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orphological studies, and
temperature/frequency dependence of electrical
conductivity of Ba0.97La0.02Ti1�xNb4x/5O3

perovskite ceramics

M. Jebli, *a Ch. Rayssi,a J. Dhahri,a M. Ben Henda,b Hafedh Belmabroukb

and Abdullah Bajahzarc

Conductivity measurements of our polycrystalline perovskite ceramic systems with a composition of

Ba0.97La0.02Ti1�xNb4x/5O3 (x ¼ 5, 7 and 10, in mol%) were performed, in order to investigate frequency

and temperature dependence. Our ferroelectric ceramics were fabricated by the molten-salt method

(chemical reaction followed by an evaporation and filtration reaction); X-ray diffraction patterns indicated

that a single phase was formed for pure BaLT1�xNb4x/5 ceramics. The electrical behavior of the ceramics

was studied by impedance spectroscopy in the 500–610 K temperature range. The conductivity was

investigated which can be described by the Jonscher law. Both AC and DC electrical conductivities are

completely studied as a function of frequency and temperature. The conductivity exhibits a notable

increase with increasing Nb-rates. The low-frequency conductivity results from long-range ordering

(close to frequency-independent) and the high-frequency conductivity is attributable to the localized

orientation hopping process. Impedance analysis was performed revealing conductivity data which fitted

the modified power, sAC(u) ¼ Aun. The frequency dependence of the conductivity plot has been found

to obey the universal Jonscher power law. Both AC and DC electrical conductivities are thoroughly

studied as a function of frequency as well as temperature. The AC conductivity reveals that correlated

barrier hopping (CBH) and non-overlapping small polaron tunneling (NSPT) models are suitable

theoretical models to elucidate the conduction mechanisms existing in our compounds. Significantly, by

increasing the temperature, the DC conductivity was increased, which verifies the semiconducting

nature of the materials.
1. Introduction

Barium titanate (BaTiO3, or BT for short) has effectively been
a useful material for over 60 years due to its attractive proper-
ties. Firstly, this because it is chemically and mechanically very
stable; additionally, it exhibits ferroelectric properties at and
above room temperature, and it tends to be easily prepared and
used as polycrystalline ceramic samples.1

At the essential point when donor dopants, for example, La,
Sb, Y, Nb, etc. are embedded in the BT insulation, it becomes
a semiconductor at room temperature possessing attributes of
positive temperature coefficient resistance (PTCR). These
impacts are brought about by a combination of semiconducting
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intra-grains and the inter-barrier layer resistive grains which are
compensated for by spontaneous polarization and result in low
resistance below the Curie temperature. However, when the
dopant concentration exceeds 0.4–0.5 mol% during air sinter-
ing, the compounds revert to being excellent insulators and the
particle size becomes tiny. It is well known that when the donor
concentration is lower than these concentrations, the
compensation system is basically one comprising electrons. As
the donor concentration is greater than these concentrations,
the clearing process shis to a process that basically includes
cation vacancies.2–4

Even so, it is typically considered that those single crystals of
BaTiO3 or SrTiO3 in which the donor concentration is assuredly
greater than 2 mol% still exhibit semiconductor behavior. In
addition, coarse-grained polycrystalline specimens with a grain
size of ten mm also showed semiconductivity although the
donor concentration was as high as about 2 mol%, as demon-
strated in this systematic review. Therefore, although the donor
content is greater than the semiconductor/insulator limiting
composition by about 0.4 mol%, the mass compensation
© 2021 The Author(s). Published by the Royal Society of Chemistry
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mechanism can still be expected to be governed by limitations
of the electrons.

On the other hand, no experimental conrmation was
provided which did not indicate the presence of the essential
concentration of the donor–doped BT bulk, nor is a value
known. Wernicke5 claried the anomaly of resistivity versus the
donor content by the kinetics of cation deciency and the
unexpected drop in grain size. Conventionally, when specimens
are sintered in air, grain sizes are just 1 mm above those in the
case of a donor concentration of 0.4 to 0.5 mol%. In this
remarkable situation, the considerable thickness of the cation-
vacancy diffusion layer from the inter-grain during cooling
generally resembles or exceeds the particle size.5 Consequently,
the bulk properties don’t appear and only the inter-grain
boundary contributions are dominant, which confers an insu-
lating character. Therefore, to experimentally decide the basic
donor concentration, the donor concentration must be
increased while simultaneously retaining comparable micro-
structures with large grain sizes. In addition, the donor
concentration above which the resistivity of the sample
increases sharply must be distinguished.

Due to its low loss attributes and larger dielectric constants,
BT has been used in applications, for example, multilayer
capacitors (MLCs) and capacitors. Doped BT has found wide
applications in semiconductors, PTC thermistors, piezoelectric
devices, etc., and has been used in probably the most important
ferroelectric ceramics. The properties of BT have been featured
in notable articles. BT is a member of a huge group of favorable
compounds commonly known as the perovskite family.
Ceramic materials within the family of perovskite structures are
electronic materials of colossal importance.

