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Electrical conduction in Ba(BiysNb5)O; ceramics
Impedance spectroscopy analysis
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A new lead free perovskite ceramics Ba(BiysNbgs)O; was fabricated by a conventional ceramic
technique at 1185 °C and subsequent sintering at 1200 °C in air atmosphere. The XRD analysis of
Ba(Bij sNbg 5)O3 powder indicated the formation of a single-phase monoclinic structure. The ac conduc-
tivity data were found to obey the power law and showed a negative temperature coefficient for the resis-
tance behaviour. The ac conductivity values were used to evaluate the density of states at the Fermi level,
minimum hopping length and activation energy of the compound. The correlated barrier hopping model
was found to successfully explain the mechanism of charge transport in Ba(Bij sNby 5)Os.
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1. Introduction

A(B’B”)0O; materials of the perovskite type exhibiting high dielectric permittivity
& are of current interest due to their practical applications in various elec-
tronic/microelectronic devices. Most of the materials used for these applications are,
in general, lead bearing compounds, e.g. PbTiO;, PbZr, Ti,0;, PbMg;;3Nb,;0s,
PbFe;,Nb;,0;, etc. With the aim of identifying alternatives to the lead-based materi-
als, the electrical properties of Ba(Fe;nNb;;)O; [1-9], Ba(Al;»,Nbi»)0; [10],
Sr(Fe1nNby2)O; [5], Ba(Fe;,Ta )05 [11], ete. have been investigated. One such ce-
ramics in this series is perovskite Ba(BigsNbgs)O; having the tolerance factor
t =0.8769 estimated using the relation:
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where rg,, 7gi, 'ny and ro are the ionic radii of the constituent ions. The material is
mechanically tough and lead-free.

The complex impedance spectroscopy technique is widely recognized as a non-
destructive but powerful technique for the study of the electrical properties of sol-
ids [12]. Thus, the dynamics of ionic movement and the contributions of various mi-
crostructure elements such as grain, grain boundary and interfacial polarization, to
total electric response in polycrystalline solids can be identified by this technique. It
also enables us to evaluate the nature of dielectric relaxation and the relaxation fre-
quency of the material.

Despite an extensive literature survey, there has been no study of Ba(BijsNby 5)Os
(BBN) so far, to the best of the author’s knowledge. In the present work, structural,
microstructural and ac conductivity studies of BBN have been described. An attempt
has also been made to explain the conduction mechanism in the system.

2. Experimental

Ba(BiysNbys)O; (BBN) was obtained from AR grade (99.9%+ pure) chemicals
(BaCO:s;, Bi,0; and Nb,Os) by solid state synthesis using the following chemical reac-
tion at 1185 °C for 4 h:

BaCO3+%BiZO3+%NbZOS —4 ,Ba(Bi,;Nb, )0, + CO,

under controlled heating and cooling cycles. A circular disc shaped pellet, 9.99 mm in
diameter and 2.192 mm thick was made by applying a uniaxial stress of ca. 650 MPa. The
pellet was subsequently heated up to 1200 °C under air for 3h. The complete reaction and
the formation of the desired compound were verified by X-ray diffraction analysis. The
weights of the samples were monitored before and after heat treatments. The maximum
difference was about 1.08 mg for 10 g of the sample. Therefore, the compositions of the
samples were considered to be the same as the initial ones. The XRD spectra were taken
on calcined powder of BBN with a X-ray diffractometer (XPERT-PRO) at room tempera-
ture, using CukK,, radiation (A = 1.5405 A), over a wide range of Bragg angles (20° < 28
< 80°) with a scanning speed of 2°-min"'. The microstructure of the sintered BBN sample
was taken on the fractured surface using a computer controlled scanning electron micro-
scope (SEM Hitachi S-3400N, Japan). The identification of secondary phases present in
the sample was carried out using an energy dispersive X-ray analyzer (Thermo Noran
NSS200). Electrical impedance Z, phase angle 6, loss tangent tand and capacitance C were
measured in function of frequency (0.1 kHz—1 MHz) at various temperatures (30-500 °C)
using a computer controlled LCR Hi-Tester (HIOKI 3532-50), Japan, attached with a
microprocessor controlled dry temperature controller (DPI-1100), Sartech Intl., India on a
symmetrical cell of type Ag|ceramics|Ag, where Ag is a conductive paint coated on either
side of the pellet.
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3. Results and discussion

