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In this paper, major reduction in sintering time,temperautre and significant improve-
ment over final density of sitnered sample is reported for the microwave sintered
nanocrystalline BiFeO3 (BFO) ceramic. Also, different sintering time and tempera-
tures have been used to tailor the grain size and the final density of the resulting BFO
ceramics synthesized from phase pure BFO nanoparticles (d̄ ≈ 10 nm). Microwave
sintering resulted in reducing the sintering time substantially (by 1h), and has resulted
in submicron sized grains and high resistivity ∼ 1.8 GΩ-cm. The AC conductivity
is seen to follow the Jonscher’s power law behavior, suggesting correlated barrier
hopping (CBH) mechanism in the sample. The role of oxygen vacancies at high
temperature, due to volatility of bismuth, in dielectric and conductivity behavior is also
discussed. Further, the sample displayed dielectric anomaly near magnetic transition
temperature (∼180 ◦C) indicating bearing of magnetic moments on the dielectric prop-
erties. Using Impedance Spectroscopy (IS) we have established, the electrical hetero-
geneity of the ceramic BFO reavealing semiconducting nature of grains and insulating
nature of grain boundary. This, formation of network of insulating grain boundaries
and semiconducting grains could lead to formation of internal barrier layer capacitance
(IBLC) leading to high dielectric constant in microwave sintered BFO. C 2015 Au-

thor(s). All article content, except where otherwise noted, is licensed under a Creative

Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4931818]

I. INTRODUCTION

Multiferroic materials have been widely investigated in the past decade due to simultaneous
exhibition of multiple ferroic properties such as ferroelectricity, ferromagnetism and ferroelasticity.
BiFeO3 (BFO) is the most widely investigated material possibly due to the exhibition of multiferroic
behavior at room temperature.1 BFO has high Curie temperature (TC ∼ 830 ◦C) and high antifer-
romagnetic transition temperature (TN ∼ 370 ◦C).2,3 BFO have also been investigated for various
potential applications such as sensors, transducers, memory devices, actuators, magnetoelectrics,
spintronic, photovoltaic devices etc.1,4–7 However, there are still a few challenges in BFO that
needs to overcome, such as a metastable phase, high leakage current, and high coercive field.8–10

Also, during synthesis and sintering process, BFO may form secondary phases such as Bi2Fe4O9,
Bi25FeO39 and Bi2O3 due to Bismuth volatility.8,11–13 These problems have been eliminated using
careful synthesis of BFO by using PVA sol gel method.14 These problems can be further reduce if
we can minimize the sintering temperature and time; microwave sintering is one such technique.

In polycrystalline ceramics, the electrical properties are mostly influenced by presence of
grains and grain boundaries.15,16 Dielectric behavior of ceramics may show considerable varia-
tion depending on nature of the grains and grain boundaries as well as overall morphology of
microstructure.17–22 In microwave heating, electromagnetic waves interact substantially with the
ceramics, stimulating volumetric heating, which subsequently enhance densification, microstructure
homogeneity, leading to reduction in sintering temperature.23–25 Many ferroelectric materials have
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been synthesized by using microwave sintering method due to advantages such as, high heating
rates of microwave sintering, prominently shortening of the processing time and temperature as
compared to conventional sintering techniques.23–29 Considering the plausible reduction in sintering
time and temperature, probability of bismuth loss could be minimized, which in turn could prove
advantageous to the electrical properties of BiFeO3. However, barring few25,27,28 which have shown
significant reduction in leakage current, there is hardly any literature on microwave sintered BFO
and especially on the impedance spectroscopy (IS) of the microwave sintered BFO ceramic.

In this paper, effect of microwave sintering on the microstructure and various electrical prop-
erties viz. dielectric, impedance and AC conductivity of phase pure BFO has been studied. We
have revealed through impedance spectroscopy that electrical microstructure of microwave sintered
BiFeO3 ceramics is electrically heterogeneous with semiconducting grains and insulating grain
boundaries; this could lead to internal barrier layer capacitance (IBLC) in the sample which might
be ultimately held responsible for high εr′ in microwave sintered, fine grained, nanocrystalline
BiFeO3 apart from other extrinsic effects.

