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The polycrystalline samples of Sm doped BisV,_xSmy011 with x = 0.05, 0.10, 0.15 and 0.20 ceramics were
prepared by using solid-state reaction technique. The structural characterization of the prepared samples
were confirmed by X-ray powder diffraction (XRD) and showed an orthorhombic and monoclinic phase.
The nature of Nyquist plot confirms the presence of both grain and grain boundary effects for all Sm
doped compounds. The grain resistance decreases with rise in temperature for all the samples and ex-
hibits a typical negative temperature co-efficient of resistance (NTCR) behavior. The ac conductivity
spectrum obeys Jonscher's universal power law. The modulus analysis suggests a possible hopping
mechanism for electrical transport processes of the materials. The nature of variation of dc conductivity
suggests the Arrhenius type of electrical conductivity for all the samples.
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1. Introduction

Recently, a lot of research has been carried out on the Bismuth
Layered Structured Ferroelectric (BLSF) materials of the Aurivillius
family, first studied by Aurivillius [1] in 1950 having the general
formula (Biz02)*" (Am_1BmO3m+1)°>~, which consists of m-perov-
skite unit sandwiched between bismuth oxide layers called the
family of BLSFs, where A and B are the two types of cation that enter
the perovskite unit (A is Bi>*, Ba®*, Sr**, Pb**or K'* and B is Ti*",
Ta>*, Nb**, Mo®" or W8* and m = 1, 2, 3, 4, 5, 6). The crystal
structure is built up of two perovskites-like layers, infinite in two
dimensions and alternating with a layer of (Bi,0,)*" along the c-
axis.

Bismuth Vanadate BizV,01; is a group of the Aurivillius family
having general formula (Bi»02)?" (Am—1BmO3m.1)>~ with m = 1. It
consists of layer of (Bix0,)>" interleaved with the perovskite-like
sheets of V,05 with the perovskite slab containing oxygen va-
cancies and responsible for the high ionic conductivity of oxides
[2,3]. These materials are used for various applications such as
catalyst properties, gas sensors, solid state electrolytes as electrode
materials for lithium rechargeable batteries, pyroelectric detectors,
fuel cells, oxygen pumps, space and land based pulsed power

* Corresponding author.
E-mail address: banarjibehera@gmail.com (B. Behera).
Peer review under responsibility of Vietnam National University, Hanoi.

http://dx.doi.org/10.1016/j.jsamd.2016.10.004

application etc [3—5]. Much research work has been reported in the
literature aimed to improve the electrical properties of such ma-
terials. BisV201; compound has three modified structure in the
form of «, § and . These are mainly due to two structure form: o
(monoclinic and orthorhombic) phase and stable in the room
temperature (RT) to 440 °C, B (orthorhombic) phase and stable in
the temperature range (440 °C—560 °C) and the y (tetragonal)
phase which is found beyond 560 °C [6]. The microstructures of
BIMEVOXes and the ME doped materials (Ni, Co, Cu, Zn) are studied
using impedance synthesis [7]. Politova et al. studied both A and B
site doped samples of (Bij_yLay)s (V1_xMex)2011_y with X, y < 0.2,
Me = Zr, Ga, Fe, Ca [8]. Morozova et al. studied, using three different
methods (conventional solid state synthesis, mechanical activation
and liquid precursors), to prepare the vanadium doped samples
BigVy_xCuy2Tix2011-x (0.025 < x < 0.5) [9]. Szreder et al. studied
the linear and non linear ac conductivity as a function of frequency,
temperature and ac voltage [10]. Sei-Ki Kim et al. studied the Co
doped at the B site of BisV,_xCoxO11_5 and confirmed a high
anisotropy of the ionic conductivity between the directions of both
parallel and perpendicular to (Bi02)** layer [11]. Gupta et al.
studied the Barium doped BigBayV,_x011_3 (0.0 < X < 0.15) using
melt quench technique [12]. Ravi Kant et al. also studied the Ti
doped BigV,_xTixO11_5 (0 < x < 0.4) [13]. Politova et al. studied the
dielectric  conductivity and impedance properties  of
(Bi1_yLay)4(V1 _erx)zon_y with x = 0-0.05, y = 0-0.16 and
confirmed the influence of both intrinsic oxygen vacancies and
‘Pinned’ at ferroelectric domain boundaries on the temperature