Some critical irregularities in the properties of Nb-doped BT
have been reported in the literature.2,6–9 These obvious dispar-
ities are a direct result of the complexities in the considerable
development of Nb-doped BT. The essential difficulty is typically
related to the appropriate rate of incorporation of Nb into the
BT network,10 and the conned temperature range within which
the preparation yields a desirable outcome.11 Jonker and
Havea12 generally reported that the solubility of niobium in BT
at 1623 K was 12.5 at%. As these notable creators demonstrated,
the solubility of niobium depends on the size of the particles.
Chan and Smith8 credibly reported that the activation energy of
electrical conductivity increases from 1.3 eV at 1000 K to 0.35 eV
at more than 1100 K. They have generally seen that the electrical
conductivity of BT doped with Nb is independent of p(O2). This
possible impact suggests that their informational data on
electrical conductivity was not evaluated at established equi-
librium. Appropriate examinations of the La-doped BaTiO3 by
Daniels and Hardtl13 correctly indicated that the electrical
conductivity as a function of the p(O2) reasonably reaches an
exponent of p(O2) equivalent to 21/3.7. This exponent is almost
a hypothetical value anticipated by the strain problemmodel for
a donor-doped BT which is comparable to 21/4.10 These incon-
sistencies prove that further examinations are needed
regarding:

(i) the kinetic energy of the incorporation of niobium in BT
(ii) the electrical properties of niobium-doped BT.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Objective evaluations of electrical properties, for example,
electrical conductivity, have been consistently applied in
comprehensive examinations of the effects of materials at
elevated temperatures. These properties can also be applied for
in situ determination of material properties related to imper-
fections. In previous articles, the results of the published
studies concerning the preparation of BT-doped with Nb have
been correctly taken into account.11

Peculiarly, it has been shown that Nb particles can be
properly joined in the BT lattice in a narrow temperature range
of 1523 to 1733 K.11 It has also been established that at
temperatures below 1500 K, Nb cannot be joined to the BT
lattice for kinetic reasons.11 In addition, it has typically been
specied that the effective measurement of joint Nb in BT is
satisfactorily dependent on the partial pressure of oxygen in the
surrounding gas phase.11 The empirical material declared in
these two reports11,14 allows the correct selection of the ideal
conditions for processing BT-doped with Nb sufficiently with
regard to temperature, gas phase synthesis and considerable
annealing time. Kowalski et al.14 was reported the electrical
properties of niobium-doped BaTiO3, a physical sense of the
electrical conductivity data for single crystals as well as for
polycrystalline materials will be debated.

During the past few decades, the doping of BT by rare earth
elements, for instance lanthanum, has been broadly consid-
ered. Lanthanum (La) is a material of vast signicance15,16which
behaves as a donor when it occupies the Ba-site. This may
elevate the dielectric permittivity and further broaden the
dielectric peak.17 La doped into BT ferroelectric materials also
plays a important role on the electrical properties.18 Yan Wang
et al.19 have revealed that increasing the La3+ ions concentration
in BT ceramic compounds inhibits grain growth and that both
the room and maximum dielectric constants diminish monot-
onously. Conversely, doping with Nb5+ in the Ti-site has
a signicant role in microstructure and electrical properties. T.
Dechakupt et al.20 have considered the microstructure and
electrical properties of niobium-doped barium titanate
ceramics. They have revealed that the grain size becomes
uniform and reduces as the niobium concentration increases,
and also that the dielectric constant increased as the amount of
Nb increases. Seok-Hyun Yoon and Hwan Kim21 have reported
also that the resistivity of grain and grain boundary increases
with rising Nb concentration.

Numerous works have revealed that the BT semiconductor
can be created by means of climatic reduction surrounding the
oxygen opening or by benecial doping at a low focal point with
trivalent (Y3+, Sb3+, La3+) particles at the A site or pentavalent
(Ta5+, Nb5+) at the B site.22,23 So, in this work, we have focused on
the effect of the benecial doping in the A- and B- site, in that
order, by La3+ and Nb5+ respectively. Accordingly, the effects of
frequency depend on temperature and the mol% of niobium.

In the present investigation, our main attention on the
structural and morphological characteristics, as well as the
electrical conductivity properties of Nb-doped BLT poly-
crystalline ceramic systems. The core objective is to associate
the outcomes of the structural analysis with the AC and DC
conductivity spectra of the present perovskite ceramic systems.
RSC Adv., 2021, 11, 23664–23678 | 23665
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It is also our goal to understand the inuence of Nb5+ doping on
the structural, morphological and electrical conductivity prop-
erties which can provide better applicability for electronic
devices. The well-established X-ray diffraction (XRD) technique
provides signicant detailed information on the structure of
polycrystalline and amorphous materials. The formation of
a few nano-crystallites inside the polycrystalline perovskite
networks is identied from the XRD patterns. In the poly-
crystalline perovskite material, transmission electron micros-
copy (TEM) and scanning electron microscopy (SEM) analysis
were performed to study the morphology of the synthesized
compounds.
2. Experimental

Three polycrystalline samples of ceramic systems were con-
structed from analytical reagent grade chemicals according to
the molar formula Ba0.98La0.02Ti1�xNb4x/5, where x ¼ 5, 7, and
10 in mol% (abbreviated as BLT0.95Nb0.04, BLT0.93Nb0.056 and
BLT0.9Nb0.08). High purity precursors were used to produce
ceramic compounds via the conventional molten salt reaction
technique. The mixture was prepared following the steps
described in our previous article.24

At room temperature, phase purity and crystallinity were
assessed via X-ray diffraction (XRD) analysis utilizing Cu-Ka
radiation (lCuKa ¼ 1.54060 �A) with 2q ranging from 0� to 80�.
The microstructure was examined via transmission electron
Fig. 1 TEM micrographs of BLT0.95Nb0.04 (a), BLT0.93Nb0.056 (b) and BLT

23666 | RSC Adv., 2021, 11, 23664–23678
microscopy (TEM) at room temperature. In order tomeasure the
impedance, the powders were pressed into circular pellets of
�2 mm thick and a diameter of 8 mm.

