Research Article Adv. Mat. Lett. 2012, 3(4), 286-292 ADVANCED MATERIALS Letters

www.vbripress.com, www.amlett.com, DOI: 10.5185/amlett.2012.2322

Structural, dielectric and conductivity properties of

Published online by the VBRI press in 2012

Ba** doped (BigsNags) TiO; ceramic

Meera Rawat, K. L. Yadav*, Amit Kumar, Piyush Kumar Patel, Nidhi Adhlakha, Jyoti Rani

Smart Materials Research Laboratory, Department of Physics, Indian Institute of Technology Roorkee,
Roorkee 247667, India

*Corresponding author. Tel/Fax: (+91) 1332-273560; E-mail: klyadav35@yahoo.com

Received: 09 January 2012, Revised: 12 February 2012, Accepted: 28 April 2012
ABSTRACT

Polycrystalline (BigsNags)1.xBaxTiO3 [here after BNBT], x = 0, 0.02, 0.04, 0.06, 0.08, and 0.1 ceramics have been synthesized
by conventional solid state reaction process and were characterized by X-ray diffraction technique, which indicates that on
substitution of Ba** in BigsNagsTiOs (BNT) ceramic there is splitting of the (2 0 0) peak for x > 0.06. This splitting in the
peak position reveals that the composition BNBT-0.06 is well in Morphotropic Phase Boundary (MPB) region where
rhombohedral and tetragonal phase co-exist. Scanning electron micrograph shows decrease in grain size from 0.66 to 0.53 pm
with increasing concentration of Ba®*; and the dielectric constant of Ba** doped BNT ceramics increased with decreasing
grain sizes and a maximum value was attained at size of 0.54 ~ 0.56 pm. Doped BNT ceramic also exhibit diffuse phase
transition and are characterised by a strong temperature and frequency dispersion of the permittivity which would be
connected with the cation disorder in A-site of perovskite unit cell. Complex impedance spectroscopy is used to analyze the
electrical behaviour of BNBT, which indicates the presence of grain effect and the composition exhibits Negative Temperature
coefficient of resistance (NTCR) behaviour. The compounds exhibit Arrhenius type of electrical conductivity and the presence
of non-Debye type of relaxation has been confirmed from impedance analysis. Copyright © 2012 VBRI Press.
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Introduction

Lead oxide based ferroelectrics such as PZT, are of
technological importance because of their wide
applications in transducers, actuators, and microelectronic
devices [1-3]. The toxicity of lead raised serious
environmental concerns and the restriction of use of lead
in electronic devices. Recently, much attention has been
given to the research on new lead-free piezoelectric
materials because of the concern regarding the detrimental
effect of lead on environment [4-6]. Bismuth sodium
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titanate, (Biy,Nay,)TiO; (abbreviated to BNT), is an
attractive lead-free A-site complex perovskite for high T,
ferroelectric relaxor material used to replace lead-
contented perovskite materials because of the lead-free
control of sintering atmosphere and lack of lead pollution
during the process of preparation. Ferroelectric bismuth
sodium titanate (Biy,Nay)TiOs, discovered by Smolenski
et al, is the compound that has been most widely studied
[7]. Ferroelectric materials of the perovskite family
(ABOs-type) have received considerable attentions
for the past several years owing to their promising
potentials for wvarious electronic devices such as
multilayer capacitors (MLCCs), piezoelectric
transducers, pyroelectric detectors/sensors,
electrostrictive actuators, precision micropositioners,
MEMS (Micro-Electro-Mechanical Systems), etc. BNT
has been considered to be a good candidate of lead-free
piezoelectric ceramics because of its strong ferroelectricity
at room temperature and high Curie temperature T, of 320
°C [8-13]. However, pure BNT suffers from a large
coercive field Ec = 73kVem™  at room temperature as
well as a rhombohedral to tetragonal phase transition
below the Curie point,[14] both of which limit its
usefulness in the transducer industry. Also pure BNT
ceramics are limited by some of its other shortcomings in
electric properties, for example: low relative dielectric
permittivity (z,J, narrow sintering temperature range and
high conductivity at room temperature [15]. Sodium
bismuth titanate is a compound with strong ferroelectricity
but theses ceramics are difficult to pole and to sinter. Thus
the pure BNT ceramic usually exhibits weak piezoelectric
properties [16]. To improve the poling process and
enhance the piezoelectric properties of the BNT ceramics,
a number of BNT-based solid solutions, such as BNT-
BaTiO; [17,18], BNT-(Ba,Sr)TiO; [19], BNT-
BigsKosTiOz [9], BNT-SrTiO3-BigsLiosTiOz [20], BNT-
Bio'sKo'sTiO3'Bio_5Lio_5TiO3 [21], BNT-BiolsKolsTiOy
BiFeO; [22], BNT-BT-BigsKosTiOs [23], BNT-BT-
KNbO3 [24], and Bi,0; doped BNT-BaTiOs [25] have
been developed and studied in recent years. The
(1-x)(Biy2Nay ) TiOs—xBaTiO; system has been of great
interest since the discovery of an MPB. In 1993, Takenaka
[26] reported that BNBT6 ceramics, which is near the
MPB, has relatively good piezoelectric properties, and
since then, much research has focused on the BNBT6-
system and good properties have been obtained [27-29].
Rare earth oxide was often used as an additive in order to
improve the structural, electrical properties of piezoelectric
and ferroelectric ceramics, recently of them are WO; [30],
Dy,0s [31], CeO;, [32, 33],Y,03[34], and La,03 [35] have
been tested to further modify piezoelectric properties of
BNBT6 ceramics.

