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Abstract
Ca ion-modified Bi0.80−xCaxLa0.20FeO3 (BCLFO) polycrystalline samples (with x = 0.0, 0.03, 0.06, and 0.12), synthesized 
by solid-state reaction, and their structural, dielectric, transport, and ferroelectric properties are explored. Rietveld analysis 
of XRD data revealed that Ca ions provoke  structural distortions followed by a phase transition for x = 0.12. The Wil-
liamson–Hall analysis revealed that Ca doping enhances the distortion in FeO6 octahedra, resulting in increases in strain 
and particle size. Scanning electron microscopy demonstrates a decrease in grain size with Ca doping. Room-temperature 
dielectric properties are remarkably enhanced with Ca incorporation when compared with those of undoped Bi0.80La0.20FeO3 
(BLFO). Furthermore, the ac conductivity of these samples has been investigated from room temperature to 500 °C and 
different conduction mechanisms were found in different temperature regions. Ca incorporation prevents Bi evaporation and 
fluctuation of Fe oxidation states, which is reflected in better ferroelectric polarization versus electric field (P–E) loops than 
those of BLFO ceramics. However, this behavior reverses for x = 0.12 due to a structural rhombohedral to orthorhombic 
phase transition.
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Introduction

Bismuth ferrate BiFeO3 (BFO) is one of the widely stud-
ied multiferroic materials synthesized by researchers in 
both bulk and thin-film form.1–4 Different routes have been 
used for the synthesis of BFO, such as solid-state reaction, 
single crystal growth, sol–gel, and other chemical routes. 
The dominant crystal phase of BFO at room temperature 
is rhombohedral belonging to the space group R3c.2–4 In 
BFO, the 6s2 lone-pair electrons of Bi are responsible for 
its ferroelectricity, while its magnetic ordering is due to the 
partially filled d orbital of iron at the B site. The ferroelectric 
polarization of BFO has a reported magnitude of ~ 90 μC/
cm2 to 95 μC/cm2 along the direction [111].5,6 Its antiferro-
magnetic (G-type ordering) Neel temperature (~ 653 K) and 
ferroelectric Curie temperature (~ 1100 K) are well above 
room temperature.7,8 Ferroelectric and magnetic properties, 
along with its photovoltaic response, make BFO a potential 
candidate for many applications in the field of electronics, 
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magnetism, spintronics, and photovoltaics, among others. 
Although BFO has advantageous room temperature multi-
ferroic properties, it also has important drawbacks, such as 
high leakage current, low magnetoelectric coupling, poor 
ferroelectric ordering, weak ferromagnetic ordering at cryo-
genic temperatures, and difficult single-phase synthesis.9–11 
Ferroelectricity is particularly affected by the leakage cur-
rent. Intensive research work is required to solve this prob-
lem before BFO becomes available for many applications. 
Recently, researchers have found that strategically doping 
BFO improves its physical properties.12–18 Such improved 
properties of doped BFO have been associated with struc-
tural variabilities, and have been found to be extremely 
responsive to external stimuli, such as, e.g., magnetic/elec-
tric fields.12,19 Along this line, several research groups have 
made efforts to dope BFO with lanthanide ions, calcium 
ions, and transition metal ions, such as Mn, Ti, and Cr.20–25 
It has been found that, when La doping in BFO is below 
10%, it maintains the R3c symmetry; however, when it is 
20% or beyond, its structure shifts to orthorhombic and/or 
tetragonal.24 Likewise, it has been observed that La dop-
ing particularly improves the ferromagnetic ordering with 
a decrease in leakage current associated to the structural 
alteration. It is a familiar finding that the perovskite phase 
becomes more stable and improves its physical properties by 
incorporating dopants at the A and B sites.26–28 It has also 
been reported that evaporation of Bi during the synthesis 
process and a reduction in oxygen vacancies is prevented 
by appropriately doping in BFO. In this paper, we report the 
effect of Ca doping on the structural, microstructural, and 
transport properties of Bi0.80La0.20FeO3 (BLFO) ceramics.