2468-2179/© 2016 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
mailto:banarjibehera@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsamd.2016.10.004&domain=pdf
www.sciencedirect.com/science/journal/24682179
http://www.elsevier.com/locate/jsamd
http://dx.doi.org/10.1016/j.jsamd.2016.10.004
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.jsamd.2016.10.004
http://dx.doi.org/10.1016/j.jsamd.2016.10.004

S. Bag, B. Behera / Journal of Science: Advanced Materials and Devices 1 (2016) 512—520

dependence hysteresis of o and B phase transition [14]. Torba et al.
studied (100-n) BigV,011_; — n CeggGdp1019 with n = 0+25 wt%
[15]. Thakur et al. studied the structural and optical properties of La
and Gd doping Big_xMxV2011_5 (0.1 < x < 0.3) [16]. Gupta et al.
again studied BisV, xMgxO11_5 (x = 0.05, 0.10 and 0.20) and
BigVy_xCax0q1_5 (X = 0.05, 0.10, 0.15 and 0.20) [17]. Yasuda et al.
studied the impedance analysis on electrical anisotropy of layer-
structured BigVy(1-x)C02x011—5 single crystals [18]. Khaerudini
et al. studied the Nb doped BigV;_xNbyO11_5 and reported three
structurally related phase changes that effect of vacancy order/
disorder over the oxygen atom positions [19]. The values of two
component of complex impedance and the relaxation time of oxide
ion movement through the grain interior and grain boundary de-
creases with increase in temperature of BizVgg9Cog1_xTixO535.x
(0.02 < x < 0.08) was studied by Beg et al. [20]. Many authors have
reported the analysis of different materials using impedance
spectroscopy [21,22]. We have, recently, reported on the structural,
dielectric and ferroelectric properties of layered bismuth oxide of
Sm doped BizV,_xSmy04; (x = 0.00, 0.05, 0.10, 0.15 and 0.20) ce-
ramics [23]. The present paper reports the transport properties of
layered bismuth oxide structure compounds of Sm doped
BisV;_xSmyO11 (x = 0.05, 0.10, 0.15 and 0.20).

2. Experimental

The polycrystalline samples of samarium doped BigV,_xSmyxO1q
with x = 0.05, 0.10, 0.15 and 0.20 were prepared using solid state
reaction method by taking high purity ingredients; Bi;O3 (99%),
Sm;03 (99.9%), V205 (98.5%) in a suitable stoichiometry. The stoi-
chiometric amount of weighed compositions were mixed thor-
oughly; first in an air atmosphere for 1 h and then in alcohol for 2 h.
Then mixed powders were calcined in a high purity alumina cru-
cible at an optimized temperature of 700 °C for 3 h in an air at-
mosphere. The formations of the compounds were checked by X-
ray diffraction technique (XRD) at room temperature. Then the fine
homogenous powder was cold pressed into cylindrical pellets of
12 mm diameter and 1—2 mm of thickness at pressure of 4 x 10° Pa
using a hydraulic press. These pellets were sintered at 750 °C for 3 h
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in an air atmosphere. Finally, the sintered pellets were polished
with fine emery paper to make both the surfaces smooth and
parallel. The pellets were coated with high purity silver paste and
dried at temperature 150 °C for electrical measurements. The
impedance parameters were obtained using a computer controlled
LCR meter (HIOKI Model 3532) in a wide frequency range
(10—106 Hz) at different temperatures (25—450 °C).