Aluminum electrodes were sputtered onto the compound for
dielectric measurements. Aerwards, an Agilent 4294A imped-
ance analyzer and the cold plate of a liquid nitrogen cooled
cryostat were employed to collect capacitance, C, and conduc-
tance, G, measurements over a wide range of temperatures
(500–610 K) and frequencies (40–106).
3. Results and discussion
3.1. Morphological TEM

Transmission electronmicroscopy (TEM) was utilized to inspect
the morphology of the synthesized ceramic compounds.
Fig. 1(a–c) shows the TEMmicrographs of the calcined powders
at room temperature. The obtained images for 5%, 7% and 10%
moles of Nb concentration are shown in Fig. 1(a–c), respectively.
From these TEM images, it is clearly observed that the products
are comprised of spherical particles and the particle size was
found to diminish with the increase in doping concentration.
This decline in particle size may be attributed to the limited
growth of the nanocrystals, resulting from the existence of
dopant ions in the reaction medium.25 The lattice distortion
and the defect induced by La3+ and Nb5+ in the A- and B- sites,
respectively, are accountable for this diminution, which is
a trend consistent with the crystallite size’s evolution as
0.9Nb0.08 (c).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Histograms of average grain size of BLT0.95Nb0.04 (a), BLT0.93Nb0.056 (b) and BLT0.9Nb0.08 (c).
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obtained by XRD analysis. It is found that the grains are non-
homogeneously and uniformly distributed over the entire
surface of the samples. The histograms of average grain sizes
are shown in Fig. 2(a–c), calculated using ImageJ soware. The
average grain sizes of the prepared compounds are found to be
in the range of 5 mm (see Table 1). A similar category of
microstructure is found in some materials of this family.24,26 We
can note that the average particle size decreases with the
addition of La3+ as well as the increase of Nb levels. This means
that doping with Nb5+ at the B-site has a signicant effect on the
microstructure of the compounds.
3.2. Morphological SEM

Our ceramics were elaborated at a high temperature (800 �C) at 24
h, as a result, their grains did not grow rapidly like BT (10000 nm).27

To clarify the different states of the ceramic surfaces of
BLT0.95Nb0.04, BLT0.93Nb0.056 and BLT0.9Nb0.08, we show both
compounds over 10 mm at 10 000� magnication (Fig. 3a–c).
Table 1 The average grain size of the Ba0.97La0.02Ti1�xNb4x/5O3 (x ¼ 5,
7 and 10 mol%) ceramic compounds

Average grain size x ¼ 0.07 x ¼ 0.01 x ¼ 0.05
DTEM (nm) 5229 5055 4707

© 2021 The Author(s). Published by the Royal Society of Chemistry
The surface SEM images for the compositions of x ¼ 0.05,
0.07 and 0.10 (see Fig. 3a–c) show a non-uniform microstruc-
ture, scattered over the entire surface of the ceramic samples.
Smaller grains coexist with a certain amount of inter-granular
pores. Since the coalescence process takes place, the grains
present irregular shapes and undened boundaries, irre-
spective of their size. All these characteristics indicate that, in
the cited conditions, the sintering process is still in progress.
The substitution of niobium into our samples causes the
following domino-effect to occur:28

(1) Increase in porosity
(2) Reduction in density
(3) A slight diminishing of the overall average grain size can

be observed.
3.3. XRD

The room-temperature X-ray diffraction patterns of calcined
nano-powders of our solid-solutions are shown in Fig. 4. They
demonstrate the formation of a pure single-phase of new lead-
free ceramics with perovskite compositions derived from
barium titanate (BT) (see Fig. 4). It is noted that all of the
prepared compounds have maintained the pure tetragonal
structure with space group P4/mmm, consistent with earlier
reports.24,26,29 Additionally, no traces of impurity phase can be
RSC Adv., 2021, 11, 23664–23678 | 23667
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Fig. 3 SEM micrographs of x ¼ 0.05, 0.07 and 0.1.
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seen in our samples. All of the reection peaks are indexed in
diverse crystal systems and unit cell congurations. A tetragonal
unit cell is selected on the basis of the good agreement between
observed and calculated proles. The peaks for the Nb-doped
Fig. 4 XRD patterns of Nb-doped BLT nano-powders.

