
occupied with a random distribution of vacancies. The defect
structure and the presence of Ta’* ions account for its high-
temperature ferroelectric [20] and high-electronic conductivity
[21,22]. Further, study on such compounds reveals that they
decompose at ambient atmosphere and temperature because of
their compositional variation with experimental conditions.

Detailed literature survey reveals that such metal orthotantates
have many potential applications. Graham et al. [23] reported the
crystal chemistry of complex niobium and tantalum oxides. Yan
et al. [24] reported the electrical properties of ferroelectric—gate
FETs with SrBiTa,Og, fabricated using MOCVD technique.
Recently Li et al. [25] reported the photo-induced-topotactic
growth of bismuth nanoparticles. The phase transition and
piezoelectric properties of SrBiTa,Og was reported in Machado
et al. [26]. Senthil et al. [27] reported the impedance and electrical
modulus study of microwave sintered SrBiTa,Oy ceramic. Goel
et al. [28] reported the effect of annealing on the microstructure
and PE hysteresis of vanadium doped SrBiTa,O. It is very much
clear from the above and other relevant-literatures (bismuth
modified tantalum oxides), not much work has been reported
on dielectric and pyroelectric properties of Sr3Ta,Og.

Recently, we have reported the structural and electrical proper-
ties of Ba3V,0g and BazNb,Og [29,30] compounds of this
family. In view of the importance of the material for possible
device applications, we have synthesized lead-free complex
perovskite, Sr3Ta,Og, by a standard solid-state reaction route
and studied its dielectric, pyroelectric and conduction properties
of the material, and reported here.

2. Materials and methods

The lead-free polycrystalline ceramic Sr;Ta,Og was prepared by
the standard (mixed oxide) technique using the following chemical
reaction: 3(SrCOs)+TayOs— Sr3Ta,0g+3(CO,). The high purity
(AR grade) precursors; SrCO5 (99%, M/s LOBA Chemie Pvt. Ltd.,
India) and Ta,Os (99.9%, M/s LOBA Chemie Pvt. Ltd., India),
taken in proper stoichiometry, were mixed first mechanically in an
agate-mortar and pestle for an hour followed by wet grinding
(in methanol) for another hour to get a homogeneous mixture of
the constituents. This mixture was finally calcined at 1425 °C (as
decided by repeated firing/mixing) for 4 h in air. The formation and
quality of the desired compound were checked from the X-ray
diffraction (XRD) pattern of the material, recorded at room
temperature using a X-ray powder diffractometer (XPERT-PRO,
DISIR) with CuK, radiation (1=1.5405 A) in a wide range of
Bragg angle 0 (0 <20<60) at a scanning rate of 2°/min and
comparing the same with that of JCPDS data. The calcined powder
of the compound was cold pressed into cylindrical pellets (10 mm
diameter and 1-2 mm thickness) using polyvinyl alcohol (PVA) as
the binder and applying an isostatic pressure of 4 x 10° N/m? The
pellets were then sintered in oxygen atmosphere at an optimized
temperature 1450 °C for 4h followed by natural cooling.

To perform electrical measurements, both the flat and parallel
surfaces of the sintered pellet were electroded with air-drying
conducting silver paste and then dried at 150 °C for 8 h to remove
moisture (if any). The dielectric and other related parameters were
measured as a function of temperature (30-500 °C), at an input ac
signal of small voltage amplitude (~ 1 V), over a wide range of
frequencies (100 Hz—1 MHz) using a computer-controlled phase
sensitive meter (PSM LCR 4NL, Model: 1735, UK) with a
laboratory-designed and fabricated sample holder and a small
vertical pit furnace. The polarization (hysteresis loop) of the poled
sample (electric field=7 kV/cm, time=8 h) was obtained at differ-
ent temperatures using a workstation of hysteresis loop tracer (M/S
Marine India, New Delhi). The pyroelectric current of the pellet
sample was measured at different temperature (30-500 °C) by an
electrometer (KEITHLEY INSTRUMENTS INC., MODEL
6517B) at the heating rate of nearly 2°C/min. A constant voltage
was applied across the sample to measure the dc conductivity using
the same electrometer.