3. Results and discussion
3.1. Structural study

Room temperature XRD pattern (Fig. 1) of fine homogenous
calcined powders for all Sm compositions of BigV;_xSmyOqq
(x = 0.05, 0.10, 0.15 and 0.20) were taken and confirmed an
orthorhombic and monoclinic crystal structures. It is observed that,
for x = 0.05—0.10 samples exhibit characteristic doublet at 26 = 32°
and singlet at 20 = 46°, which suggests the B phase orthorhombic
crystal structure [24] and for x = 0.15—0.20 samples exhibit char-
acteristic both are doublet at 26 = 32° and 46°, which suggests the o
phase monoclinic crystal structure [25] at room temperature. A
good agreement between observed (obs) and calculated (cal)
interplanar spacing d (>-Ad = dops — dcal = minimum) was
observed. The values of the lattice parameters shown in Table 1 and
were evaluated by using a standard computer program package
“POWD” [26] for all Sm concentration. The crystallite size (P) of Sm
doped samples were roughly estimated from the broadening of a
few XRD peaks (in a wide 20 range) using the Scherrer's equation
[27], P=K2 ﬁ% €os Opjq ) (where K = constant = 0.89, = 1.5405 A
and By = peak width of the reflection at half intensity). The average
values of P were found to be 30—55 nm.

3.2. Impedance study

The complex impedance spectroscopy (CIS) [28] is a unique and
powerful technique to analyze the electrical response (i.e.,
transport properties). Generally, the contribution of grain, grain
boundary and electrode effect of polycrystalline samples in a
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Fig. 1. XRD pattern of BisV, «Sm,0y; for x = 0.05, 0.10, 0.15 and 0.20 at room temperature.
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Table 1

Values of lattice parameters of BisV,_»SmyOq; (X = 0.05, 0.10, 0.15 and 0.20).
X a(A) b (A) c(A) Vv (A%) Structure
0.05 5.562 5.608 15.387 479.96 Orthorhombic
0.10 5.561 5.611 15.338 478.59 Orthorhombic
0.15 5.541 5.618 15.344 477.61 Monoclinic
0.20 5.544 5.617 15.355 478.165 Monoclinic

wide range of frequency at different temperatures cause
analyzed. The electrical properties of a material is often repre-
sented in terms of complex dielectric constant (¢*), complex
impedance (Z*), electric modulus (M*) and loss tangent (tand).

These are related to each other as i) Z* = Z' — jZ' =R —j& ity M* =

b =M M’ = jwCozZ* iif) e* = ¢ —je' iv)tand =% = = Z,
where (Z/, M/, ¢’) and (Z", M”, ¢") are real and imaginary compo-
nents of impedance, modulus and permittivity, j = /-1 the imag-
inary factor, C, = vacuum capacitance. A complex impedance

spectrum of ceramic sample shows two distinct features intragrain

" ,

(grain) and intergrain (grain boundary). Impedance data are pre-
sented in the form of Z” (Capacitive) and Z’ (resistive). The complex
impedance of the electrode/ceramic/electrode configuration can be
explained as the sum of a single RC (R = Resistance and
C = capacitance) circuit in parallel combination.

Fig. 2(a—d) shows the complex impedance spectrum (Z’ vs Z") of
BisV,_xSmx0q1 with x = 0.05, 0.10, 0.15 and 0.20 at different tem-
peratures (275—350 °C). Generally, the impedance properties arise
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due to the grain, grain boundary and electrode processes. In the
Nyquist plots, both the grain and grain boundary effects are present
for all the compositions. The semicircles are found to be depressed
with their centers lying below the real axis, which confirms the
existence of non-Debye type relaxation phenomena. It is also
confirmed the presence of grain and grain boundary effects in the
materials with the increase in the percentage of Sm concentration.
A similar type of behavior is also observed in other bismuth layered
structured compounds [19,29]. From the complex impedance
spectrum, it is found that the grain and grain boundary resistance
decreases with rise in temperature which shows the negative
temperature coefficient resistance (NTCR) behavior of the com-
pounds like a semiconductor. The electrical process taking place
within the materials can be model (as an RC circuit) on the basis of
the brick-layer model [25]. The impedance data are fitted with the
ZsimpWin software with an equivalent circuits (shown in inset of
Fig. 2(a—d)) at 350 °C of BigV2_xSmx04; with x = 0.05, 0.10, 0.15 and
0.20. The values of fitting parameters of the circuits are shown in
the Table 2.

