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ABSTRACT

Nonstoichiometric strontium bismuth niobate (StogBiz2Nb2Og: SBN) ceramic was prepared using
conventional solid-state reaction and microwave sintering methods. Complex impedance spectroscopy
(CIS) has been used to investigate the intra and intergranular contribution to the impedance SBN
ceramics as a function of temperature and frequency. Complex impedance Cole-Cole plots were used
to interpret the relaxation mechanism in SBN ceramic which showed a non-Debye relaxation. The
grain and grain boundary contribution to conductivity have been estimated from the Cole-Cole plots.
The bulk (grain) resistance of both samples was found to decrease with rise in temperature indicating
negative temperature coefficient of resistance (NTCR) type behavior like that of semiconductors. The
microwave sintered SBN was found to have low value of bulk resistance indicating more increase in
conductivity as compared to conventionally sintered SBN. The temperature dependence of the
relaxation time was found to obey the Arrhenius law. Studies of electrical modulus show the presence

of hoping conduction mechanism in SBN.
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The perovskite blocks (An1BnOsn+1)% units are

1. Introduction , .
sandwiched between two layers of (BirOz)?*

The blsmuth layered structure fefroelectric along the C_aij, Where A_Site in perovskjte block

ceramics (BLSFs) have emerged as important can be occupied by cations having coordination

candidates for the application in non-volatile
ferroelectric random access memory (FeRAM)
devices because of their attractive electrical
properties such as high Curie temperature, low
dielectric loss, excellent fatigue endurance and
low aging rate [1-3]. The BLSFs ceramics belong
to Aurivillious family having the chemical
formula of (Bi202)** (An1BuOsn+1)%, where n
represents the number of perovskite layers
sandwiched between two bismuth oxide layers.

no. of 12 such as Bi3*, La3*, Sm3+  Baz* Ca2*, Srz*
etc. and B site, can be occupied by cations having
coordination no. of 6 such as Fe3*, Ti3* | Nb>*,
Tas*, Wor, Mo, etc. [4-5]. Having the same
structure, dielectric and ferroelectric properties of
StBizNb2Oy and other bismuth layer structured
ferroelectrics (BLSF’s) such as StBizTa,0o,
Sl’BiszTaOg, SrBi4Ta4015; Sl’BiszzO() has
attracted much attention because of its high

fatigue resistance and lead free composition [6-8].
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In spite of the numerous advantages of SBN
ceramics, it suffers from some serious issues such
as relatively low remnant polarization, low
piezoelectric coefficient and high processing
temperature [7]. Numerous reports are available
in the literature on the synthesis of strontium
bismuth niobate and its solid solutions by
processes such as solid-state reaction [6-10],
[11,12],

precursor [13,14],
precipitation [15, 16], sol-gel [17, 18], and

aqueous solution method organic

decomposition co-
combustion synthesis [19]. The conventional
solid state reaction method is generally used for
synthesizing SBN, which has some disadvantages
such as high sintering temperature and loss of
bismuth compound during the sintering process.
The electrical properties of the SBN are strongly
dependent on the density of ferroelectric
ceramics [20]. Therefore, fully dense materials
(>95% of theoretical density) are required for
most of the applications. The abnormal grain
growth in ferroelectric ceramics is might be due
to high sintering temperature and longer sintering
durations. Higher sintering temperature not only
leads to bismuth loss in SBN, but also affects its
electrical properties. To overcome the issue of
volatility of bismuth, available reports suggest the
usage of microwave sintering. In the last two
decades the microwave sintering has emerged for
synthesizing ceramics at lower temperatures as
compared to conventional sintering. The
microwave sintering has many advantages over
the conventional solid state reaction technique. It
includes rapid heating, uniform grain growth, and
higher densification |21, 22]. Several researchers
have synthesized different material systems using
this microwave technique. However, only few
publications are available for the microwave
sintering of BLSFs ceramics [23-27]. There is not
much literature available on the effect of
microwave sintering temperature on the electrical
properties of SBN of ceramics. Therefore, in this
paper, SBN

conventional solid state reaction and sintered by

ceramic  was prepared by
microwave reactive and conventional sintering
techniques. The conventional sintering was used
to aiming to compare the electrical properties by
both techniques. Noguchi et al. [28] reported that