3. Results and discussion
3.1. Structural properties

Fig. 1 shows the room temperature XRD pattern of Sr;Ta,Og
calcined powder. The diffraction pattern consists of a number of
sharp peaks that are different from those of the ingredients. This
pattern reveals better homogeneity and crystallization of the
material, and thus confirming the formation of a new poly-
crystalline single-phase compound. The well-resolved sharp
peaks of Sr;Ta,Og indicate the material is highly crystallized.
All observed diffraction peaks of the pattern could be assigned
to the trigonal phase which is in good agreement with
the crystallographic data of similar type of compound Sr;V,0g
(JCPDS: 81-1844) [13,31]. The lattice parameters of
the selected unit cell were refined using the least-squares sub-
routine of the standard computer program package “POWD”
[32]. These refined lattice parameters are: a==38.7225(4) A and
c=14.330(3) A (the number in the parenthesis is estimated as
standard deviation of unit cell parameters). Using refined lattice
parameters, each peak was again indexed, and interplanar
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Fig. 1. XRD pattern of Sr3Ta,Og at room temperature.
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spacing (d) of reflection planes of the compound was calculated,
and compared with its observed value (Table 1). It is found that
refined unit cell parameters with proposed crystal structure
(trigonal) of the sample are very much consistent with that of
similar types of compounds reported earlier [13,31,33]. As the
powder sample was used to record XRD pattern, contributions
of strain and other effects in the broadening of XRD peaks and
crystallite size calculation have been ignored.

Fig. 2 shows the SEM micrograph of the sintered pellets
recorded at room temperature. The micrograph shows a well-
defined and homogeneous morphology for the sample. In spite
of sintering at optimized high- temperature, some voids of
irregular shape and dimension are still observed. Most of the
grains have dimension in the range of ~2-5 pum.

3.2. Dielectric properties

Fig. 3 shows the temperature dependence of relative permit-
tivity (&) and loss tangent (tan &) of Sr3Ta,Og with temperature at
some selected frequencies (20, 100 and 1000 kHz). It reveals that
the values of both ¢, and tan § decrease on increasing frequency,
which is a general feature of dielectric materials [34]. For a given
frequency the value of & is almost constant in the low and
medium temperature ranges (from room temperature to 450 °C).
On further increase in temperature, it increases gradually. At
higher temperatures, the increase of ¢, (at lower frequencies) may
be due to space charge polarization which arises from mobility of
ions and imperfections in the material. These combined effects
produce a sharp increase in the relative permittivity on increasing
temperature. The value of relative permittivity at 450 °C for
frequencies 20, 100 and 1000 kHz are 244, 238 and 227
respectively. As the compound exhibits frequency independent
transition temperature (i.e., no dispersion), the material is of non-
relaxor type. The relative permittivity or dielectric constant of the
material decreases with rise in frequency because their dipolar
and ionic polarizations decrease with rise in frequency. The defect
structure along with the presence of Ta>* ions accounts for its
high-temperature ferroelectrics [35].

Table 1
Comparison of dps, deq and h k 1 values of all the reflections of XRD peaks.

Sl no. 20 (deg.) d-spacing Rel. int.(I/I,) Miller indices
dobs dcal h k 1
1 21.49 4.1314  4.1312 8 2 1 1
2 23.81 3.7339  3.7337 5.4 3 0 1
3 29.72 3.0034 3.0014 100 3 0 2
4 30.58 2.9209 2.9232 65 4 0 1
5 31.58 2.8307 2.8308 99 1 0 3
6 32.47 27551  2.7683 6.5 2 2 2
7 43.93 2.0593  2.0573 59 2 0 4
8 46.62 1.9465 1.9476 1.4 5 2 1
9 49.31 1.8465  1.8455 1.9 3 3 3
10 51.55 17714 1.7729 12 7 0 0
11 54.35 1.6865 1.6854 17 6 0 3
12 55.09 1.6656  1.6701 27 4 3 3
13 56.21 1.6351 1.6351 11 2 1 5
14 57.99 1.5890  1.5890 2.1 5 4 0

Fig. 2. SEM of Sr;3Ta,0g at room temperature.
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Fig. 3. Variation of & and tand of Sr;Ta,Og with temperature at various
frequencies.