23668 | RSC Adv., 2021, 11, 23664–23678
samples show a slight shi towards the lower 2q side (see
Fig. 5). This can be clearly observed in the enlarged (111) peaks,
as shown in Fig. 5, indicative of enlargement of the unit cell
with Nb doping. Further, the quantitative analysis of the
experimental XRD data was carried out by employing the Riet-
veld renement technique using the least-squares subtraction
of a standard computer program package “FullProf soware”,30

and the tting parameters are given in Table 2. The incorpo-
ration of Nb into BLT induces a reduction in the unit cell
volume Nb concentration, which indicates the increase of the
average radius of site B (rNb5+ ¼ 0.64 �A and rTi4+ ¼ 0.605 �A).29

The observed (Yobs) and calculated (Ycal) patterns, along with
their differences, are depicted in Fig. 6(a–c), and the simulated
patterns t well with the obtained XRD data. However, with
limited data, it was possible to determine crystal structure and
the space group of the compound. The deduced lattice param-
eter a (¼b)s c shows a linear increase with an increase in x (see
Table 2), which is in agreement with Vegard’s law (1921). This is
attributable to the larger ionic radius of Nb than Ti, which leads
to the expansion of the crystal lattice. Similar results were also
reported for Nb doping on the Ti site of BaTiO3.11,14,20,21,31
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Enlarged image of the prominent diffraction peaks.

Table 2 Crystal data and refinement parameters for BLT1�xNb4x/5
samples with x¼0.07, 0.05, and 0.10 estimated from X-ray powder
diffraction data

Sample BLT0.95Nb0.05 BLT0.93Nb0.056 BLT0.9Nb0.08
Crystal system Tetragonal
Space group P4/mmm
a (�A) 3.988(5) 3.970(6) 3.965(0)
c (�A) 4016(4) 4.017(2) 4.018(1)
V (�A3) 64.15(1) 64.14(6) 64.12(6)
tG 1.016 1.015 1.017
Rp (%) 7.66 8.63 8.08
RF (%) 8.28 7.08 5.95
Rwp (%) 10.4 11.4 11.0
c2 1.57 1.68 1.89
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3.4. Conductivity formalism

Electrical conductivity measurements have been frequently
applied in investigations of defect-related properties of non-
stoichiometric samples.32,33 The advantage of effectively
measuring this property is that it allows the material to be
evaluated in situ at elevated temperatures, and furthermore to
accurately observe these properties during the processing of the
material. Nevertheless, elucidation of electrical conductivity
data, especially for polycrystalline materials, is sufficiently
complicated due to the complexity of the physical meaning of
electrical conductivity.

The main complication in effectively analyzing the electrical
conductivity data is that it usually combines the terms of
concentration and mobility. Instantaneous determination of
electrical conductivity and thermal power is usually required to
quickly recognize these two components.32,33 The elucidation of
changes in electrical conductivity (depending on composition)
usually depends on following presumptions:

(1) One type of charge carrier prevails in the conduction
(2) The mobility term stays constant against the composition
An additional complication arises from how the electrical

conductivity data of a ceramic material incorporates many
components, for example:
© 2021 The Author(s). Published by the Royal Society of Chemistry
(i) The component identied with bulk properties
(ii) The component associated with the contacts between the

electrodes and the sample
(iii) The component attached to grain boundaries
Accurate measurements of electrical conductivity generally

focus on a favorable assessment of bulk properties. This is
indeed the typical situation when the considerable parts (i) and
(iii) can be conveniently neglected. The impact of the contacts
can be limited by the use of a four-probe technique32,33 in which
the electrical sign is requested within a currentless circuit. In
addition, the applications of an alternating current (AC) make it
possible to avoid the polarization effects generally produced by
a direct (DC) signal. The probable impact accurately identied
as a result of grain boundaries could be gradually eliminated
with the correct use of a single crystal. The most ideal approach
to deciding which part is a result of a grain boundary is to
perform similar searches for singular polycrystalline and crys-
talline examples of a similar synthesis. However, single crystals
are not widely available. For this situation, it is essential to
assess the component of electrical conductivity associated with
the inter-grain. This component can reasonably assume
substantial values when the ne connections of electrical
conductivity are properly formed across grain boundaries. Even
so, when the local resistance of the grain boundary layer is lower
than that of the bulk phase, the electrical conductivity data can
be tentatively identied as bulk properties.

The basic properties of metal oxide dependent materials of
non-stoichiometric composition are strongly affected by their
defect chemistry. Correspondingly, the detailed properties of
the inter-grain can also be considered with regard to local defect
troubles of the inter-grain area. As a result, concerted efforts
were made to quickly decide on the defect patterns associated
with this established area. This problem can be solved in the
following manner:

(1) Verication of defect related properties, like electrical
properties, for single crystals and ceramic materials of a similar
structure

(2) Conrmation of the effect of particle size on a defect-
associated property

(3) Independent determination of bulk-related properties,
for example, thermo-power, and interface-related properties, for
instance, work function32,33

Electronic materials, such as dielectrics and varistors,
depend on the BT ceramic. The properties related to the
application of BT are properly controlled by its grain boundaries
rather than the bulk phase. Following on from this, there is an
increasing need to perform studies for ceramic materials rather
than single crystals. For this reason, there has been an accu-
mulation of reports on the properties of BT-related defects that
apprehend ceramic materials.8,9,34–38 Apparently, the semi-
conductor properties of undoped BT, decided using electrical
conductivity are virtually indistinguishable for both ceramics
and single crystals.39

The properties of oxidized materials, such as electrical
properties and the associated transport of charge (electron and
electron holes) and matter (particles or ions), are dictated by
their defect/deformity disorder.
RSC Adv., 2021, 11, 23664–23678 | 23669
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Fig. 6 Profile of the measured (in red) and calculated (in black)
intensities of DRX lines after refinement by the Rietveld method in the
P4/mmm space group. The positions of the Bragg reflections are
marked by vertical lines in green. The difference between the observed
and calculated intensities is shown in blue at the bottom of the
diagram for BLT0.95Nb0.04 (a), BLT0.93Nb0.056 (b) and BLT0.9Nb0.08 (c).

