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Ceramic samples of WO; added (Na,;,Bi;,)TiO; were prepared using a high-temperature solid-state
reaction method. X-ray diffraction analyses indicate the formation of a single-phase orthorhombic struc-
ture. The apparent particle size and lattice strain are estimated using the Williamson—Hall plot. Dielectric
studies revealed the relaxor behaviour and addition of WOj shifted phase transition temperature as well as
depolarization temperature of (Na;,Bi;;)TiO5 to higher side. ac impedance plots were used to analyse the
electrical behaviour of samples in function of frequency at various temperatures. The ac impedance stud-
ies revealed the presence of the grain boundary effect and evidence of a negative temperature coefficient
of resistance. Cole—Cole analysis indicated a non-Debye type dielectric relaxation. The ac conductivity
obeys the universal power law. The pair approximation type correlated barrier hopping model explains
the universal behaviour of the s exponent. The apparent activation energy of the conduction process and
density of states at the Fermi level have been discussed.
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1. Introduction

In recent years, a number of perovskite ABOs-type lead-free materials have been
studied for their possible use in electronic applications. To date, lead-based com-
pounds such as Pb(Zr,Ti)O;, PbTiO;, Pb(Mg;;sNb,;3)0;, etc. have been widely used
for multilayer capacitor, pyroelectric and/or piezoelectric applications. However,
aneed of lead-free materials has been felt worldwide for environmental protection.
Recently, the legislation on waste electrical/electronic equipment (WEEE) and a re-
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striction of hazardous substances (RoHS) has been issued by the European Union. The
use of hazardous substances such as lead in electrical parts has been prohibited since
2006. To meet this requirement, the search for alternative environment-friendly lead-
free materials for these applications has become the current trend. Sodium bismuth
titanate, (Na;,Bi;,)TiO; (NBT) is considered to be an excellent candidate as a key
material of lead-free piezoelectric ceramic, which shows strong ferroelectric properties
[1-7]. NBT belongs to perovskite family with thombohedral symmetry at ambient
temperature having a Curie temperature, T, = 320 °C, and large remanent polarization,
P, =38 uC/em’.

Furthermore, it has been reported that the NBT-based composition modified with
BaTiO; [8,9], Ba(Zr,Ti)O; [10], Ba(Cu,,W,2)O; [11], SrTiO; [12], NaNbO; [13],
MnCO; [14], La,0; [15,16], CeO, [16,17], Bi,05-Sc,05 [18], LiTaO; [19], ZrO, [20],
etc. showed improved electrical as well as electromechanical properties. In addition,
NBT exhibits an anomaly in its dielectric properties as a result of low temperature
phase transition from a ferroelectric to an antiferroelectric phase at about 200 °C,
which is termed the depolarization temperature Tq. Thus Ty is an important factor in
NBT and NBT-based ceramics, in view of their practical uses, because the piezoelec-
tric response disappears above Tg. It has also been seen that additives such as SrTiO;,
BaTiO;, (K,,Bi;,)TiOs, etc. show better piezoelectric properties while the Ty is
greatly reduced [11, 21]. Besides, it has been found that the addition of WO; improves
the electrical properties of a similar perovskite system [22, 23]. A recent study on
dielectric properties of the 2.5 wt. % WO; added (Na;,Bi;;)TiO; system showed
a remarkable shift in T, as well as T4 to higher values [24].

Accordingly, in the present work, structural, microstructural, dielectric and im-
pedance studies of 2.5 wt. % WO; added (Na,,Bi,,)TiO; (abbreviated hereafter NBT
-WO;) ceramic are presented. An attempt has also been made to understand the
mechanism of charge transport and the role of grain and grain boundaries on the elec-
trical properties of NBT-WO; using complex impedance spectroscopy. The apparent
activation energy of the conduction process and density of states at the Fermi level in
the system are also evaluated.