Fig. 3 (inset) shows that the value of tan § increases with
rise in temperature. The rate of increase in tan § in the material
in the low-temperature region is slow, whereas at higher
temperatures it increases sharply. This sharp increase in tan &
at higher temperatures may be due to (i) scattering of thermally
activated charge carriers, (ii) some inherent defects in the
sample and (iii) creation of oxygen vacancies during sample
preparation. At higher temperatures the conductivity begins to
dominate, which in turn, is responsible for rise in tan . Again,
the dispersion in tan 6 at higher temperatures, an important
characteristic of normal ferroelectric material, may be attrib-
uted to non-negligible ionic conductivity in the material arising
due to loss of oxygen during sintering at high temperatures.
The compound shows very low loss (i.e., even at a temperature
as high as 450 °C the value of tan & is 0.098 at 20 kHz), which
decreases further on increasing frequency (i.e., 0.044 at
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100 kHz and 0.036 at 1 MHz). Due to very low loss the quality
factor of the material is high.

In order to examine the effect of space charge polarization in
the low-frequency range at high temperatures, we have plotted
the real and imaginary part of dielectric constant (i.e., €', €”)
with frequency at different temperatures. Fig. 4 shows the
variation of ¢’ and ¢” with frequency above 300 °C. There is a
sharp decrease in value of ¢’ and &” in the lower frequency
region and showing a frequency independent value of these
parameters in the high frequency region. The strong decrease
of real and imaginary part of dielectric constant towards low
frequency range may be due space charge polarization and
interface effect.

3.3. Pyroelectric study

Ferroelectric materials, a sub-group of pyroelectric materials,
exhibit temperature dependent spontaneous electric polarization,
(i.e., polarization that changes with temperature) [36]. Pyroelectric
current (/), developed on the surface of the material sample, can
be calculated using the relation: /=I'A dT /dt where A is the area
of the sample, I is the pyroelectric coefficient and dT'/dt denotes
the time rate of change of temperature of the material. Like
relative permittivity (e,) the value of pyroelectric current increases
with rise in temperature for Sr3Ta,Og, and so also its pyroelectric
coefficient (Fig. 5(a)). The value of pyroelectric coefficient at a
temperature of 400 °C is found to be 1.11 x 10* pCm~2°C "
which is quite high as compared to that of earlier reported ones
on some single crystals and/or ceramics such as LiNbOj3 (83 pC
m 2°C™"), PbsGesO;; (110pCm~2°C~"), BazNb,Oq
(105pCm~2°C™ ", PbTIO; (180 puCm >°C~"), SBN-50
(550 uC m~2°C~ Metc. [37]. The higher pyroelectric coefficient
of the sample reflects the good stoichiometry. Again, the nature of
temperature dependence of pyroelectric current plot along with
the absence of pyroelectric anomaly supports the nature of
dielectric study in the material [38].
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Fig. 4. Variation of ¢’ and &” with frequency at different temperatures.
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Fig. 5. Temperature dependence of (a) pyroelectric current and pyroelectric
coefficient and (b) figure of merits (Fy and Fy) of Sr3Ta,Os.

Pyroelectric figure of merits such as voltage responsivity (F,)
and detectivity (Fy) are important parameters to evaluate the
utility of the materials for their heat sensing applications [38].
A pyroelectric detector requires high values of figure of merits.
To achieve maximum performance of the device, the pyro-
electric material must have a high pyroelectric coefficient and a
small dielectric constant as well as tangent loss. The voltage
responsivity is generally defined and calculated by using the
following expression [39,40], F,=I"/e;Where, ¢, is the relative
permittivity of the material. When tan § is the dominant noise
source associated with the pyroelectric material, the detectivity
is evaluated as per the relation, Fy=I"/+/¢; tan 5.