Fig. 7 Evolution of the electrical conductivity as a function of
frequency at different temperatures for BLT0.95Nb0.04 (a),
BLT0.93Nb0.056 (b) and BLT0.9Nb0.08 (c).
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In this way, the detection of defect chemistry and the asso-
ciated defect equilibria including both ionic and electronic
defects can be examined. The fundamental inductions of defect
chemistry models depend on experimental data evaluated at
temperatures at which gas/solid equilibrium can be
established.
23670 | RSC Adv., 2021, 11, 23664–23678
The electrical conductivity formalism generally provides
important data on particle dynamics. Total electrical conduc-
tivity can be determined using complex impedance
parameters:40

sToT(f,T) ¼ sAC + sDC (1)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Frequency dependence of conductivity of BLT0.95Nb0.04,
BLT0.93Nb0.056 and BLT0.9Nb0.08 samples at 580 K.
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with, Z0 and Z00 describing the real and the imaginary parts of
the complex impedance, respectively. e and S represent the
thickness and the area of the component, respectively.

The variation in conductivity as a function of frequency at
the designated temperature is shown in Fig. 7(a–c). In these
graphs of experimental data, it can be seen from the curves that
there are effectively two specic areas. Especially, at low
frequencies, the rst is related to the continuous conductivity
(DC) which has remained roughly constant. In another part, the
second is identical to the alternating conductivity (AC), which
relies heavily on the frequency of the higher ones. The evolution
of the alternating current reveals the presence of a thermally
activated process caused by the increase in the energy of the
charge carrier.41 As indicated by Jonscher’s universal power law,
electrical conductivity can be described by:42

sToT ¼ sDC + Aun (2)

In eqn (2), sDC and Aun express the (sAC) conductivity in
continuous and alternating currents, respectively. A is
a constant for a particular temperature. n denes an exponent
subject to temperature and frequency. The study of exponent
comportment n(T) is the useful solution. Its variation gives rise
to different models.

Also, the decrease of grain size with increasing Nb content
(see Fig. 3(a–c) and discussion of SEM) results in increased
grain boundaries and hence less transfer of electrons from
grain to grain. More substitution of Ti by Nb leads to a decrease
of electrical conductivity due to the insulating property of grain
boundaries43

The conductivities of different samples are included in the
range of semiconductor. We can clearly distinguish the
considerable rise in conductivity by the rise in temperature (see
Fig. 8). It is reasonably inferred that the higher temperature
parts generally generated a higher oxygen vacancy density.44 In
this way, the rise in conductivity as the temperature increases
can be explained by the increment of space charges, yielded to
the inter-grain.45

A transition occurs which can be attributed to the presence
of impurities and the slight growth of grains and grain
boundaries.46 The behavior of semiconductors in our poly-
crystalline compounds is denitely characterized by the
increase in conductivity with temperature.

As the temperature decreases the value of AC conductivity
also decreases (cf. Fig. 8). The AC conductivity is found to be of
the order of 10�3 S cm�1 at 580 K for x¼ 0.05 and it decreases to
the order of 10�5 S cm�1 for x ¼ 0.07. Our results are in good
agreement with the results obtained by Singh et al.47 Also, the
values of activation energy for various x values indicated that
the activation energy for facilitating AC conductance is related
to the motion of the dipoles and the dielectric loss behavior at
different frequencies.48

The plot in Fig. 8 unveils two distinct regions: the low-
frequency region and the high frequency region. At low
frequencies, a plateau which characterizes the direct current
conductivity is present, while at high frequencies, the
© 2021 The Author(s). Published by the Royal Society of Chemistry
conductivity increases gradually with increasing frequency and
Nb-doping. The behavior of AC conductivity of Nb-doped BLT
with temperature and frequency is similar to the observations
reported for any other low-mobility crystalline oxide materials
and can be attributed to the hopping of charge carriers.49

3.4.1. AC conductivity. An examination of the conductivity
sAC of the ceramic compound is performed to recognize the
starting point of the conduction method. It too makes it
possible to inspect the transport behavior of charge carriers
similarly as their interactions against to the frequency.50

Mathematically, the AC conductivity is usually determined from
the experimental data of Z0 and Z00 by the formula below:

sAC ¼ e

s
� Z

0

ðZ02 þ Z002Þ (3)

Fig. 9(a–c) illustrates the frequency-dependence of the
conductivity from 500 K to 610 K.

Furthermore, a dispersive locale (region II) is noticed at
medium frequencies. The AC conductivity advances linearly
with the frequency as indicated by the power law Aun. It inter-
prets the cooperations that inuence the movement of load
transporters.