Experimental

Bi0.80−xCaxLa0.20FeO3 (BCLFO) with 0 ≤ x ≤ 0.12 poly-
crystalline ceramic samples were prepared by solid-state 
reaction. The required amounts in a stoichiometric ratio 
were taken from high-purity reagents (> 99.98%) Bi2O3, 
Fe2O3, La2O3, and CaCO3. The final powders were ground 
in an agate mortar for 4 h in acetone medium to produce 
a homogeneous mixture. After grinding, the powders were 
subjected to a heat treatment at 830°C for 2 h, ground again 
for 15 min and then pressed into 6-mm-diameter, 1-mm-
thick disk pellets. The resulting ceramic pellet were sintered 
at 850°C for 2 h. For structural analysis, x-ray  diffraction 
(XRD) patterns at room temperature were obtained with a 
Philips X-pert diffractometer with CuKα radiation. Micro-
structure studies were performed on cracked pellets using a 
JEOL-4500 scanning electron microscope (SEM). For elec-
trical measurements, silver paste was used for the electrodes. 
The electrical measurements were performed using an HP 

4284A LCR meter, and a Radiant Technologies Ferroelectric 
Tester was used for ferroelectric characterization.

Results and Discussion

Structural Properties

Phase formation for all the samples was determined by XRD 
measurements. Rietveld analysis was performed on the XRD 
data, revealing a rhombohedral (R3c) phase stable up to 
x = 0.06 and a phase transformation to orthorhombic phase 
for x = 0.12 (Pbnm). Figure 1a shows the experimental XRD 
patterns and corresponding Rietveld refinement profiles for 
x = 0.06 and 0.12; however, the full structural details were 
reported in a previous publication.29 Figure 1b shows the 
unit cell for x = 0.06 as obtained with Vesta software. To 
calculate the microstrain and average particle size, the Wil-
liamson–Hall (W–H) approach was employed. The follow-
ing equation between average crystallite size and microstrain 
has been used30:

where D is the average crystallite size, � is the microstrain, 
� denotes the total broadening of the peaks (the full width 
at half maximum) due to crystallite size and microstrain, 
k is the Scherrer's constant, and � is the wavelength.30 A 
graph of 4 sin � versus � cos � was plotted and is shown in 
Fig. 2. The average crystallite size and microstrain values 
were calculated using the intercept and slope of the plot, 
respectively, and are presented in Table I. The results of the 
W–H analysis demonstrate that Ca induces the lattice strain 
which increases with Ca concentration, as seen in Fig. 3. 
The average crystallite size is in the 36–66 nm range for 
these samples.

Dielectric Properties

Impedance measurements were carried out to study the 
temperature-dependent dielectric behavior of the samples. 
Figure 4 show the temperature-dependent dielectric con-
stant (εr) and dielectric loss (tan δ), respectively,  for typical 
frequencies (50 kHz, 100 kHz, and 1 MHz). The dielectric 
constant increases with increasing temperature, whereas it 
decreases with increasing frequency, indicating a normal 
dielectric behavior. It is interesting to observe a very small 
kink in the vicinity of 350°C at a frequency of 50 kHz, 
which disappears at 100 kHz and 1 MHz. Note that both εr 
above ~ 120°C and tan δ above ~ 200°C are frequency and 
temperature dependent.

� cos � =
k�

D
+ 4� sin �
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Fig. 1   (a) X-ray diffraction patterns with Rietveld refinement profiles of the Bi0.80-xCaxLa0.20FeO3 for x  =  0.06 and 0.12; (b) the unit cell of 
rhombohedral structure with R3c symmetry for x = 0.06.