SBN and SBT show the better dielectric and

ferroelectric properties with the composition of
St: Bi: Nb/Ta = 0.8: 2.2: 2 as compatred to the
composition of 1: 2: 2 [29-31]. In this study SBN
was synthesized of the composition St: Bi: Nb =
0.8:2.2:2 by

sintering techniques. The complex impedance

conventional and microwave
spectroscopy is a powerful technique to separate
the effects
boundary

out grain-electrode
effects. It

information about the contribution to the

and grain
provides important
relaxation process from different micro-regions
in polycrystalline ceramics, such as grains, grain
boundaties and bulk-electrode interfaces [32, 33].
The present paper describes a detailed analysis of
complex impedance spectroscopy and complex
modulus spectroscopy for both the compounds
synthesized by conventional and microwave
sintering. An effort has been done to study the
role of grain and grain boundaries on electrical
properties of SBN synthesized by two different
techniques and their dependence on frequency
and temperature. Interestingly we have not come
across hardly any publication related to complex
impedance spectroscopy of SBN synthesized by
this microwave technique during last five years.

2. Experimental Details

The high temperature solid state reaction
conventional and microwave sintering techniques
were used for the preparation of SrogBizoaNbaOy
(SBN) ceramic. SBN powder was prepared
according to the equation

2.2
0.8(SrC03) + == (Bi; 05) + NbyOs

A
> SrpgBiysNbyOg + CO, 1

The starting materials were SrCOs (purity
99.99%, Sigma Aldrich), BixOs (putity 99.9%,
CDH) and NbOs (purity 99.99%, Alfa Aesar).
The powders were preheated at 100°C to remove
the moisture and then weighed according to the
composition of SrpgBizaNb2Oy. Bismuth oxide
(Bi2O3) was used in 3% excess to compensate the
loss of Bi during the sintering process. The
powders were mixed for 24 hours in ball milling
in isopropanol medium with Zirconia balls. The
as-prepared powders were dried at 100°C and
then calcined at 800°C for 4 hours in a closed

alumina crucible using conventional furnace. The
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resultant powder was ground for two hours and
then mixed with polyvinyl alcohol (PVA). The
PVA mixed powder was pelletized into disk of 10
mm diameter and about 1.5 mm thickness using
a uniaxial hydraulic pressure.

The one set of pellets of SBN were heated in
conventional furnace at 1100°C for 3 hours with
heating and cooling rate of 3°C/minutes.
Another set of pellets of SBN were sintered at
optimized temperature 1000°C for 30 minutes
with a heating rate of 50°C/min in a microwave
furnace. A Micro-Heat High Performance
Microwave furnace (model MH5814-VI, from
Energy Microwave System Pvt. Ltd.) having two
magnetrons with microwave power of 0.5
KW-1.45 KW operated at 2.45 GHz was used in
the present study. The temperature inside the
furnace was measured by an inferred fiber optic
pyrometer. The pellets were loaded in a thermally
insulating chamber size of 17 cm x 17 cm x 15 cm
in size to prevent heat loss. The silicon carbide
was used as microwave susceptor around the
sample to preheat the sample within the
insulating chamber. This configuration makes the
The

comparison of temperature-time profile for

microwave heating more uniform.
conventional sintering and microwave sintering is

shown in figure 1.
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Figure 1: Comparison of Temperature-time profile
for synthesis of SBN by conventional and
microwave sintering.