As can be seen in Fig. 9(a–c), the value of sAC increases with
increasing frequency. This sAC contributes only to the dielectric
loss, which becomes innite at zero frequency and not impor-
tant at high frequencies. As the frequency increases, sAC

increases because the polarization decreases with increasing
frequency. Increase in the sAC also leads to an increase of the
eddy current which in turn increases the energy dielectric loss.
This result is also compatible with the literature, where it is
suggested that the increase in sAC with increasing frequency is
attributed to the gradual decrease in resistance.51–53 As a result,
the change in the AC electric conductivity (sAC) is a result of
restructuring and reordering of charges at the sample’s inter-
face under external electric eld or temperature and interface
polarization.
RSC Adv., 2021, 11, 23664–23678 | 23671
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Fig. 9 The fit of the electrical conductivity using the universal
Jonscher power law for BLT0.95Nb0.04 (a), BLT0.93Nb0.056 (b) and
BLT0.9Nb0.08 (c).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 1
0:

13
:4

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Different models to explain the conduction methods of AC
conductivity with n(T) in various materials have been presented
in the literature survey, for example:

– The overlapping-large polaron tunneling (OLPT) model,
applied when the exponent “n” decreases with the rise in the
temperature until reaching a minimum value, then increases
when the temperature increases.54
23672 | RSC Adv., 2021, 11, 23664–23678
– The non-overlapping small polaron tunneling (NSPT)
model; the exponent n increases as the temperature increases.55

– The correlated barrier hopping (CBH) model; the exponent
n decreases as the temperature increases.56

– The tunneling quantum mechanics (QMT) model; the
exponent n is almost constant around a value of 0.8 and
increases soly with increasing temperature.57

In order to determine the most suitable conduction mech-
anism of the ac conductivity for the BLT1–xNb4x/5 sample, the
study of exponent comportment n(T) is the useful solution. Its
variation gives rise to different models:

3.4.1.1 CBH model. In this model, the conduction is
affected by the skipping of electrons, trapped in two defect
centers, over a Coulomb barrier that disconnects or isolates it.
The CBH model was revealed in 1972 by Pike56 for the jumping
of a single electron. In 1977, Elliot extended this model for the
simultaneous jumping of two electrons.58 The height of the
barrier is associated to the distance isolating the two defect
states through coulomb interactions. For adjacent sites
(decrease of separation R) the potential wells overlap, leading to
a lessening of the barrier height from Wm to W given by:

W ¼ Wm � n� e2

p� 30 � 30 � R
(4)

where W expresses the barrier height over which the carriers
should jump, Wm articulates the maximum height of barrier, 30

represents the real part of the permittivity of the material, 30
epitomizes the vacuum permittivity, e describes the electronic
charge and n represents the number of hopping electrons (with
n ¼ 1 or 2 for the single or bi-polaron measurements, respec-
tively). In the CBH model, the exponent “n” is given by:

nCBH ¼ 1� 6� KB � T

Wm � KB � T � lnðu� s0Þ (5)

with s0 denes the characteristic relaxation time and u denotes
the angular frequency. A rst estimate of this relation gives rise
to a reduced expression:59

nCBH ¼ 1� 6� KB � T

Wm

(6)

The AC conductivity in the CBH model is articulated as
follows:60

sAC ¼ nCBH � p3

24
N2 � 30 � 3

0 � u� Ru
6 (7)

where N is a symbol of the concentration of pair sites and Ru

denes the hopping distance, which considered by:61

Ru ¼ nCBH � e2

p� 30 � 30½Wm þ KB � T lnðu� s0Þ� (8)

The DC conductivity of the CBH model was assessed by
Pramanik et al.62 where the development of charge carriers is
not constrained to pairs of locales; rather it stretches out to the
contribution of different states with the intercession of perco-
lation conditions. The DC conductivity is given by:
© 2021 The Author(s). Published by the Royal Society of Chemistry
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sDC ¼ s0 � exp

 
� W

�
rp
�

KB � T

!
(9)

where rp is the critical percolation radius and W(rp) represents
the barrier height at the critical percolation radius or also the
activation energy for sDC in this model.
Fig. 10 (a–c) Variations of exponent n and (d–f) n � 1 with temperature

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.4.1.2 NSPT model. In a covalent solid, the addition of the
charge transporters to a site brings about a local distortion of
the lattice. The organization of electrons and its nearby distor-
tion forms a polaron; and the energy of the states is reduced by
a quantityWp (the polaron energy). In the “small polaron” these
particles are limited to the point that their distortion clouds do
not overlap. In this case, the electron tunnels between the states
for BLT0.95Nb0.04, BLT0.93Nb0.056 and BLT0.9Nb0.08.

RSC Adv., 2021, 11, 23664–23678 | 23673
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near the Fermi level, and the tunneling energy is characteristi-
cally expressed by WH z (1/2)Wp which is independent of the
inter-site separation. In the NSPT model, the exponent “n” is
given by:63

nNSPT ¼ 1þ 4� KB � T

WH þ KB � T � lnðus0Þ (10)

For the approximation of large values of WH/KBT, the
expression of “n” is expressly reduced to:

nNSPT ¼ 1þ 4� KB � T

WH

(11)

According to NSPT model, the AC conductivity is principally
given by the formula:63

sAC ¼ ðpe2ÞKB � T � u½NðEFÞ�2Ru
4

12a
(12)

where a � 1 is the spatial extension of the polaron, N(EF) is the
density of states close the Fermi level, and Ru is the tunneling
distance which can be mathematically given by:64

Ru ¼ � 1

2a

�
lnðus0Þ þ WH

KBT

�
(13)

The tunneling distance diminishes with increasing
frequency until arriving at the very minimum value, which can’t
be equal to zero, yet is equivalent to the interatomic dispersal.