II. EXPERIMENTAL

BiFeO3 nanopowders were synthesized by using PVA sol gel method with monodispersed
particle size (d̄≈10 nm).14 The phase purity of the powder was examined using X-ray diffractometer
(PANalytical X’pert PRO) in the scanning range from 20◦ to 90◦ at scan rate of 0.01◦/10 sec. The
lattice parameters of these powders were refined using Fullprof Rietveld refinement software.30

Subsequently, the phase formed BFO powder was pressed uniaxially into 10 mm diameter pellets.
Further, these green pellets were sintered isothermally in a microwave furnace with a sacrificial
powder of the same composition. The pellets were kept at different sintering temperature viz. 750◦C
and 800◦C, for 1-2 hours at each selected temperature. The density of the pellets were calculated
using Archimedes principle (ASTM no.: C 20-00). Surface morphology of sintered pellets were
studied using scanning electron microscopy (JEOL JSM-7600F). For electrical characterization, the
pellets were coated with silver paint and cured at 200◦C for 2 hours. Impedance measurements were
carried in the temperature of −50◦C to 350◦C using high resolution Alpha-A broadband dielectric
spectrometer (Novocontrol GmbH, Aubachstr Germany) in the frequency range of 1 Hz to 1 MHz at
1Vrms.

III. RESULT AND DISCUSSION

The X-ray diffraction pattern of BFO pellets sintered at 750 ◦C and 800 ◦C each for 1 and 2 h,
is shown in Figure 1(a). It was confirmed from matching of the sample with standard JCPDS data
that all samples have Rhombohedral crystal structure with R3c space group. All the BFO samples

FIG. 1. (a) Powder X-ray diffraction pattern of BiFeO3 ceramics, microwave sintered at different temperatures for the cycle
of 1 and 2 hours. (Impurity phases in XRD pattern are indicated by *) (b) TEM micrograph of BFO powder synthesized by
PVA sol gel method. (Inset shows the HRTEM image of 110 plane).
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TABLE I. Rietveld refinement parameters of microwave sintered BiFeO3 samples at various temperature and time, values in
parenthesis indicates the uncertainty in lattice parameter computation in last digit.

Sintering temperature/Duration a = b (Å) c (Å) Rwp Rexp S (Rwp/Rexp) χ2

750 ◦C/1h 5.576(1) 13.864(1) 16.9 10.21 1.65 2.74
750 ◦C/2h 5.575(2) 13.865(2) 21.2 12.25 1.73 3.01
800 ◦C/1h 5.577(3) 13.866(3) 19.8 12.09 1.63 2.69
800 ◦C/2h 5.573(1) 13.862(1) 22.2 11.99 1.85 3.41

exhibited phase purity except the sample sintered at 800 ◦C/2 h which have shown some minor
peaks of impurity phase (indicated by *). The increase in sintering time at 800 ◦C lead to volatility
of Bismuth and formation of various secondary phases.8,11–13

The lattice parameters of all the samples were obtained by refining the data using Fullprof
software30 and is presented in Table I. No significant change in lattice parameter is observed for
samples sintered in various sintering condition. Bismuth ferrite nanoparticles synthesized via PVA
sol gel method are shown in Figure 1(b). The particles are well dispersed and the average size is
∼10 nm. Inset of Figure 1(b) shows the High resolution TEM image of single particle showing (110)
orientation.

For BiFeO3 green pellets consolidate using microwave sintering, the sintering conditions were
so chosen that we can get the samples with highest apparent density. SEM images of BFO samples
synthesized by microwave sintering at various temperatures and time is shown in Figure 2. The
average grain size of the sample sintered at 750 ◦C/1h (Figure 2(a)) is found to be submicron sized
(≤ 338 nm). The sample appears to be in the initial stage of the sintering process, and neck forma-
tion is observed in the sample. As the sintering time increases to 2 hours (Figure 2(b)), the grain size
is also found to increase to 365 nm. Samples sintered at 800 ◦C for 1 hour, and 2 hours are shown in
Figure 2(c) and 2(d) respectively, wherein sample reveled complete grain growth. The sample show
uniform grain distribution having grain size (∼ 850 nm) for sample sintered at 800 ◦C for 1 hour.