It can be seen in the figure 1 that the time
required for microwave sintering is 50 min. only

(excluding the cooling time) which is much lesser

than for conventional sintering (approx. 9 hours
excluding the cooling time). Therefore, the
microwave sintering is beneficial to save energy
and time. The SBN sintered by conventional and
microwave sintering is abbreviated by CS-SBN
and MS-SBN respectively in this study. Before
electrical measurements both sintered pellets
were lapped with silicon carbide powder to
reduce thickness to about 1 mm. The silver paste
was used as electrode on both sides of pellets and
fired at 500°C for 30 minutes.

impedance (Z), phase angle (0), loss tangent (D),

Electrical

and capacitance (C) were measured as a function
of frequency (20 Hz-1 MHz) at different
(30-500°C)  using computer
Kerr 6500B Impedance
analyzer at oscillation amplitude of 1 V.

temperatures
interfaced Wayne

3. Results and Discussion
3.1 Impedance Spectroscopy

To investigate the electrical and dielectric
properties of materials, complex impedance
spectroscopy (CIS) is the well-known technique.
It is used to characterize microstructural and
electrical properties of ionic and /or electronic
materials [34]. The grain, grain boundary and
ceramics interface effects, greatly influence the
electrical properties of ceramics materials.
Therefore, it is required to understand the
individual contribution to the electrical behavior.
In general, four representations are used to
represent data in complex plane, complex
impedance (Z¥%, complex admittance (Y),
complex permittivity (¢¥) and complex modulus
(M*). Complex impedance plane plot of Z' versus
Z" (where Z" and Z" are the real and imaginary
parts of the complex impedance, respectively) are
useful for determining the dominant resistance of
a sample, while complex modulus plots are useful
for determining the smallest capacitances. The
advantage of this CIS technique is that the M"
and Z" peaks for a particular RC combination
should be dependable on the frequency scale
which is the ideal Debye case of dielectric
materials. The highlight of complex impedance is
that it highlights the phenomena of largest
resistance while, the complex modulus highlights
the phenomena of smallest capacitance [35, 30].
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Figure 2: Complex impedance plots of (a) CS-SBN
and (b) MS-SBN along with Arrhenius plots of
relaxation time for grain and grain boundary for
(c) . CS-SBN and (d) MS-SBN

Figure 2 shows the complex impedance plane
plots of CS-SBN and MS-SBN samples measured
at various temperatures from 350°C to 500°C in
the frequency range 20 Hz to 1 MHz. At lower
temperatures (<400°C) the response of Cole-Cole
plots were found linear for both samples CS-SBN
and MS-SBN, which indicates the insulating
behavior in the samples. This linear response of
Cole-Cole plots have been found to change into
semicircles above 400°C in both specimens
indicating the increase in the conductivity of the
specimens. Two semicircles were observed for
both specimens CS-SBN and MS-SBN in low and
high frequency regions respectively above 400°C
with different values of resistances for grain and
grain boundary. The non-appearance of third arc
indicates that, the effect due to electrode is
negligible. The complex plots were fitted using Z-
view software and the values of fitted parameters
are listed in table 1.

Tablel. Grain and grain boundary resistances for
conventionally and microwave sintered SBN
respectively.

Tempe CS-SBN MS-SBN
rature | Ry Rgb Ry Rgb
(°C) | (kQ) (k) (k) (k)
400 1760.00 | 3200.00 | 587.00 863.00
425 745.00 984.00 | 303.00 351.00
450 167.00 251.00 | 130.00 144.00
475 48.15 221.43 | 39.98 52.03
500 29.40 120.66 | 17.63 16.13

It can be seen from table 1 that grain and grain
boundary resistance decreases with increase in
temperature at all temperatures used in the
measurements. The values of grain boundary
resistances were observed higher than that of
grain resistance for both samples CS-SBN and
MS-SBN. Hence at higher temperatures, grain
could be
separated which clearly explains the presence of
grain boundaries in both samples CS-SBN and
MS-SBN. The defects in BLSFs ceramics affects

impedances and capacitance in the formation of

and grain boundary resistances

barrier layer at the grain-grain boundary interface
[37]. The defects are the oxygen vacancies which
are usually created during sintering process. The
bartier at the interfaces of grain-grain boundary is
created due to the differences in the values of