Most of the work that has been carried out in BNBT
system is in its preparative methods, dielectric (variation
of ' with temperature) Ferroelectric and piezoelectric
properties. Further, in ferroelectrics in general, the study
of electrical conductivity is very important since the
associated physical properties like piezoelectricity,
pyroelectricity and also strategy for poling are dependent
on the order and nature of conductivity in these materials.
In this paper we present systematic study of structural and

dielectric properties of (BigsNags)1xBacTiO3 (BNBT) and
also present complex impedance studies of BNBT
ceramics to understand the mechanism of charge transport
and role of grains on electrical properties of ceramics.

Experimental

(BipsNags):xBaxTiO3 (with x = 0, 0.02, 0.04, 0.06, 0.08
and 0.1) polycrystalline ceramics were prepared by
conventional solid-state reaction method, using required
amount of analytic grade reagents Bi,O3 (99.5%, Himedia,
India), Na,CO;3 (99.9%, Qualigens, India) BaCO; (98.5%,
Himedia, India) and TiO, (99%, Himedia, India) as
starting materials. The weighed powders in stoichiometric
ratios were ground well in agate mortar in acetone medium
for 4 h. An extra amount of 3 wt% Bi,O; and Na,CO; were
added to initial mixture to compensate the losses of
bismuth and sodium (offset A-site cations) which
evaporate at high temperature. The resultant mixture was
calcined at 1323 K for 2h. The phase purity of the final
product was confirmed via the X-Ray diffraction (XRD)
technique with Cu (K,) (A = 1.5402 A) radiation, over a
wide range of Bragg angle (20° < 26 < 70°) with a
scanning speed of 1° min~!, using BRUKER D8 XRD
Spectroscope. The calcined powders were ground again
until the grains reached to a fine form and then pressed
into pellets with diameter of 8-9 mm and thickness of 1-1.2
mm by Hydraulic press. These pellets were sintered at
1373 K for 2 h and then slowly cooled down to room
temperature. Sintered pellets were painted with silver paste
on both surfaces in order to measure their electric
properties. Field emission scanning electron microscope
(FESEM) coupled with Energy dispersive X-ray
Spectroscopy (EDAX) was used to analyse the
microstructure and to check the chemical composition of
the ceramic samples. The densities of the sintered pellets
have been determined by the liquid
displacement/Archimedes method. The permittivity (="},
loss tangent (tand), and complex impedance analysis was
carried out using a LCR Hi-tester (model 3532-50 HIOKI)
as a function of temperature and frequency.
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Fig. 1. X-ray diffraction pattern for various compositions in the system
(BiosNas)1-xBaxTiOs for (a) 26, 20°-70° and (b) 26, 43°-49°.
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Results and discussion
Crystal structure and density

Fig. 1(a) shows the XRD pattern of the sintered
(BipsNags)1xBaxTiO; (x = 0, 0.02, 0.04, 0.06, 0.08, 0.1)
ceramics. It shows the formation of single-phase
compounds with rhombohedral structure. With the increase
of Ba®* concentration, the diffraction peak 20 angle
decreased gradually indicating the increase in the volume
of the unit cell because of Ba** (1.39 A) which is
substituted for the smaller ionic radii of Na* (1.18 A) and
Bi** (1.17 A). Also, the substitution of Ba®* in BNT for x >
0.06 resulted in a splitting of the (2 0 0) peak into two
peaks of (0 0 2) and (2 0 0) reflections as seen in inset Fig.
1(b). This Splitting in the peak position reveals the
composition BNBT-0.06 is well in MPB region where
rhombohedral and tetragonal phase co-exist [36-38].