FIG. 2. Scanning electron microscopy images of BFO sample sintered at (a) 750 ◦C for one hour, (b) 750 ◦C for two hours,
(c) 800 ◦C for one hour and (d) 800 ◦C for two hours.
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As for the sample sintered for 2 hours, the grain distribution become dense with increase in average
grain size of around 2.8 µm. The sample sintered at 800 ◦C for 1 hours is highly dense (> 95%) with
uniform microstructure, with few elongated, rod shaped grains. The increase in sintering time (2 h at
800 ◦C) have given a way for grains to become coarser on account of finer grains at 800 ◦C/1h, and
the microstructure is showing somewhat bimodal distribution of grains.

In several reports on ceramic BiFeO3 so far, various mechanism were proposed for dielectric
relaxation in BFO samples (viz. Hopping or Maxwell Wagner based) and were contested to base
on processing conditions.31–33 In all these reports, the grain-size/microstructure was considered an
important factor in determining the overall electrical properties of the sample. In view of this, here
also, we engineered the BFO ceramics in various grain sizes in anticipation of variation electrical
properties; although all the microwave sintered samples exhibited some change in their dielec-
tric/electrical properties, their overall trend, for all the samples, remained same. Various relaxation
peaks and impedance behavior for all the samples followed the similar trend. Based on this, to
explain the dielectric phenomenon in microwave sintered BFO only the sample sintered at 800◦C/1h
is chosen on account of its superior microstructure and improved density over other samples.

The frequency dispersion of various dielectric parameters at a few discrete sample temperatures
is shown in Figure 3. A clear Maxwell-Wagner type relaxation process can be seen from the spec-
troscopic plots of εr′ and tan δ, wherein, a step-like decrease in εr′ can be seen to be accompanied
by the corresponding relaxation peaks in tan δ. Further, this corresponding peak in tan δ can be seen
shifting towards higher frequencies with increasing temperature, indicating Debye type thermally
activated mechanism.34 According to this mechanism whenever the hopping frequency of charge
carriers matches with the applied frequency, a peak in tan δ is observed. This conductivity contri-
bution due to hopping of charge carriers is evident from Figure 3(b), where εr′′ can be seen varying
with slope (∆ε′′/∆ f ) of −1 which indicate that εr′′ is dominated by conductivity, σ(ω)35,36 and is
given by the equation (1);

ε′′r ≈ (σdc/ε0ω) (1)

FIG. 3. (a) Frequency variation of the real part of dielectric constant (εr′), (b) imaginary part of dielectric constant (εr′′), (c)
tan δ and (d) imaginary part of modulus at a few discrete temperatures for microwave sintered BFO ceramic at 800◦C/1h.
(Figure 3(c) shows the peak in tan δ corresponding to relaxation peak in dielectric constant εr′).
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FIG. 4. Temperature dependence of (a) εr′, (b) εr′′ and (c) tanδ for microwave sintered BFO (800 ◦C/1hr) measured at a few
selected frequencies. The relaxation peaks here are seen to be very close to the antiferromagnetic ordering temperature of
BFO.

where, σdc is conductivity at the lowest measured frequency, ε0 (8.85 × 10−12 Fm−1) is the permit-
tivity of the free space and ω (angular frequency) = 2πν.

From the Figure 3(a), it is now evident that the Maxwell Wagner response, dipolar contribution
due to hopping of charge carriers between the available states and space charge polarization (which
can be seen for frequency < 100 Hz) are primarily responsible for the occurrence of high εr′ (> 103)

in the microwave sintered BFO ceramics. While the losses in the sample are due to conductivity
(σ(ω)) in the sample. Figure 3(d) shows the modulus spectroscopic plot versus frequency at temper-
atures from 30 ◦C to 190 ◦C. Peak in modulus spectra of microwave sintered BFO (Figure 3(d))
suggest the temperature dependent hopping mechanism. It also has strong temperature dependent
peak frequency.