Fig. 3(a—d) shows the variation of real part of the impedance (Z')
with frequency at different temperatures (275—350 °C) of
BisVo_xSmy04q1 with x = 0.05, 0.10, 0.15 and 0.20. It is observed that
the magnitude of Z’ (grain resistance) decreases with rise in tem-
perature as well as Sm concentration in the low frequency range,
and thereafter, appears to merge in the high frequency region. This
may be due to the release of space charge polarization with rise in
temperature and frequency [30]. This behavior indicates that the
conduction mechanism increases with rise in temperature (i.e.,

NTCR behavior like a semiconductor). The space charge
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Fig. 2. Complex impedance spectrum (Z' vs Z") with equivalent circuit (inset) of BisV,_xSmyO4; for x = 0.05, 0.10, 0.15 and 0.20 at different temperatures.
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Table 2

Values of fitting parameters of the equivalent circuits of Bi;V,_xSm0q; with x = 0.05, 0.10, 0.15 and 0.20 at 350 °C.

Different parameters x = 0.05 x =0.10 x =0.15 x =0.20

R, 97.46 134.4 44,98 200.2

R, 342.1 897.8 0.004685 942.2

Rs 1910 8.651 x 10'3 6.196 5.879

R4 167.4 226.5 1091

Rs 1.797 x 10'3

G 2.392 x 1078 2.388 x 10710 2.144 x 10710
G 2.590 x 1079 8.904 x 10°1°
CPE (Q;) 2302 x 1072 8.105 x 10~'° 1.608 x 107> 8.743 x 10~°

Q 20310 4794 x 10>

Qs 1.956 x 1078

Frequency power (n;) 0.8944 0.9031 0.1685

n, 0.4286 0.261

n3 0.02628

Chi square 4578 x 10> 5.422 x 1074 1.453 x 1074 5.268 x 1074

Warburg 1.381 x 10" 8.220 x 10~8 2,666 x 10'°

polarization occurs maximum at higher frequency side for x = 0.05
as compared to other concentrations. This may be due to the Sm
doped on vanadium sites and reduction in barrier properties with
rise in temperature and responsible for the enhancement of con-
ductivity of the materials [31,32]. Similar type of behavior also
observed in other studied material [33]. It is also observed the value
of Z' increases with increase in Sm concentration up to
x = 0.05—-0.15 and then decreases.

Fig. 4(a—d) shows the frequency-temperature dependence of Z”
(usually called as loss spectrum) of BigV,_xSmx0Oq; with x = 0.05,
0.10, 0.15 and 0.20. The magnitude of Z" decreases with increase in
frequency as well as with temperature for all the concentration. The
appearance of peaks in the loss spectrum suggests the existence of
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relaxation process and shift towards the high frequency side for all
the concentrations. This may due to the immobile species at low
temperatures and defect or vacancies at high temperatures [34]. At
high frequency, it is clear that there is an absence of space charge
effect in the materials.