2. Experimental

Polycrystalline samples of 2.5 wt. % WO; added (Na,;;,;Bi;,)TiO; were obtained
from AR-grade (99.9%, pure) chemicals (Na,CO;, Bi,O3, TiO, and WOs) using the
solid-state reaction technique. The details of the sample preparation conditions have
been discussed elsewhere [24]. The calcination and sintering conditions were kept at
1050 °C for 4 h and 1090 °C for 3 h, respectively. Completion of the reaction and the
formation of the desired compound were checked by X-ray diffraction method. The
weight of the sample was monitored before and after heat treatments. The maximum
difference was about 1.12 mg for the total 10 g of the sample. Therefore, the composi-
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tion of the sample was considered to be the same as the initial one. The XRD data
were collected on calcined powder with an X-ray diffractometer (Siemens D500) at
room temperature, using CoK,, radiation (4 = 1.7902 A), over a wide range of Bragg
angles (20° < 26< 80°) with the scanning rate of 2 deg-min"'. The microstructure of the
sintered NBT-WO; sample was taken on the fractured surface using a computer con-
trolled scanning electron microscope (JEOL-JSM840A). The frequency dependent
electric permittivity (g), electrical impedance (Z), phase angle (6) and loss tangent
(tand) were measured at various temperatures using a computer-controlled LCR Hi-
Tester (HIOKI 3532-50), Japan, on a symmetrical cell of type Ag|ceramic|Ag, where
Ag is a conductive paint coated on either side of the pellet. ac conductivity data were
obtained from impedance data, using the relation oy = t/(SZ’), where Z' is the real
part of impedance, t and S are the thickness and area of the sample, respectively.

3. Results and discussion

Figure 1 shows the X-ray diffraction (XRD) profile of NBT-WO; at room tempera-
ture. A standard computer program, ‘PowdMult’ [25], was utilized for the XRD profile
analysis. A good agreement between the observed and calculated interplane spacing and
no trace of any extra peaks due to constituent oxides were found, thereby suggesting the
formation of a single-phase compound having an orthorhombic structure.
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Fig. 1. Indexed X-ray diffraction pattern of NBT WOj;
at room temperature. Inset: the Williamson—Hall plot

The lattice parameters were found to be: a = 3.808(8) A, b = 4.764(4) A and ¢
= 6.722(2) A, with an estimated error of £10~° A. The unit cell volume was estimated
to be 121.99 A’. The apparent particle size and lattice strain of NBT-WO; were esti-
mated by analyzing the X-ray diffraction peak broadening, using the Williamson—Hall
approach [26]:
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ﬂcos6=2%§sin6+% (1

where D is the apparent particle size, A is the diffraction peak width at half intensity
(FWHM) and A& & is the lattice strain and K is the Scherrer constant (0.89). The term
KA/D represents the Scherrer particle size distribution. The lattice strain can be esti-
mated from the slope of the plot fcosé in function of sind, and the apparent particle size
can be estimated from the intersection of this line at sind = 0. Linear least squares fitting to
Pcosb/) — sind/A data provided the values of the intercept and slope of the plot. A Gaussian
model was applied to estimate the diffraction peak width at a half intensity.

; \f exp{_z[ n @

where A and 6, are the area and centre of the curve, respectively. The inset of Fig. 1
illustrates the Williamson—Hall plot for NBT-WO;. The apparent particle size and
lattice strain are estimated, respectively, to be of the order of 104 nm and 0.0056.
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Fig. 2. SEM micrograph of NBT-WO; at 10 um magnification

Figure 2 shows the SEM micrograph of NBT-WOj3; at 10 um magnification. Grain
shapes are clearly visible, indicating the existence of polycrystalline microstructure.
Grains of unequal sizes appear to be distributed throughout the sample. The average
grain size was estimated to be about 2.5 pm. The ratio of the grain size to apparent
particle size of NBT-WO; is found to be of the order of 24.

Figure 3 presents the temperature dependences of ¢ and tand at three representa-
tive frequencies for NBT-WOs; system. It can be seen that the temperature of maxi-
mum relative permittivity (Ty,) shifted to a higher temperature (from 440 °C at 1 kHz
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to 465 °C at 100 kHz) and &, decreased from 3139 at 1 kHz to 1001 at 100 kHz with
the increase in frequency. Also, the plots show the diffuse phase transition (DPT)
around 10 °C and a strong frequency dispersion, which indicates the relaxor behavior
in NBT-WO;. Besides, it is important to note that the addition of WO; to NBT shifts
Tm as well as Ty to higher temperature by more than 100 °C which is desirable for
piezoelectric applications. The room temperature value of ¢ and tand at 1 kHz were
found to be 424 and 0.18, respectively.
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Fig. 3. Temperature dependences of ¢ and tand of NBT-WO; at 1, 10 and 100 kHz
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Fig. 4. Dependences of the real part of impedance of NBT-WOj; on frequency
at various temperatures. The inset shows an enlarged view at 400 °C, 450 °C and 500 °C
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Fig. 5. Dependences of the imaginary part of impedance of NBT-WO; on frequency
at various temperatures. The inset shows an enlarged view at 350-500 °C