3.4.1.3 OLPT model. The overlapping-large polaron
tunneling occurs when the polaron distortion clouds overlap.

The name “large polaron” comes from the large spatial
extent of the polaron wells in comparison to the interatomic
distances. The overlap of two neighboring wells brings about
the lowering of the polaron transfer energy according to:

WH ¼ WH0

�
1� r0

R

�
(14)

where r0 is the polaron radius andWH0 is a constant for all sites
which precisely given by:59

WH0 ¼ e2

43r0
(15)

with 3 being the effective dielectric constant. The exponent “n”
for this model is accurately expressed as:65

nOLPT ¼ 1� 8aRu þ 6bWH0r0=Ru

ð2aRu þ bWH0r0=RuÞ2
(16)

where b ¼ 1/KBT. The AC conductivity for OLPT model can be
scientically evaluated as:64

sAC ¼ p4

12
� e2 � ðKBTÞ2½NðEFÞ�2 � uRu

4

2a� KB � T þ
�
WH0r0

Ru
2

	
(17)

Ru is the tunneling distance at a frequency u, mathemati-
cally, given by the following expression:60
23674 | RSC Adv., 2021, 11, 23664–23678
Ru ¼

� 1

4a

�
lnðus0Þ þ WH0

KBT

�
�
lnðus0Þ þ WH0

KBT

�2
þ 8a� r0 �WH0

KB � T

�1=2

(18)

3.4.1.4 QMT model. For the quantum mechanical tunnel
model, conduction generally occurs by tunneling of electrons
between defect states near the Fermi level without polaron
formation. This model is characterized by the temperature
independence of the signicant exponent “n” given by:66

nQMT ¼ 1þ 4

lnðus0Þ (19)

For a typical values of s0 ¼ 10�13 s and u¼ 104 s�1, a value of
nQMT z 0.8 is obtained. The AC conductivity, according to QMT
model, is expressed by the following formula:67

sAC ¼ A� e2 � KB � T

a
½NðEFÞ�2uRu

4 (20)

where A is a constant that takes different values according to
several authors (p4/24 (ref. 63) and p2/12 (ref. 60)). The
tunneling distance Ru is given by:

Ru ¼ � 1

2a
lnðus0Þ (21)

The DC conductivity of the tunneling models obeys the Mott
law where sDC varies according to exp(�T�1/4) which is
supposed to result from variable-range phonon-assisted
tunneling between localized states.60,63

According to eqn (2), it is clear that stot(u) is frequency-
dependent in the high frequency range; these linear depen-
dencies of AC electrical conductivity with frequency could
account for the electron conduction via a hopping process
between coordinating sites, local structural relaxations and
segmental motions of the compound.68 In order to determine
the conduction mechanism, the values of the exponent, n, were
deduced for all samples at different temperatures and plotted
against temperature.

3.4.1.5 BLT0.95Nb0.04. Fig. 10(a) presents the variation of the
exponent “n” which increases with increasing in temperature
(in the region 500–570 K) and then decreases (570–610 K); this
suggests that two conduction mechanisms are existed. Thus,
the change in the ac electric conductivity (sac) is a result of
restructuring and reordering of charges for the ceramic
compound interface under temperature and interface polari-
zation. Also, the values of activation energy for x ¼ 0.05 indi-
cated that the activation energy proves the existence of two
conduction mechanisms in the temperature range from 500–
570 K and 570–610 K is related to the motion of the dipoles
behavior at different frequencies.48 Thus, according to these
variations, NSPT and CBH models are the appropriate models,
respectively. The polaron hopping energy Wh for the NSPT
model was calculated from the linear t of the experimental
data 1� n vs. T and it wasWh ¼ 0.311 eV. The barrier heightWm
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Variation of (sT) as a function of temperature for x¼ 0.05 (b)
plots of ln sACT vs. 1/T1/4 of x ¼ 0.05 at different frequencies.
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for the CBH model was calculated in the same way and it was
Wm ¼ 0.476 eV (see Fig. 10(d)).

3.4.1.6 BLTi0.93Nb0.056. NSPT is the suitable conduction
model in this sample, which is proved by the rise of “nNSPT ” as
a function of temperature (see Fig. 10(b)). The value of Wh is
found to be equal to 0.208 (see Fig. 10(e)).

It is well noticed that the height of the barrier for each model
decreases by increasing the sintering temperature. Thus, the
transport of the electrons or polarons is facilitated resulting
consequently in the increase of the conductivity.

3.4.1.7 BLT0.9Nb0.08. The evolution of the frequency expo-
nent “nCBH” versus temperature appears in the Fig. 10(c). This
result implies that the CBH model (the barrier height Wm is
found to be 0.106 eV) and the NSPTmodel (the polaron hopping
energyWh was calculated to be equal to 0.140 eV) are the closely
excellent theoretical models to describe the electrical conduc-
tion mechanism in our BLT0.9Nb0.08 ceramic (from the linear t
of the experimental data 1 � n vs. T (see Fig. 10(f))).