Figure 1 shows the XRD profile of calcined BBN powder. A standard computer
program (POWD) was utilized for the XRD profile analysis. Good agreement between
the observed and calculated inter-planar spacing and no traces of any extra peaks due
to constituent oxides were found, thereby suggesting the formation of a single phase
compound having a monoclinic structure. The lattice parameters were estimated to be
a =4.320(6) A, b =4.238(8) A, c =3.001(6) A and B = 90.659° with the estimated
error of £10* A. The unit cell volume was estimated to be 54.97 A°.
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Fig. 1. X-ray diffraction pattern of calcined Ba(Biy sNby 5)O3; powder
at room temperature. Inset shows the Williamson—Hall plot

The XRD pattern of BBN is found to be similar to that of Ba(FeysNbgs)O; [3, 6, 7, 9]
with little shifts in peak positions. This may be due to the difference in the ionic radii
of Fe’* and Bi’* ions. The criterion adopted for evaluating the robustness and accuracy
of of the indexing and the structure of compound was the sum of differences in ob-
served and calculated d values (i.e., Y Ad =Y (dobs — dcarc)), Which were minimized us-
ing a least squares refinement technique. The apparent particle size and lattice strain of
BBN were estimated by analyzing the broadening of the X-ray diffraction peak, using
the Williamson—Hall approach [13]:

ﬂcosﬁ=%+2%sin9 (1)

where D is the apparent particle size, f is the width of the diffraction peak at half in-
tensity (FWHM), AE/& is the lattice strain and K is the Scherrer constant (K = 0.89).
The term K//D represents the Scherrer particle size distribution. The Gaussian model
was applied to estimate the width of the diffraction peak at half intensity.
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where A4 and 6, are the area and centre of the curve, respectively. The inset of Fig. 1
illustrates the Williamson—Hall plot for BBN. A linear least squares fitting of the
pcosf—sind data provided the values of the apparent particle size and the lattice strain:
these were found to be approximately 89 nm and 0.0035, respectively.
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Fig. 2. EDAX spectrum and SEM micrograph of fractured surface of Ba(Bij sNbj 5)O; ceramics

To confirm the absence of a second phase, EDAX was carried out. Figure 2 shows
the EDAX pattern for the constituent ions of BBN. All peaks in the pattern match
perfectly with the elements present in Ba(BigsNby 5)Os. This clearly indicated the pu-
rity and formation of BBN. The grain shapes (almost cuboid) are clearly visible in the
SEM micrograph (inset of Fig. 2) of the sintered BBN sample, indicating the existence
of a polycrystalline microstructure. Grains of unequal sizes (5—10 um) appear to be
distributed throughout the sample.

The ac electrical conductivity, which in most of the materials is due to localized
states, is given by:

0, =0(0)+0o(w) A3)

where ¢(0) and o(w) are the frequency independent and frequency dependent parts of
the conductivity, respectively. Also, o(@) was found to satisfy the following equation
in the frequency sensitive region: o(@) = Aw® with 0 <s<1, ® being the angular
frequency of the applied ac field and 4 = nN*e*/6k;T(2a) is a constant, e is the electron
charge, T — temperature, & — polarizability of a pair of sites, and N — the number of
sites per unit volume among which hopping takes place. Such variation is associated
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with displacement of carriers which move within the sample by discrete hops of the
length R between randomly distributed localized sites. The term Aw" can often be de-
scribed based on two distinct mechanisms for carrier conduction: (i) quantum me-
chanical tunnelling (QMT) through the barrier separating the localized sites; and (ii)
correlated barrier hopping (CBH) over the same barrier. In these models, the exponent
s is found to have two different trends being a function of temperature and frequency.
If the ac conductivity is related to QMT, s is predicted to be temperature independent
but is expected to show a decreasing trend with @

4
s=1+ 4)
Ig (an'o )
where 7 is the characteristic relaxation time. The ac conductivity is expected to be [14]
4
_T 2 ip4
0. =5 wk,T(N(E,)) 'R, (5)

where o' is the spatial decay parameter for the localized wave function, and R, is the
tunnelling length at the frequency w. If ac conductivity is related to CBH [15],

0, =<0k, T(N(E,)) a‘S(ln%j (6)

where N(E)) is the density of states at the Fermi level, £, the photon frequency and « is
the localized wave function. The exponent s and minimum hopping length R,,;, can be
expressed as [16, 17]