Table 1. Lattice parameters of (BigsNags)1xBaxTiO3 ceramics.

Composition BNBT1 BNBT2 BNBT3 BNBT4 BNBT5 BNBT6
x=0 x =0.02 x =0.04 x =0.06 x=0.08 x=0.1
Lattice parameter a(A) 3.8521 3.8819 3.8848 3.8754 3.8872 3.8727

Distortion (angle) o (angle)  89.7513 89.9882 89.9312 89.7525 89.8479 89.7491

Calculated value of lattice parameters are given in
Table 1. The experimental densities are found to be in
between 92-95% to that of theoretical values. FE-SEM
micrograph Fig. 2(a-f) shows spherical shaped grains. It
was used to determine the grain size of sintered pellets.
The average grain size (~0.5-0.7 um) was determined by
linear interception method. SEM images shows that the
grain size of Ba** doped BNT compositions are smaller
than undoped BNT, which prove that Ba®* in BNT act as
the grain growth inhibitor and prohibit further growth of
grains. Energy dispersive X- ray analysis (EDS) (Fig. 29)
confirmed that all the samples are in stoichiometry ratio.

Fig. 2. SEM Micrograph for (a) x = 0, (b) x = 0.02, (c) x = 0.04, (d) x = 0.06,
(e) x = 0.08, and (f) x = 0.1 in the system (BiosNags):1-xBaxTiOs (g) Energy
dispersive X-ray spectrum for (BiosNags)1-xBaxTiOs,

Dielectric behavior

Fig. 3(a, b), respectively, shows the frequency dependence
of dielectric permittivity " and dielectric loss " (tand) at
room temperature, both follow inverse dependence on
frequency, normally followed by almost all ferroelectric
materials. The dielectric permittivity " of a material has
four polarization contributions: electronic polarization,
dipolar polarization, ionic polarization, and space
polarization. Response frequencies for electronic and ionic
polarization are ~ 10'® and 10" Hz respectively and at a

frequency of 10 kHz, contribution from space charge
polarization is likely to be dominant. Fig. 3(b) shows the
variation of dielectric loss with frequency at room
temperature. It is observed that with increasing frequency
dielectric loss decreases rapidly and after 10 kHz it is
almost constant. This can be understood in term of space
charge polarization in materials. In these materials defects,
distortions are cause for dielectric loss.
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Fig. 3. Variation of (a) £ and (b) tand with frequencies for various
compositions in the system (BiosNags)1xBaxTiOs.

Fig. 4 shows the temperature-dependent dielectric
permittivity and Fig. 5 shows variation of dielectric loss
with temperature of the BNBT (x=0, 0.02, 0.04, 0.06, 0.08,
0.1) ceramics for the frequency range from 1kHz-1MHz.
The temperature (T,) or Curie point (T.) corresponds to the
maximum value of dielectric permittivity. It can be seen
that both " and =" are strongly frequency dependent, and
we find that dielectric permittivity increases as the
concentration of Ba** increased and it is maximum for x =
0.08, this increase in dielectric permittivity depends on
decrease in grain size and maximum value attained for the
grain size 0.54 um for x = 0.08. According to Arlt et al.
[39], this is consequence of the decrease of the 90° domain
width decreasing the grain size. The multiple ion
occupation at different sites causes deviation from normal
Curie-Weiss behaviour, where Ty, is not sharp, but physical
properties change rather gradually over a temperature
range, which is referred as diffused phase transition. This
indicate that BNBT ceramics are relaxor like, due to
complex occupation of Ba**, Na*, and Bi** cations at A-
site. In most of the composition higher dielectric
permittivity at lower frequency is usually attributed to
space charges which exist in BNT composition with A-site
deficiency serving as charged vacancies [40]. These
vacancies in stoichiometry composition are due to
evaporation of A-site cations at high temperature. However
this evaporation of A-site elements can be offset by the
excess addition of Bi** and Na* ions.