3.3. Modulus study

The complex modulus spectroscopy is a very convenient tool to
analyze the dynamical aspects of electrical transport phenomena in
the materials. The complex electrical impedance spectrum gives
more emphasis to elements with large resistance whereas complex
electric modulus spectrum plots highlight those with smaller
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g. 3. Variation of Z' with frequency of BisV, xSm04; for x = 0.05, 0.10, 0.15 and 0.20 at different temperatures.
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Fig. 4. Variation of Z” with frequency of BisV,_xSmy0q; for x = 0.05, 0.10, 0.15 and 0.20 at different temperatures.

capacitance. Using the complex modulus formula, the inhomoge-
neous nature of the polycrystalline compounds with grain and
grain boundary effects can be probed easily, which cannot be
distinguished from complex impedance plots and the other
advantage of the electric modulus spectrum formulae is the sup-
pressed of electrode effect. The real and imaginary components of
the complex electric modulus (M*) were calculated by using the
relation M’ = wCoZ", M" = wCoZ' (w = 27f;, Co = £0A/t), where w, Co,
€0, A, t and f; are the angular frequency, geometrical capacitance,
permittivity of free space, area of the electrode surface, thickness
and relaxation frequency.

Fig. 5(a—d) shows the variation of M’ as a function of frequency
of BigVy_xSmy0q; with x = 0.05, 0.10, 0.15 and 0.20 at different
temperatures (275—350 °C). For all the concentrations, it shows
that a very low value (approximately zero) of M’ in the low fre-
quency region. A continuous dispersion on increasing frequency
and saturation at a maximum asymptotic value (i.e., M) in the
higher frequency region were observed for all the temperatures
(275—350 °C). It may possibly be related to a lack of restoring force
governing the mobility of the charge carriers under the action of an
induced electrical field. The value of M’ decreases with rise in
temperature in the high frequency region for all the concentrations.
Similar type of behavior also observed in other reported material
[35,36].

Fig. 6(a—d) shows the variation of imaginary part of electric
modulus (M”) with frequency of BisV, xSmxO1; with x = 0.05,
0.10, 0.15 and 0.20 at different temperatures (275—350 °C). A
well-defined relaxation mechanism is observed for the concen-
tration x = 0.10—0.20 expect x = 0.05 at different temperatures.
The relaxation peaks shift towards higher frequency side with
rise in temperature which correlates between motion of mobile
ions [37]. This suggests that the relaxation is thermally activated
process. The asymmetry of peak broadening shows the spread of

relaxation times with different time constant. Hence, it shows
relaxation is of non-Debye type. The maximum value of M” in-
creases with rising temperatures (275—325 °C) and no peaks are
observed for the concentration x = 0.10 and 0.20 at >350 °C. This
may be due to the limitation on our measurements (i.e.,
102-10° Hz). The maximum modulus peaks (M,,,,) are observed
for x = 0.10—0.20. Similar type of behavior also observed in other
reported material [35].

Fig. 7(a—d) shows the complex modulus spectrum (M’ vs M")
of BigVy_xSmx0O17 with x = 0.05, 0.10, 0.15 and 0.20 at different
temperatures. The impedance data were again re-plotted in the
modulus formula. This clearly indicates that a semicircle is formed
for all the concentrations. This also confirms the presence of
electrical relaxation phenomena in the materials. On increasing
temperature, the intercept on real axis shifts towards the higher
value of M'. This indicates the increase in capacitance of the ma-
terials. The intercept point on the real axis indicates that the grain
effect contributes the total capacitance. It also supports the
negative temperature Coefficient of resistance type behavior of the
materials since grain capacitance (Cg) is inversely proportional to
the grain resistance (Rg). Similar type of results also observed in
other reported material [36,38].

4. Electrical conductivity study

Fig. 8(a—d) shows the ac electrical conductivity as a function
of frequency of BigV, xSmyO01; with x = 0.05, 0.10, 0.15 and
0.20 at different temperatures (275—350 °C). The conductivity is
well described by Jonscher's universal power law [39],0(w)=
go+Aw", where o, is a dc conductivity in particular range of
temperature, A is a temperature dependent parameter, Aw"
consisting of the ac dependence and characterizes for all
dispersion phenomena and the exponent ‘n’ is the temperature
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Table 3

Value of fitting parameters obtained from Jonscher's power law at different temperatures.