The frequency-dependent AC conductivity at different temper-
atures indicates that the conduction process is thermally activated.
The AC conductivity is found to obey the universal power law and
the CBH and NSPT models are found to successfully explain the
mechanism of charge transport in the Nb-doped BLT1�xNb4x/5O3.
Low values of polaron binding energy W calculated using the
© 2021 The Author(s). Published by the Royal Society of Chemistry
experimental values of the frequency exponent n conrm the
existence of the transport of the electrons or polarons. The
decrease in the density of states with increasing Nb content indi-
cates an increase in the delocalization, which is deemed respon-
sible for the increase in the AC conductivity.

The values of AC activation energy Ea are obtained at
different frequencies as previously calculated from the Arrhe-
nius equation and listed in Fig. 11a. It is noted that the values of
stot(u) are higher than sDC and EAC are lower than EDC. This can
be due to the fact that the increase in the applied eld frequency
enhanced the electron mobility and, subsequently, the
conductivity value.58,69 In addition, the loss factor dominates at
higher frequencies and, therefore the conductivity increases up
to comparatively higher values for higher frequency ranges.70,71

The decrease in the total conductivity at higher temperatures
may be due to the scattering of electrons which is the dominant
behavior by increasing temperature.72

The temperature dependence of AC conductivity at various
frequencies, for example x ¼ 0.05, is revealed in Fig. 11b. The
conductivity is increased with rising temperature. The
temperature-dependent conductivity of the ceramic exhibits an
Arrhenius behavior.73 The AC conductivity dependence of
temperature of the ceramic can be written as

sAC ¼ s0 exp

��Ea

KBT

	
(22)

where, s0 and Ea are the pre-exponential factor and activation
energy, respectively. The activation energy of conduction is
calculated at various frequencies from the slopes of the lines in
Fig. 11b. Using the above equation at 621 Hz, 1044 Hz and
2035 Hz, respectively (c.f. Fig. 11b). It is seen that Ea reduces
with rising frequency.

This leads us to propose that the applied eld frequency
enhances the electronic jumps stuck between the localized
states and that is why activation energy diminishes with
frequency. The smaller activation energy values and increases in
the AC conductivity with rising frequency conrm the hopping
to be the dominant conduction mechanism.

3.4.2. DC conductivity study. For the three compounds
BLT0.95Nb0.04, BLT0.93Nb0.056 and BLT0.9Nb0.08, the temperature
dependence of DC conductivity at f ¼ 577 Hz is shown in
Fig. 12(a–c). It is understandable that the behavior of semi-
conductors in our polycrystalline compounds is characterized
by the increase in conductivity with temperature, and that there
are two temperature sections. For our prepared ceramic
compounds, at high temperature (500–600 K) the DC conduc-
tion obeys Arrhenius law:62

sDC ¼ s0 exp

�
� Ea

KBT

	
(23)

where s0 is a constant, Ea is the activation energy, KB is the
Boltzmann constant, and T is the absolute temperature.

For our synthetic ceramic compounds, by plotting log(sDC)
against 1/T or 1/T�1/4, we obtain a straight line with a slope over
all the temperature sequences. The adjustment of the experi-
mental results could be carried out by Arrhenius or Mott’s law.
The adjustment R square values are established in Fig. 10(d–f)
RSC Adv., 2021, 11, 23664–23678 | 23675
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Fig. 12 (a–c) Variation of (sT) as a function of temperature of Ba0.97La0.02Ti1�xNb4x/5O3, respectively, for x¼ 0.05, x¼ 0.07 and x¼ 0.1. (d–f) The
evolution of log(sT) against 1/T1/4 of BLT0.95Nb0.04, BLT0.93Nb0.056 and BLT0.9Nb0.08.
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for Ba0.97La0.02Ti1�xNb4x/5O3 (x ¼ 5, 7 and 10, in mol%),
respectively.
4. Conclusion

Frequency- and temperature-dependent conductivity measure-
ments for our polycrystalline perovskite ceramic systems with
23676 | RSC Adv., 2021, 11, 23664–23678
a composition of Ba0.97La0.02Ti1�xNb4x/5O3 (x ¼ 5, 7 and 10,
in mol%) were performed. Our perovskite polycrystalline
compounds have been prepared by a high-temperature molten-
salt reaction technique. Preliminary X-ray diffraction results
prove the tetragonal crystal structure at room temperature. The
morphology of the samples was studied through TEM, which
gives the average grain size on the order of 5 mm. The electrical
© 2021 The Author(s). Published by the Royal Society of Chemistry
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behavior of the polycrystalline compounds was investigated by
impedance spectroscopy in the 500–610 K temperature range. The
conductivity analysis reveals a distinguished increase with
increasing Nb content. Besides, the electrical conductivity obeys
Jonscher’s universal power law. For the AC conductivity, the
evolution of the exponent s with temperature indicates the pres-
ence of NSPT and CBHmodels as dominant conduction processes
in our materials. An increase in DC conductivity (i.e., bulk and
grain boundary) with rising temperature is also observed.
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