ISSN: 2456-4834
Available online at Journals.aijr.in


https://journals.aijr.in/index.php

39

Singh et al., J. Mod. Mater.; Vol. 1, Issue 1, pp: 35-45, 2016

grain and grain boundary resistances. The
decrease in value of bulk (grain) resistance with
increase in temperature indicates the negative
temperature coefficient of resistance (NTCR)
behavior in both CS-SBN and MS-SBN ceramics.
The relaxation time (7) was calculated from the
peak frequency of semicircles of complex
impedance plots using the equation T =1/
2mRC where, R and C are the resistance and
capacitance for grain, grain boundary. Variation
of grain and grain boundary relaxation time with
temperature is shown in the figure 2 (c) and (d).
It was observed that the relaxation time for grain
boundary is more than that of grains. The
relaxation times due to grain and grain boundary
follow the Arrhenius behavior
T =1y exp(—E;/KT)

where, 7 is the pre-exponential factor. An
anomalous behavior was observed in both plots
near the transition temperature. The activation
energy for grain (E,) and grain boundary (E,)
were estimated from linear least squares fit to /
(7)-1000/T and the values are given in table 2.

Table 2. Activation energy for grain and grain
boundary of CS-SBN and MS-SBN ceramics.

Sample Grain activation | Grain  boundary

code energy (Eg) in | activation energy
eV (Egb) in eV

CS-SBN | 1.68 1.61

MS-SBN | 1.21 1.31

The values of E, and Eg have been observed
lower for MS-SBN than that of CS-SBN,
indicating the higher conductivity in the samples
at higher temperature. Figure 3 (a) and (b) show
the variation of Z' with frequency at temperature
between 350°C-500°C for CS-SBN and MS-SBN
samples. It was observed that the value of Z" at
low frequency is almost half for MS-SBN than
that of CS-SBN. It means that microwave
sintered SBN (MS-SBN) offers low resistance for
charge carriers. The value of Z' decreases with
both increasing frequency and temperature for
both samples. The low frequency dispersion in Z’
was observed below 1 kHz frequency, and above
1 kHz, the Z" was found to be independent of
frequency and temperature which is consistent
with low frequency dielectric dispersion (LFDD).

This behavior may be due to the release of space
charge carrier as a result of barrier potential with
increase of temperature and it is also responsible
for ac conductivity with temperature at high

frequency.
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Figure 3: Frequency and temperature dependence
of real part (Z') (a), (b) and; (c), (d) imaginary
part (Z") of impedance for CS-SBN and MS-SBN
respectively.
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The decrease in Z' values at low frequency with
increase in temperature indicate the negative
temperature coefficients of resistance (NTCR)
type behavior similar to semiconductor materials
[38]. Figure 3 (c) and (d) show the variation of Z"
with frequency at different temperature for
CS-SBN and MS-SBN samples. It was noticed
that the Z" values increases initially, attains a
maxima peak and then decreases with increase in
frequency for temperatures = 400°C. Such type of
behavior belongs to non- Debye like behavior
which indicates the presence of space charges
since, the electrical behavior is dependent on the
frequency. It was also observed that the peak
value decreases with increase of temperature and
shifted to the higher frequency side. This
decrease in the wvalue of Z"ni peak with
increasing temperature represents the increase in
capacitance and decrease in resistance of the
which the
conductivity and loss in the resistive property of
the material since Z"max = R/2 [39]. The shifting
in the peak value of Z"a to the higher frequency

material indicates increase in

side indicates that the relaxation time is more at
low temperature and decrease with increase in
temperature [40, 41]. The broadening of the
peaks was observed with increase in temperature
which indicates multiple relaxations in the
matetial. The microwave sintered SBN was found
to have less broadening peaks. The relaxation
may be due to the presence of immobile charge
species at low temperature and defects at higher
temperature [42]. At high frequency (>10 kHz) all
the curves were found to merge, which might be
due to the presence of space charge in the
material. At high frequencies, lesser time is
available for the space charge to relax and hence
the space charge polarization reduces with
increasing frequency leading to merging.