Figures 4, 5 and their insets show the dependences of the real (Z') and imaginary
(Z") parts of impedance on frequency at various temperatures. The value of Z' de-
creases with increasing temperature as well as with increasing frequency which shows
that NBT-WO; has the negative temperature coefficient of resistance (NTCR). This
indicates an increase in the ac conductivity with the increase in temperature and fre-
quency. The loss spectrum (Fig. 5) is characterized by some important features in the
pattern such as the appearance of a peak (Z”_ ), asymmetric peak broadening (inset of

max

Fig. 5) and the decrease of values of Z” which shift to higher temperatures with the

increasing frequency. The asymmetric broadening of peaks in frequency explicit plots
of Z” suggests that there is a spread of relaxation times, i.e. the existence of a tem-
perature dependent electrical relaxation phenomenon in the material.

Figure 6 shows the complex impedance plots at various temperatures in a loga-
rithmic scale. It is observed that the impedance data at room temperature do not take
the shape of a semicircle but rather resemble a straight line, suggesting the insulating
behaviour of NBT-WOs. It can also be seen that with the increase in temperature the
slope of the lines decreases, and the lines bend towards the real (Z') axis. Also, at
300 °C a single semicircle, and at 400 °C and above two semicircles could be obtained
with different values of resistance for grain (Rp) and grain boundary (Rgp). This indi-
cates the increase in conductivity of the sample with the increase of temperature.
Hence, the grain and grain boundary effects could be separated at these temperatures.
It can also be observed that the peak maxima of the plots decrease and the frequency
for the maximum shifts to higher values with the increase in temperature. Further-
more, it can be seen that the Cole—Cole plots (inset of Fig. 6) are not represented by
a full semicircle, and the centre of the arc lies below the real (Z') axis, which suggests
that the dielectric relaxation is of non-Debye type in NBT-WO;. This may be due to
the presence of distributed elements in the material-electrode system [27].
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Fig. 6. Complex impedance plots of NBT-WO; at various temperatures in a logarithmic scale. The inset
shows the Cole—Cole plots at 350 °C and 500 °C with the appropriate, equivalent electrical circuit

It is believed that the correlation among the Debye relaxators may start developing
via formation of nanopolar clusters of Na-TiO; and Bi-TiO;. Since the relaxation
times of the relaxators within polar clusters are distributed over a wide spectrum at
higher temperatures, their responses to an external field are in a different time domain.
This results in the deviation from the Cole—Cole plots [28-30]. The first semicircle
(which may be ascribed to a parallel combination of bulk resistance R, and capaci-
tance Cp), in a high frequency region corresponds to the intragranular behaviour of the
material or bulk properties. The second semicircle (which may be attributed to a paral-
lel combination of grain boundary resistance, Ry, and capacitance, Cy), in a low fre-
quency region represents the grain boundary contribution. It is obvious that the con-
ductivities of grains and grain boundaries may be different, owing to different
underlying processes, and thereby relax in different frequency regions. In such a case,
the equivalent circuits (inset of Fig. 6) can be represented as a series network of paral-
lel RC elements [27]. The impedance can then be expressed as:

Z"=(Ry'+ jal,)" +(Ryy + jay) 3)

The values of Ry and Ry, could directly be obtained from the intercept of the ends
of the semicircle on the Z' axis whose temperature dependences are shown in Fig. 7. It
can be seen that the values of R, and Ry, decrease with the increase of temperature,
which clearly indicates the NTCR character of NBT-WO; and supports Fig.4. The
capacitances (C, and Cy) due to these effects can be estimated using the relation:

OmaxRC =1 4)
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where @ (= 27ty is the angular frequency at the maximum of the semicircle. Fig-
ure 7 shows the temperature dependences of C, and Cy, obtained from the Cole—Cole
plots at various temperatures. The decrease in the value of R, of NBT-WO; is associ-
ated with an increase in conductivity with the increase in temperature. Also, a decrease
in the Ry, values with the increment of temperature suggests the lowering of the barrier
towards the mobility of charge carriers aiding electrical conduction at higher tempera-
tures [30]. Besides, these curves do not coincide with the origin; rather they start from
~350 Q. Therefore, a series resistance Ry =350 Q should be added to the LCR circuit
representation (inset of Fig. 6) of the sample.
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Fig. 7. Temperature dependences of Ry, Ry, Cy and Cy, of NBT-WO5
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Fig. 8. Dependences of ac conductivity on frequency at various temperatures
of NBT-WO;. Inset: Temperature dependence of index S
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Figure 8 shows the log—log dependences of electrical conductivity on frequency at
various temperatures. The pattern of the conductivity spectrum shows dispersion
throughout the chosen frequency range. The frequency dependence of the ac conduc-
tivity at room temperature obeys the universal power law [31]:

o,. = Ao’ (%)

whereas above room temperature this dependence follows the double power law of
type [32]:

O, = A0™ + A0™ (6)

where A, A; and A, are the temperature dependent constants, and S, S; and S, are the
temperature as well as frequency dependent parameters. Such dependence is associ-
ated with displacement of carriers which move within the sample by discrete hops of
the length R between randomly distributed, localized sites. The values of the indices S,
and S, can be obtained from the slopes in the low and high frequency regions, respec-
tively. The inset of Fig. 8 shows the temperature dependences of S; and S,. It can be
seen that the values of both S; and s, are always lower than 1, and decrease with the
increase of temperature. Furthermore, the value of s; approaches zero at higher tem-
peratures, indicating that dc conductivity dominates at higher temperatures in the low
frequency region and obeys Jonscher’s power law [33]:

0,. =0(0)+ Aw™ (7)

where o/(0) is the frequency independent part of the conductivity. The model based on
correlated hopping of electrons over a barrier [34] predicts a decrease in the value of
the index with the increase in temperature, and it was found to be consistent with the
experimental results. Therefore, the electrical conduction in the system could be con-
sidered due to the short-range translational type hopping of charge carriers
[30, 32, 35]. This indicates that the conduction process is thermally activated. The
exponent S; (i =1 or 2) and binding energies are related by:

ok, T

S, =1-

®)

m

A decrease of Wy, upon temperature increase was observed. The characteristic de-
crease in slopes (S; and S;) with the increase of temperature is due to the decrease in
binding energy [35].

Figure 9 shows the dependence of ac conductivity on T '. A linear least squares fit
of Ino,—10°/T data in the higher temperature region gives the value of the apparent
activation energy of the conduction process. It has been observed that the value of the
activation energy (0.019 eV at 1 kHz) decreases with the increase in frequency. It can
be seen that the ac conductivity is almost insensitive in the low temperature region,
irrespective of the operating frequencies. Also, the onset temperature shifts to a higher
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temperature with the increase in frequency. A low value of the activation energy ob-
tained could be attributed to the influence of an electronic contribution to the conduc-
tivity in which the transport of carriers may occur through hopping between localized
states in a disordered manner. Also, the increase in conductivity with temperature may
be explained based on the assumption that within the bulk, the oxygen vacancies, due
to the loss of oxygen, are usually created during sintering and the charge compensa-
tion, which may leave behind free electrons, making them n-type.
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Fig. 9. Dependence of ac conductivity of NBT-WOson inverse of temperature at various frequencies
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The hopping conduction mechanism is generally consistent with the existence of
a high density of states in the materials having a band gap similar to that of a semi-
conductor. Due to localization of charge carriers, formation of polarons takes place
and the hopping conduction may occur between the nearest neighbouring sites. The ac
conductivity data were used to evaluate the density of states at the Fermi level N(Ey)
using the dependence [36]:

o (@) =§e2a)kBT(r\|(Ef))2 oﬁ(lnij 9)
w

where e is the electronic charge, f, the photon frequency and « is the localized wave
function, assuming f, = 10" Hz, o= 10" m' at various operating frequencies and
temperatures. Figure 10 shows the frequency dependence of N(Ey) at different tem-
peratures. As can be seen the value of N(Ey) increases with the increase in operating
frequency at low temperatures showing a minimum (from 100 °C onwards) which
shift towards higher frequencies with the increasing temperature. The inset of Fig. 10
shows the variation of N(Ey) with temperature at two representative frequencies: 1 kHz
and 1 MHz. It is found that the value of N(Ey) increases with the increase in tempera-
ture at low frequencies, while it shows a maximum at 350 °C at 1 MHz. The reasona-
bly high values of N(Ey) suggest that the hopping between the pairs of sites dominate
the mechanism of charge transport in NBT-WO;.

4. Conclusion

Polycrystalline samples of 2.5 wt. % WO; added (Na;,Bi;;,)TiO;, prepared by
a high-temperature solid-state reaction technique, were found to have a single-phase
perovskite-type orthorhombic structure. Impedance analyses indicated the presence of
grain and grain boundary effects. The dielectric relaxation in the system was found to
be of non-Debye type. The ac conductivity was found to obey the universal power
law. The pair approximation type correlated barrier hopping (CBH) model accurately
describes the mechanism of charge transport in NBT-WO; system.
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