To see the temperature dependence of dielectric properties of the microwave sintered BFO, the
dielectric constant (εr′) at few selected frequencies is plotted in Figure 4(a). It is clearly observed
that, as the temperature is increased the dielectric constant at all frequencies increases due to ther-
mally activated charge carriers. The dielectric constant (εr′) almost remains constant till 230 ◦C for
frequencies > 10 kHz, then it starts to increase with temperature. Further, at 1 kHz and 10 kHz a
broad relaxation peak is observed in between 175 ◦C to 200 ◦C. This relaxation in εr′ is interest-
ingly close to the magnetic transition temperature of BFO, indicating the magneto-electric coupling
in BFO.1,37,38 The Room temperature dielectric constant and dielectric loss was found to be ∼85
and ∼0.01 at 100 kHz respectively, which is higher than earlier reported BFO samples sintered
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FIG. 5. Real part of the dielectric constant with frequency measured at selected temperatures; the red solid lines are fitted
curves according to Cole–Cole equation.

conventionally32,39–41 possibly due to space charges and grain boundary effects. It is also observed
that, at lower temperature (< 50 ◦C), εr′ becomes almost temperature independent for all frequen-
cies, which can be attributed to static dielectric response42

To explore the nature of the dielectric relaxation in the BFO ceramics, the data of the dielectric
spectra were fitted with the Cole–Cole equation43 as shown in Figure 5,

ε∗ = ε′ − jε′′ = ε∞ +
(εs − ε∞)

1 + (jωτ)1−α
(2)

Where, ε∗ is the complex permittivity, εs and ε∞ are the static and high frequency limits of dielectric
permittivity. τ is the relaxation time, ω = 2π f is the angular frequency and α is the measure of the
distribution of relaxation time and always lie in between 0 and 1.

According to Cole–Cole equation, the fitted parameters for microwave sintered BFO is shown
in Table II. Due to space charge contributions at lower frequency, the Cole-Cole equation could not
be fit to experimental data. It can be observed that the sample follows Debye type relaxation in the
temperature ranges from 110 – 210 ◦C and also the relaxation time (τ) can be seen decreasing with
temperature. It can be inferred that the relaxation process is thermally activated, as with increasing
temperature the relaxation peaks can be seen shifting towards higher frequency side.

The spectroscopic plots of the real part of ac conductivity (σac
′) at few discrete temperature is

shown in Figure 6(a). As the temperature increases the AC conductivity increases due to thermally
generated charge carriers. Further, the AC conductivity is seen to follow the Johnscher’s power law
given by,44

σac = σdc + Aωn (3)

TABLE II. Dielectric relaxation time (τ) and distribution of relaxation time (α) obtained as a function of temperature fitted
by Cole–Cole equation. (Relaxation time decreases as a function of temperature).

◦C τ α

110 0.0802 0.8991
130 0.01195 0.9206
150 0.00645 0.9076
170 0.00229 0.9077
190 0.00129 0.8928
210 0.00702 0.8535
230 0.00436 0.893



097164-7 Kolte et al. AIP Advances 5, 097164 (2015)

FIG. 6. (a) AC conductivity study of BFO ceramics measured at different temperatures (red line indicate the fitting by
Jonscher’s power law). (b) Variation of exponent n versus temperature. The decrease in n with increasing temperature suggests
the correlated barrier hopping (CBH) mechanism for conduction.

where σac is the total conductivity; σdc is the extrapolated dc conductivity; A is material specific
temperature dependent constant, ω is the angular frequency and n (0 ≤ n ≤ 1) is a temperature and
frequency dependent exponent.