6k,T

s=1-

(7
Rmin = 262 (8)

nEeEW

where W, is the binding energy, which is defined as the energy required to remove an
electron completely from one site to the another site. Figure 3 shows the log—log de-
pendence of the electrical conductivity on frequency at various temperatures. The
pattern of the conductivity spectrum shows dispersion throughout the chosen fre-
quency range. The frequency dependence of ac conductivity satisfies [18]:

o, = A" + A,0™ 9)

where A, and 4, are the temperature dependent constants, and s, and s, are tempera-
ture as well as frequency dependent parameters. The values of s; and s, can be ob-
tained from the slopes of the plots: Igo,. vs. lgw in the low and high frequency re-
gions. The inset of Fig. 3 shows the temperature dependence of s; and s,. It can be
seen that the values of both s; and s, are always lower than 1. Also, the values of both
s1 as well as s, decrease with the rise in temperature. The value of s; — 0 at higher
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temperatures indicates that the dc conductivity dominates at higher temperatures in the
low frequency region satisfying Eq. (3). The model based on correlated hopping of
electrons over a barrier [19] predicts a decrease in the value of s; with the increase in
temperature, and thus it is found to be consistent with the experimental results. There-
fore, the conduction in the system could be considered due to the short range transla-
tional type hopping of charge carriers [18-20]. This indicates that the conduction
process is thermally activated.
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Fig. 3. Dependences of ac conductivity on frequency at various temperatures
for Ba(Bij sNbg 5)O; ceramics. Inset figure illustrates the dependences of s; and s, on temperature

The hopping conduction mechanism is generally consistent with the existence of
high density of states in the materials having a band gap similar to that of a semicon-
ductor. Due to localization of charge carriers, formation of polarons takes place and
the hopping conduction may occur between the nearest neighbouring sites. Figure 4
shows the dependence of ac conductivity on 10°/7. The activation energy for conduc-
tion was determined using the Arrhenius relationship:

k,T

B

E
O-ac = O-0 exp(_ - J (10)

where £, is the activation energy of conduction and 7 is the absolute temperature. The
variation profile shows the negative temperature coefficient of resistance (NTCR)
behaviour of BNN. A linear least squares fitting of the conductivity data to Eq. (10)
gives the value of the activation energy, £, The values of E, were found to be
0.379 eV, 0.352 eV and 0.349 eV at 1 kHz, 10 kHz and 100 kHz, respectively.
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Fig. 4. Dependences of ac conductivity on inverse of temperature
at various frequencies for Ba(Bij sNby 5)O; ceramics

The activation energy decreases with the increase in frequency It can be seen that
the ac conductivity is almost frequency insensitive in low temperature region. Also,
the onset temperature shifts to higher temperature side with the increment in fre-
quency. The low value of £, may be due to the carrier transport through hopping be-
tween localized states in a disordered manner [21]. The increase in conductivity with
temperature may be explained, taking into consideration that within the bulk the oxy-
gen vacancies due to the loss of oxygen, are usually created during sintering and the
charge compensation is described by the following reaction [22]:

0—10, T+V; +2¢

which may leave behind free electrons, making them n type [23].

The values of M(E;) were estimated using Eq. (6) by assuming f, = 10" Hz,
a= 10" m" at various operating frequencies and temperatures. Figure 5 shows the
frequency dependence of N(E)) at various temperatures. It can be seen that the values
of N(E)) decrease with the increase in the operating frequency. Inset of Fig. 5 shows
the variation of N(E)) with temperature at various frequencies. It is seen that the N(£E))
simply increases with the increase in temperature. Therefore, at low frequencies the
electrical conduction in the system is being affected by both frequency as well as tem-
perature, whereas at higher frequencies the charge carriers are localized and being affected
by thermal excitations. The reasonably high values of N(E)) suggest that the hopping be-
tween the pairs of sites dominates the mechanism of charge transport in BBN.
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Fig. 5. Dependences of density of states at Fermi level of (Ba(Bij sNbg 5)O; ceramics on frequency at
various temperatures. Inset figure shows the temperature dependence of N(E)) at various frequencies
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Fig. 6. Dependences of R,;;, of Ba(Bij sNbj 5)O; ceramics on frequency at various temperatures.
Inset figure shows the variation of R,;, on temperature at various frequencies

The values of the minimum hopping distance, R, were calculated using Eq. (8).
Figure 6 presents the variation of R,;, with frequency at various temperatures. The
values of R, simply increase as the frequency increases at every temperature. Inset of
Fig. 6 shows the variation of R;, with temperature at various frequencies. It can be
seen that the values of R.;, decrease with the increase in temperature. The value of
R, at room temperature was found to be 1.6 nm.
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4. Conclusions

Polycrystalline Ba(Biy sNby 5)Os, fabricated through a high-temperature solid state
reaction technique, was found to have a single phase perovskite type monoclinic struc-
ture. The ac conductivity is found to obey the universal power law and showed the
NTCR character. The correlated barrier hopping model is found to successfully ex-
plain the mechanism of charge transport in BBN. Furthermore, the frequency depend-
ent ac conductivity at various temperatures indicated that the conduction process is
thermally activated.
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