The normalized imaginary parts Z"/Z"max of the
impedance as a function of frequency at different
temperatures is shown in the figure 4 for CS-SBN
and MS-SBN ceramics. The Z"/”Z" . parameter
shows a peak at a particular frequency which
shifts towards the higher frequency side with
increase in temperature. It may be concluded
from the curves that the higher temperature
the

material. It was also observed that the peaks tend

triggers another relaxation process in

to broadened with increasing temperature which
indicates the presence of electrical processes in
the material with a spread of relaxation time [37].
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Figure 4: (a) and (b), the normalized imaginary
parts (Z2"/7"max) Of the impedances as a function of
frequency at different temperatures and (c) the
Relaxation time as a function of temperature for
CS-SBN and MS-SBN respectively
The relaxation time (7,) was estimated using the

relation

2fp T =1
where, 7, is the relaxation time and £, is the peak
frequency. Figure 4 (c) shows the Arrhenius plot
The

relaxation time was found to decrease with

of relaxation time with temperature.
increase in temperature. Both samples have the

similar values of relaxation time and an
anomalous behavior was obsetved near the

transition temperature in case of both specimens.
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The activation energies in ferroelectric region
(350-450°C) were estimated from the Arrhenius
plots for CS-SBN and MS-SBN, they are 1.18 ¢V
and 1.12 eV respectively which correspond to the
oxygen migration energy. The activation energy
for oxygen vacancy migration is about 1.00 eV
[43]. Since Bi ions evaporated at high sintering
temperatures, oxygen vacancies are created for
neutralization in the crystal structure [44]. Hence
the bismuth vacancies and oxygen vacancies are
considered to be the most mobile charges which

are responsible for electrical conduction in SBN.
3.2 Electrical Modulus Study

Complex modulus spectroscopy is also a very

important tool to understand the charge
transport process in ionic solids. It provides an
alternative approach to analyze the electrical
response of the materials. Electrical modulus was
introduced by Macedo et al. [45] to study the
space charge relaxation phenomenon. The
complex modulus spectroscopy also helps to
understand the uncertainty arising in the relation
with the presence of grain/grain boundary effect
at elevated temperature which may not be
distinguished from the complex impedance plots
[46]. The complex modulus electrical modulus
(M* was calculated from the impedance data
using the relation,

M (w) = 1/e"(w) = iw CyZ*(w)

= M +iM”
M = wCyZ"
M" = wCyZ'

where, e¥(w) is the complex permittivity, Cy is the
(0A4/t, A be the
electrode area and t be the thickness of the
sample. Figure 5 (a) and (b) show the variation of

geometrical capacitance

real part of electrical modulus with frequency for
CS-SBN and MS-SBN the
temperature range 350°C to 500°C. It was noticed

samples  in

that M’ increases with increase in frequency from
zero and attained constant value at higher
frequencies above 1 kHz which is M. It can be
attributed to the conduction phenomena arising
from short range mobility of charge carriers. It
was also noticed that the value of M« decreases
with increase in temperature and attains a
minimum value below the transition temperature
(T}) and above T it again increases. The low

frequency dispersion region was observed which
shift to the higher frequency side with increase in
temperature. The trend of the curves was found
different beyond the transition temperature in
both samples (circled in the plots). Above the
transition temperature, the value of M"was found
approx. zero up to 5 kHz and then increases in