The efficiency or figures of merits is calculated from
pyroelectric coefficient, dielectric constant and tand at
100 kHz using the above formula. The variation of F, and
F4 with temperature (Fig. 5(b)) suggests that the material have
relatively high voltage responsivity and detectivity as com-
pared to some reported compounds [37] that may be due to
space charge effect or some other intrinsic charge carriers. This
material is expected to be useful for pyroelectric detector with
fairly high efficiency well above room temperature.

3.4. Polarization study

Fig. 6 shows the hysteresis loops of Sr;Ta,Og at room
temperature. From the plot the values of remnant polarization
(2P,) and coercive field (E..) were found to be 9.22 uC/cm2 and
1.54 kV/cm at room temperature (30 °C) respectively. The
nature of the loop at room temperature suggests the existence
of ferroelectric properties in the material.

3.5. Relaxation time analysis

The complex impedance spectroscopy (CIS) is a useful
technique to study the ac response of a system to a sinusoidal
perturbation, and subsequent calculation of impedance and related
parameters as a function of frequency at different temperatures
[41-43].
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The semi- circles in the impedance spectrum have a
characteristic peak occurring at a unique relaxation frequency
usually referred as resonance frequency (f;) (w,=2xf;). The
relaxation time due to bulk effect (7) has been calculated using
the equation wR,Cp,=w,7=1 and thus =R,y

Fig. 7 shows the variation of In 7 with inverse of absolute
temperature (1000/7). The value of 7, decreases with rise in
temperature, and thus temperature dependent relaxation time
for bulk follows the Arrhenius relation: t=z,exp(— E/KzT)
where 7, is the pre-exponential factor, Ky is Boltzmann
constant and 7 is the absolute temperature. A careful compar-
ison of temperature dependent bulk relaxation time with that of
proposed model shows very good agreement indicating the
validity of the model and accuracy of the experimental data.
The calculated value of activation energy (E,) was found to be
1.01 eV.

3.6. ac conductivity analysis

The ac conductivity of the sample can be calculated from the
dielectric data using the relation: 0,.=weegtan 5, where gy=
absolute permittivity of free space and other parameters have
their usual meanings. Fig. 8(a) shows the temperature depen-
dence of g, at some selected frequencies. The activation energy
E, (which is dependent on a thermally activated process) can be
evaluated using an empirical relation: o,.=0g¢exp(— EJ/kT),
where k=Boltzmann constant and ¢,=pre-exponential factor.
For each frequency in the plot, occurrence of different slopes of
different temperature-regions suggest the presence of multiple
conduction mechanism in the sample with different activation
energy [44]. The calculated activation energies (E,) of the
sample at frequencies 20 kHz, 100 kHz and 1000 kHz in low
and medium temperature ranges are 0.28 eV, 0.14eV and
0.02 eV respectively and the sharp increase in slopes at high
temperatures indicates a considerable rise in conductivity and
hence activation energy of the sample.

The phenomenon of the conductivity dispersion in solids is
generally analyzed using Jonscher's power law; ¢,.=04.+Aw"
where g4 is the dc conductivity at a particular temperature, A is
temperature dependent constant and 7 is temperature dependent
exponent in the range of 0 <n < 1. The n represents the degree
of interaction between mobile ions with the lattices around them,
and A determines the strength of polarizability [44]. The
frequency dependence of ac conductivity (g, (@)) at some
selected temperatures is shown in Fig. 8(b). The conductivity
curves show dispersion in the low-frequency region. From the
graphs it is clear that o, increases with rise in frequency but it is
nearly independent at low frequency. The high frequency
dispersion has been attributed to the ac conductivity whereas
the frequency independent plateau region corresponds to the dc
conductivity. The increasing trend of ¢,. with rise in frequency in
lower frequency region may be attributed to the disordering of
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cations between neighboring sites, and presence of space charge
[45]. In the high frequency-region the curves approach
each other.