A modified Curie-Weiss law has been proposed to
quantify the diffuseness of a phase transition at Ty, [41, 42],

(/5 — 1/ s, ) = AT — T)Y o))

where v is a critical exponent which lie in the range 1 < y
< 2. vy = 1 represents ideal Curie-Weiss behaviour while
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between 1 and 2 indicate diffuse behaviour [43]. We
determined the value of y from the slope of straight line
fitted to the logarithmic plots of reciprocal permittivity
(1/e —1/&.,) measured at 1 KHz as a function of
(T —T,,,) as show in Fig. 6. There is increase in diffusive
factor (y) as we increase the concentration of Ba?* in BNT.
These results imply an elevation of the relaxor feature and
transition  from normal ferroelectric to relaxor

ferroelectrics.
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frequencies for () x = 0, (b) x =0.02, (C) x = 0.04, (d) x = 0.06, (e) x = 0.08,
and (f) x = 0.1 respectively in system (BigsNags)1-«BaxTiOs.
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Impedance analysis

Fig. 7 shows the variation of the real part of
impedance Z"with frequency from 100Hz-1MHz in
temperature range from 30-500 °C. It is observed that the
value of Z" decreases with increase in temperature as well
as frequency which shows that BNBT has the negative
temperature coefficient of resistance (NTCR). This
indicates an increase in ac conductivity with increase in
temperature and frequency.
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Fig. 8 shows the plot of imaginary part of impedance
Z" or impedance loss spectrum with frequency at different
temperatures  (50-500 °C). At lower temperatures
Z" decreased monotonically. There is asymmetric peak
broadening (inset of Fig. 8) and the decrease of value of
Z" with increasing temperature and peak shifted toward
higher frequency. The asymmetric broadening of peaks in
frequency explicit plots of Z"indicates the spreading of
relaxation times, i.e. existence of a temperature dependent
electrical relaxation phenomenon in the material. Complex
impedance formalism helps in determining inter-particle
interaction like, grain, grain boundary effects etc.

The temperature dependence of complex impedance
spectrum Z'vs Z"(called Nyquist plot) of BNBT
compounds with x = 0, 0.02, 0.04, 0.06, 0.08, and 0.1 is
shown in Fig. 9 over a wide frequency range for the
temperature 450 °C, and 500 °C. It is observed that
impedance data at room temperature do not take the shape
of semicircle but rather resemble a straight line, which
suggest the insulating behaviour of BNBT and with
increase in temperature the slope of lines decreases, and
line bend towards the real {Z") axis and at 450 °C, a
semicircle could be traced, indicating the increase in
conductivity of samples, it can be also observed that the
peak maxima of the plots decrease and frequency for the
maximum shift to higher wvalues with increase in
temperature. It is observed that all the semicircles arc
exhibits some degree of depression indicating that centres
of these semicircles lies below the real Z’ axis, it showing
presence of non-Debye type of relaxation in the material.
The non-Debye type nature of dielectric relaxation could be
analysed through complex impedance plots.
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Fig. 9. Cole-Cole plots for (a) x = 0, (b) x = 0.02, (C) x = 0.04, (d) x = 0.06,
(e) x = 0.08, and (f) x = 0.1 respectively in system (BiosNags)1xBaxTiO3 at
500 °C and 450 °C.

For Debye type relaxation, one expect semicircle plots
with centre located on the real 2" axis, whereas for Non-
Debye relaxation these argand plane plots are close to
semicircle arc with end point on the real axis and centre
lying below this axis. The complex impedance in such
situation can be described as [44]

Z*w) = Z'—iZ" = R/[1 + Gea /e, 7] )

where o represent the magnitude of departure of the
electrical response from an ideal condition and can be
determined from the location of the centre of the
semicircles. When a goes to zero then equation (2) gives
rise to classical Debye’s formalism. Here it can be seen that
complex impedance plots are not represented by full
semicircle and centre lies below the real Z'axis, which
suggests that dielectric relaxation is non-Debye type in
BNBT. This may be due to the presence of distributed
elements in the material-electrode system [45]. Also the
value of o increases with rise in temperature. The
correlation among the Debye relaxators may start
developing via formation of non-polar clusters of Na-TiO;
and BIi-TiO3. Since the relaxation times of relaxators
within clusters are distributed over a wide spectrum at
higher temperatures, their response to external field are in
a different time domain. This results in the deviation from
Cole-Cole plots. There is presence of single semicircular
arc shown by plot indicates bulk or grain resistance effect
come into force. The bulk resistance (Rp) obtained from the
intercept on the Z'- axis, which decreases with the rise of
temperature. This electrical behavior can be represented in
terms of an equivalent circuit which consisting of series
combination of parallel RC circuits. The bulk capacitance
(Cy) was calculated using the relation:

e Ry O = 1 (3)

where o = 2w fng. is the angular frequency at the
maxima of the semicircle due to grain effect in the complex
impedance plots (Fig. 9). Variation of R, and C, of ceramic
with temperature can be seen in Fig. 10 in which the value
of R, decreases with temperature, this decrease in the value
of R, of BNBT is associated with the increase in
conductivity with increase in temperature. This clearly
indicates the negative temperature coefficient of resistance
(NTCR) behaviour of the compounds [42, 46].
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Fig. 10. Variation of (a) Ry and (b) Cp, with temperature for x = 0.02, x =
0.08, and x = 0.1 in the system (BiosNaos)1xBaxTiOs.

The impedance loss spectra have been used to
evaluate the relaxation time (t) of the charge carriers by
using the relation, eimy,T = 2fn,,T = 1. The relaxation
time basically gives an estimation of the dynamics of the
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electrical relaxation process occurring in the material. Fig.
11(a) shows the variation of t as a function of inverse of
absolute temperature for different concentration of Ba
doping in BNT.

It is found that higher the value of 1, the slower is the
electrical relaxation process, and vice versa. The nature of
variation of © with temperature follows the Arrhenius
relation;

T = Tpexp (_EGJFKBT) (4)

where 7 is the pre exponential factor, E; the activation
energy, Kz the Boltzmann constant and T is the absolute
temperature.

0.00674 -
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x=0.04 w x=0.06

¢ x=008 <« x=0.1.
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Fig. 11. Variation of (a) relaxation time t and (b) dc conductivity (&,

with £ 102 /T of (BiosNaos):xBaxTiOs with x = 0, x = 0.02, x = 0.04, x =
0.06, x =0.08, and x = 0.1.

The value of activation energy of the samples
evaluated from the linear fit to t-plot is 0.45, 0.72, 0.52,
0.45, 0.44 and 0.19 eV for x = 0.0, 0.02, 0.04, 0.06, 0.08
and 0.1, respectively. It is also shown that the value of
activation energy firstly increases for x = 0-0.02 and
thereafter it decreases with increasing Ba** contents. Fig.
11(b) shows the variation of dc electrical conductivity

(m!,’}) of BNBT compound with temp follow the
Arrhenius relation:

Oge = OpBXpP (_Eaf- KBT) ®)

where all the symbols have their usual meanings. Using the
above equation, the value of activation energy (E;} of
compound is 0.82, 0.39 and 0.21 for x = 0.02, 0.08 and 0.1
respectively, which are very close to the values obtained
from t-plots, these resemblance indicates that the
relaxation and conductivity processes may be attributed to
the same type of charge carriers [47].

Conclusion

In this paper we report the systematic study on structural,
dielectric and electrical transport properties of (BipsNaos):-
«BaxTiO3 [BNBT] ceramics prepared by solid state reaction

method. The X-Ray powder diffraction pattern of materials
have been indexed and found to be single phase with
rhombohedral structure and also shows existence MPB for
x = 0.06, where rhombohedral and tetragonal structure
coexist. Scanning electron micrograph shows decrease in
grain size with increasing concentration of Ba®*, and the
dielectric constant of Ba®* doped BNT ceramics increased
with decreasing grain sizes and a maximum value was
attained at size of 0.54 um for x = 0.08. Existence of
diffuse phase transition in BNBT is mainly due to cation
disorder in A-site of perovskite unit cell. The complex
impedance or Nyquist plots indicates the presence of grain
effect (bulk resistance), which is found to decrease with
increase in temperature. It suggests that the composition
exhibits the NTCR behaviour usually shown by
semiconductors. The nature of electrical conductivity (dc)
with temperature shows that the compound exhibit
Arrhenius type of electrical conductivity and the dielectric
relaxation in the system was found to be of non-Debye type.
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