case of both specimens.
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Figure 5 (c) and (d) show the variation of
imaginary part of electrical modulus (M") with
frequency for CS-SBN and MS-SBN at different
temperatures. The M" was found to increase with
increase in frequency and attains a peak at a
particular frequency (f;), which represents the
most provable conductivity relaxation frequency.
The peak height of M" was found to dectease and
shifted to the higher frequency side with increase
in temperature and attains a minimum value
corresponding to transition temperature which is
a direct indication of increase in the value of
dielectric constant. The value of peak height
increases with increase in temperature beyond the
transition temperature and shifted to higher
frequency side. However the values of M" for
MS-SBN were slightly lower than that of CS-SBN
as the dielectric constant for MS-SBN is higher.
This indicates that the dielectric relaxation is a
thermally activated process in which the hopping
mechanism dominates intrinsically [41]. These
plots highlight the phenomenon of smallest
capacitance because the peak height is
proportional to 7/C ie. Myun=eo/2C [41]. The
peaks of M" indicate the transition from short
range to long range mobility with decrease in
frequency. The low frequency side is the non-
Debye peaks which represent the range of
frequencies in which the ions are capable of
moving long distance, i.e., performing successful
hopping from one site to a neighboring site,
whereas for higher frequency side, the ions are
spatially confined to their potential wells and can
execute only localized motion [39]. Above the
transition temperature, M" almost start from zero
and increases with increase in frequency and then
attains a peak value which again shifted to higher
frequency side with further increase in
temperature (circled in the plots). The further
increase in the magnitude of M" with increase in
temperature above transition temperature
indicates that the capacitance is decreased with
increase in temperature. Figure 6 (a) and (b) show
the normalized imaginary parts of electrical
modulus M"/M",,... as a function of frequency
for CS-SBN and MS-SBN at different
temperatures. The peak frequency of M"/M" ..
has been found to shift towards the higher
frequency region which may be related to the

phenomenon that at higher temperature there is
another relaxation process.
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Figure 6: (a) and (b), the normalized imaginary
parts (M"/M"max) of the impedances as a function of
frequency at different temperatures and (c) the
Relaxation time as a function of temperature for
CS-SBN and MS-SBN respectively.

The relaxation time (7,) was estimated from the

peak frequency f, in M" using the relation
2nfptm =1

The relaxation time (7,) has been observed to

follow Arrhenius law T,, = t9exp(—E,/KT)

shown in figure 6 (c), where, 7 is the pre-
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exponential factor, K the Boltzmann constant, E,
is the activation energy and T is the absolute
temperature. The value of relaxation time was
found to decrease with increase in temperature.
An anomalous was observed near the transition
temperature for both samples. The activation
energy has been calculated in the ferroelectric
region (below Tj) they are 1.34 eV and 1.29 eV
for CS-SBN and MS-SBN respectively. The
activation enetgies estimated from Z" and M"
plots were found similar which indicates that the
localized conduction (dielectric relaxation) of the
charge carriers in the bulk of the sample.

The variation of normalized parameters
M"/M" e and Z"/Z" . as
frequency measured at 475°C is shown in the
figure 7 (a) and (b) for CS-SBN and MS-SBN. A
significant mismatch in the peaks of M" and Z"

a function of

#
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Figure 7: Normalized curves of Z" and M" for
(@) CS-SBN and (b) MS-SBN.

has been observed. The mismatch in the peak
position of normalized parameters M" and Z"
indicates the presence of Maxwell-Wagner type
space charge polarization which arises at defects
(grain boundaries, sample electrode interfaces)
presents in the sample [47]. These plots also show
the non-Debye type behavior. In ideal case the
M'" and Z" should coincident on the frequency
scale. The peak frequency in M" / M was
found to be shifted more high frequency side as
inZ" /) Z" ma

4, Conclusion

In summary, SrpsBi22Nb2Oy compound was
synthesized by both conventional and microwave
sintering processes. The conventional reactive
sintering was used with an objective to compare
the electrical properties of SBN. The frequency
of

impedance and modulus of conventional and

and temperature dependent complex
microwave sintered SBN was studied. The bulk
and grain boundary resistances were estimated
from the Cole-Cole plots of impedance for both
samples CS-SBN and MS-SBN which indicates
that the relaxation is of non-Debye type. The
lower value of grain boundary suggest that the
conduction is dominated by grain boundary
through hopping electrons created due to oxygen
vacancies at higher temperature. The microwave
sintered SBN was found to have low value of
grain and grain boundary resistance at higher
temperatures indicating low resistance for charge
carriers for hopping from one site to another site.
The frequency dependence of complex modulus
(M") with temperature showed a maxima peak
which shift towards the higher frequency side
with increase in temperature. The shifting in the
peak value of M" indicates that the relaxation in
the material is thermally activated. Thus it may be
that  the

technique is superior to conventional sintering

concluded microwave  sintering
technique to enhance the electrical properties of
SBN from the point of view time saving, energy

saving and low processing sintering temperature.
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