The σac
′ extrapolated to lowest measured frequency gives the value of dc conductivity, alter-

nately it can also be found out using Jonscher’s power law fitted to experimental data. The value of
dc conductivity found to vary between 10−12 to 10−4 σ/cm for temperature −30 ◦C to 330 ◦C, indi-
cating the highly resistive nature of the fine grained, microwave sintered BiFeO3 ceramics; a marked
improvement over the conventionally sintered BFO ceramics. Further, the trend of the exponent ‘n’
gives the nature of the conduction mechanism that may exist in the sample.45,46 Various models have
been developed based on the behavior of n such as QMT (Quantum Tunneling Mechanism, where
value of ‘n’ is independent of temperature), OLPT (Overlapping Large Polaron Tunneling, where n
reaches a minimum followed by increases with temperature), and CBH (Correlated Barrier Hopp-
ing, where n decreases with temperature).47 In microwave sintered, fine grained BFO ceramics, the
value of n (Figure 6(b)) decreases with temperature which is consistent with the CBH model and is
also in agreement to the reported literature. 48

The activation energy of conduction is obtained by using the Arrhenius plots, 103/T vs σac
′ and

using the Arrhenius equation,

σdc = σo exp(−Ea/kBT) (4)

where, σo is pre-exponential factor, Ea is activation energy, and kB is the Boltzmann’s constant.
From the Arrhenius plots (see Figure 7) two distinct activation energies for microwave sintered BFO
ceramics have been observed in the measured temperature range. Solid line indicates the fitted data,
from which activation energy was calculated. The activation energy of the conduction was found to
be 1.09(±2) eV for > 230 ◦C, and 0.63 (±2) eV for temperature less than 230 ◦C.

So far we attributed the occurrence of apparent large εr′ to the external Maxwell-Wagner
response, hopping of charge carriers between the available Fe+3 and Fe+2 valence states and
interfacial/space-charge polarization. However, there have a lot of reports on the applicability of
internal barrier layer capacitance (IBLC) effect in few of the oxide ceramics which have shown
exceptionally high εr′ albeit showing high loss.17,18,21,34,49–53 This IBLC effect arises predominantly
due to the heterogeneity in the electrical microstructure of the ceramics. Impedance spectroscopy is
a useful tool to study the electrical heterogeneity of the sample, which can be done by deciphering
the contribution of the grain and grain boundaries. To decipher the contributions of grains and grain
boundaries in microwave sintered, fine grained BFO ceramics we have used the complex impedance
plots (Z′ vs Z′′). The complex impedance spectrum at a few discrete temperatures is shown in
Figure 8.

The figure shows the depressed semicircles, which indicated the distribution in relaxation
times. The relaxation in the spectrum can be represented by an equivalent parallel RC circuit, as
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FIG. 7. DC conductivity (σdc) versus 1000/T plot to find an activation energy of BFO sample (Ea: activation energy calculated
from the slope). Two different activation energy can be seen for two different temperature regions.

there are two or more relaxation times, a combination of parallel RC circuit can be used, each
representing contribution/relaxation times of grain, grain boundary etc. Here the dotted line repre-
sents the measured data, and red line indicates fitted data by equivalent parallel RC circuit model.
The measured data is fitted by using two parallel RC circuit model. The equivalent circuit model
is shown in the inset of Figure 8(a). Each RC element represents the contribution of grains and
grain boundaries and electrode effect.54 The low frequency response is from grain boundary and
electrode effect while the high-frequency response corresponds to the grain (bulk). The variation of
impedance can be understood by the equivalent circuit and fit according to the following equations,

Z′ =
Rg

1 + (ωRgCg)2
+

Rgb

1 + (ωRgbCgb)2
(5)

Z′′ = Rg



ωRgCg

1 + (ωRgCg)2



+ Rgb



ωRgbCgb

1 + (ωRgbCgb)2



(6)