Jonscher attributed the origin of the frequency dependence
of conductivity to the relaxation phenomena arising due to
mobile charge carriers [46]. When a mobile charge carrier hops
to a new site from its original site, it remains in a state of
displacement between two potential energy minima. Also, the
conduction behavior of the materials obeys the power law; ¢
(w) a »" with a slope change governed by n in the low
temperature region. The value of n less than 1 signifies that the
hopping process involves a translational motion with a sudden
hopping of charge carriers whereas n > 1 means that the
motion involves localized hopping without the species leaving
the neighborhood [29]. The frequency at which change in
slope takes place is known as hopping frequency of the
polarons (@), and is temperature dependent. The material
obeys universal power laws and is confirmed by a fitting of
above equation to the experimental data also shown in Fig. 8
(b). From non-linear fitting it is found that that motion of
charge carriers is translational because of small value of n
(<1 [47].

3.7. J-E characteristics and dc conductivity analysis

Fig. 9 shows the nature of dependence of current density (J) of
the material upon applied field (E) at some selected temperatures.
This J~E study on ferroelectric ceramics is one of the useful
characterization techniques to understand the conductivity
mechanism in the sample. At a given temperature, the non-
ohmic behavior of J-E graphs indicates the semiconducting
nature of the material. The increase in slope of characteristic
curves with rise in temperature suggests an increase in con-
ductivity of the material and thus confirms its NTCR-type
behavior. Further, the curves also reveal that the material allows
a very small leakage current to pass through it.

Fig. 10(a) and (b) show the temperature dependence of dc
conductivity of the material, obtained directly from LCR data
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Fig. 9. J-E characteristics of Sr;Ta,Og at various temperatures.

using the relation: o4.=t/R,A where the symbols have their
usual meanings and that from o, fitting data respectively. The
nature of these plots and the activation energy are consistent,
and also are in good agreement with each other. The increase
in the value of o4, with temperature supports the NTCR
behavior of the sample. The nature of the plot follows the
Arrhenius relation: o4.=00exp(E,/KgT) [48]. The occurrences
of different slopes at different temperature regions suggest the
presence of multiple conduction processes in the sample with
different activation energies [44,47]. The calculated values of
activation energy (E,) of the sample in medium (200-300 °C)
and high-temperature range (400-500 °C) are 0.42eV and
1.71 eV respectively. The small value of E, suggests that the
material can be activated by applying a relatively small energy.
Also, the difference in the value of activation energy in the low
and high temperature ranges supports the hopping-type con-
duction mechanism in the material [49]. Further, the mis-
matching of the values of E, from the conductivity and
relaxation time plots indicates that the charge carriers respon-
sible for conduction and relaxation process are different.

4. Conclusion

In summary, the present study reports a novel approach to
synthesize lead-free ceramic Sr;Ta,Og, with a trigonal crystal
structure at room temperature. The surface morphology of the
compound, studied by SEM, shows homogeneously distributed
grains. The dielectric study reveals that the material has
moderate permittivity very low loss even at high temperature.
Due to low loss the quality factor of the material is high.
The moderate permittivity, low dielectric loss and high quality
factor make this material (with suitable modifications) useful
for high frequency applications. The electric polarization study
along with the nature of hysteresis loop at room temperature
suggests the existence of ferroelectricity in the material. The
high value of pyroelectric coefficient and figure of merits
suggests that the material can be useful for pyroelectric
detectors. The frequency dependence of ac conductivity obeys
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Fig. 10. Variation of g4, of Sr3Ta,Og with inverse of absolute temperature (a)
from LCR data and (b) from o, fit data.
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Jonscher's universal power law. The dc conductivity study
reveals that the material has semiconducting nature (NTCR
behavior) with low leakage current and the nature of plot
follows Arrhenius relation. The smaller value of dc activation
energy suggests the conduction mechanism can be initiated in
the material by applying a small amount of energy. The
mismatching of activation energy of the sample, estimated
from the conductivity plot and relaxation time plot, suggests
that the charge carriers responsible for conduction and relaxa-
tion process are different.
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