T(°C) Parameter Goodness of fit (R?)
Gac (' m™) A n
x = 0.05 275°C 0.00454 5.75343 x 107> 0.38297 0.99633
300 °C 0.01097 2.2921 x 107 0.61021 0.99825
325°C 0.02999 4.37408 x 107° 1.04494 0.99909
350 °C 0.00454 5.75343 x 107> 0.38297 0.99994
x=0.10 275°C 0.00044 1.05545 x 1076 0.6056 0.99963
300 °C 0.00122 1.80375 x 1076 0.57877 0.9983
325°C 0.00171 1.97942 x 10~° 0.42271 0.99469
350 °C 0.00047 0.0014 0.17133 0.99655
x =0.15 275°C 0.00009 2.54303 x 1077 0.65476 0.9998
300 °C 0.00018 3.84864 x 1077 0.62556 0.99921
325°C 0.00043 1.27165 x 1076 0.56817 0.99813
350 °C 0.00079 5.50878 x 10~° 0.49037 0.9983
x =0.20 275 °C 0.00063 222267 x 107° 0.37766 0.9989
300 °C 0.00181 1.47229 x 10~° 0.42952 0.99929
325°C 0.00506 2.29231 x 10~ 0.57209 0.99959
350 °C 0.01134 1.33774 x 1077 0.75436 0.9961

dependent parameter. It is observed that the value of ¢ (w) in-
creases with increase in frequency as well as temperature. The
fitting parameters A, n and o, are calculated by non-linear fit of
the above equation with experimental data (shown in Table 3).
The black solid lines are the fitted line. It is clear that the value of
the n varies between 0 and 1 (0 < n < 1). This suggests that the
electrical conduction in the materials are due to thermally acti-
vated process [40,41]. This type behavior also reported by the
other studied material [33].

Fig. 9 shows the variation of 4. (grain) with inverse of absolute
temperature (103/T) of BisV2_xSmyO1; with x = 0.05, 0.10, 0.15 and
0.20. The conductivity of the materials was evaluated from the
Nyquist plots at selected temperatures. The dc conductivity of the
materials were calculated by using the relations4.=I/RgA, where the
symbols have their usual meaning. The dc conductivity increases
with rise temperature. It is also observed that the dc conductivity
decreases with rise in concentration up to 0.15 and then increases.
The activation energies were calculated from using the Arrhenius

relation g4. = 0¢ exp (%), where the symbols having their usual

meaning. The activation energies were found to be 0.59, 0.93, 0.91
and 0.76 eV of BisV,_4Smx0q; for x = 0.05, 0.10, 0.15 and 0.20
respectively in the temperature region (275—350 °C). These values
suggest that a small amount of energies is required to activate the
carriers/electrons for electrical conduction.
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— e x=0.10
-
T x=0.15
_ . — a 0.59¢ v x=0.20
0014 — __— Linear Fit
-
£
)
&
3
S 1E-3 4
1E-4 T T T T . _
1.60 1.65 1.70 1.75 1.80 1.85
103"

Fig. 9. Variation of dc conductivity with inverse of temperature of BisV,_yxSmy04; for
x = 0.05, 0.10, 0.15 and 0.20.

5. Conclusions

The polycrystalline samples of BisV,_xSmyO1; with x = 0.05,
0.10, 0.15 and 0.20 were prepared by using solid state reaction
technique. Complex impedance spectroscopy was used to charac-
terize the electrical properties of the materials. Both the grain and
grain boundary resistance decreases with rise in temperature
indicating a typical NTCR behavior of the compounds. Modulus
study confirmed the presence of hopping mechanism in the ma-
terials. The ac conductivity spectrum was found to obey the
Jonscher's universal power law and dc conductivity shows a typical
Arrhenius type of electrical conductivity with small amount of
energies. The activation energies were found to be 0.59, 0.93, 0.91
and 0.76 eV of BigV, xSmy0q; for x = 0.05, 0.10, 0.15 and 0.20
respectively.
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