FIG. 8. (a) Variation of Z
′ versus Z

′′ (Nyquist plot) for BFO sample at different temperatures. The data is fitted to two
equivalent parallel RC circuits, the schematic of which is shown in the inset. (b) Amplification of Nyquist plot for estimation
of grain resistance exhibiting.
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where, Rg and Rgb are grain and grain boundary resistances while, Cg and Cgb are capacitances of
grain and grain boundaries respectively. The temperature has a profound effect on the conductivity
vis-a-vis impedance behavior as it is observed that with the temperature concentration of Bi2+

cations increase according to the following defect reaction,

Oo⇔ Vo +
1
2

O2 (7)

Vo⇔ V∞o + 2e′ (8)

Fe3+(Bi3+) + e′⇔ Fe2+(Bi2+) (9)

This will create a higher level of electron hopping in samples resulting in a large capacitance for the
grain that cannot be ignored, as compared to the capacitance of the grain boundaries.

Figure 9 depicts the variation of Rg, Rgb, Cg and Cgb with temperature obtained by fitting the
complex impedance plots. It can be clearly seen from Figure 9(a) that Rg has resistance in the
range from 5 to 200 Ohms in the measured temperature range. While values of Rgb was found
in the order of 109 Ω-cm at room temperature which decreases to 103 Ω-cm at 350 ◦C Rgb. The
values of Rg and Rgb clearly reveal the electrical heterogenity of the microwave sintered BFO, with
semicondcuting grains and insulating grain boundaries. Further, the capacitance values of capaci-
tance estimated from the modulus spectra, Cg and Cgb, are plotted in Figure 8(b) as a function of
temperature. The Cg was found to be of the order of 10−11 F, corresponding to the bulk capacitance,
and almost remains independent of the measured temperature range. The values of Cgb can be seen
to vary in range from 10−10 F to 10−5 F, which correspond to the grain boundary capacitance, and
is seen strongly temperature dependent. The activation energies of grain and grain boundaries are
calculated by plotting a conductivity versus 1000/T. It is observed from Figure 9(c) that activation

FIG. 9. (a) Variation of grain (Rg) and grain boundary resistance (Rgb) with temperature (b) grain (Cg) and grain boundary
(Cgb) capacitance with temperature and (c) grain (Eg) and grain boundary (Egb) activation energies using dc conductivity
values obtained from fitting Nyquist plots.
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FIG. 10. Frequency dependent (a) real part (Z ′) and (b) imaginary part (Z ′′) of impedance of BFO sample measured at
different temperatures. Two distinct peaks in Z

′′ clearly indicates grain and grain boundary contribution.

energy of grain is 0.06 eV. Activation energy of Grain boundary is 0.63 eV and corresponds to p
type hopping mechanism.55

Further, to gain insight of the conduction process complex impedance study (Z = Z ′ − j Z ′′)
have been performed at different temperatures (see Figure 10). It is clear from the graph that for
low temperatures (< 100 ◦C) Z ′ decreases monotonically with the frequency (Figure 10(a)) indicate
the increase in AC conductivity. Here the slope of Z ′ versus frequency shows capacitor character-
istics (linear) with slope approximately equal to −1. The Z ′ decreases with the temperature, which
suggests some contribution from space charge species. The peaks in Figure 10(b) clearly indicates
relaxation in the sample. Two peaks can be observed in the sample. The peak position shift to higher
frequency side as the temperature increases (indicated by arrow). The lower frequency peak can be
attributed to grain boundary while the peak at high frequency corresponds to the grains.

IV. CONCLUSIONS

Nanocrystalline fine grained BiFeO3 ceramics were successfully synthesized in phase pure
form by using Sol gel method followed microwave sintering. Microwave sintering has significantly
reduced the sintering temperature and time. Further, this microwave sitnered fine grained ceramics
were highly dense and insulating (R ∼ 1.8 GΩ. cm). Electrical microstructure was probed by com-
plex impedance study and has clear evidences for electrical heterogeneity in the sample. Impedance
study reveals semiconducting grains and insulating grain boundaries. We propose, this network of
insulating grain boundaries and semiconducting grains could lead to IBLC effect in the sample
attributing towards high dielectric constant, along with other extrinsic effects.
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