Fig. 2   Williamson–Hall plots of the Bi0.80−xCaxLa0.20FeO3 samples (0.0 ≤ x ≤ 0.12).
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Such features in the dielectric plots are interesting and 
have been observed in other doped BFO materials. At a 
temperature around 150°C, the dielectric constant starts 
increasing for all the samples, which is related to the onset 
temperature in the dielectric loss (tan δ versus T plots) 
possibly due to the change of Fe3+ to Fe2+ ionic state.31 
In magneto-electrically ordered systems, the dielectric 
anomaly near the antiferromagnetic Néel (TN) temperature 
is predicted by the Landau–Devonshire phase transition 
theory2 as an effect of the disappearance of the magnetic 
order on the dielectric order. So, in the εr versus T plots, 
the ~ 350°C high temperature anomaly may be the result 
of a change in the magnetic order in BFO;7 however, its 
disappearance for x = 0.12 may be due to another domi-
nating dielectric mechanism. During sintering, Bi evapora-
tion occurs mainly from the grain surfaces or interfaces and 
the grain boundaries. So, non-stoichiometry is an inherent 
problem in these Bi-deficient compounds. Oxygen vacan-
cies are usually compensated by Bi vacancies, and therefore 

many oxygen vacancies in the interfacial region of grains 
and grain boundaries result in space charge accumulation, 
thus forming a barrier:

Thus, above a particular temperature, the presence of 
these free carriers results in an anomalous increase in 
tan δ. When compared, the tan δ values for the Ca-doped 
samples are found to be smaller. Figure 5 shows the Ca 
ion doping effect on the structure and the room-temper-
ature dielectric properties. In Fig. 5, it is evident that the 
Ca ions enhance the insulating behavior for a higher Ca 
doping concentration by restricting Bi evaporation. The 
surface morphology of these samples in sintered pellets 
was measured using SEM. It can be observed (Fig. 6) 

(1)O
0
→

(

1

2

)

O
2
↑ +V ∙∙

0
+ 2e�

(2)VO = V ∙∙

O
+ 2e� =

(

V ∙∙

O
+ e�

)

+ e�

Table I   Dielectric parameters εr 
and tan δ and activation energy 
values obtained at different 
frequencies at room temperature 
for Bi0.80−xCaxLa0.20FeO3 
samples with 0.0 ≤ x ≤ 0.12.

Dielectric parameters Activation energy (in eV)

x Ɛr tan δ I II III IV

0.00 317 0.27 0.186 0.338 0.513 0.561
0.03 332 0.35 0.169 0.328 0.474 0.560
0.06 393 0.29 0.167 0.299 0.393 0.553
0.12 407 0.25 0.196 0.342 0.507 0.574

Fig. 3   The microstrain and particle size values obtained from W–H analysis of the Bi0.80−xCaxLa0.20FeO3 system (0.0 ≤ x ≤ 0.12).
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that the microstructure of the Ca-doped BLFO samples is 
dense with decreasing grain size as the doping concentra-
tion increases, indicating the crucial role of Ca doping in 
enhancing the density of the samples.

Transport Properties

Understanding the different kinds of conduction mechanisms 
in dielectric materials is very important for device fabrica-
tion with such materials. The different kinds of charge trans-
port mechanisms are based on how the charge carriers react 
with the temperature and frequency (f). Moreover, conduc-
tivity is an intrinsic property of the material which depends 
on several factors like composition, structural symmetry, and 
the internal structure at atomic level. Therefore, to under-
stand such behavior, the ac conductivity (σac) of the samples 
calculated using the equation: �

ac
= �r ⋅ �0 ⋅ � ⋅ tan � , where 

ε0 is the vacuum permittivity and ω is the angular frequency 
( � = 2�f ) . Figure 7 shows the ln(σac) versus 1000/T plots at 
some selected frequencies (50 kHz, 100 kHz, and 1000 kHz) 
for all the samples. It can be seen from these plots that a 
significant role is played by Ca2+ to alter the conduction 
behavior in the BLFO samples. For x = 0.0, the crossover 
between frequencies is present at higher temperature region. 
Moreover, frequency dependency has been observed at the 
lower temperatures (~ 30−230°C) for all the samples except 
for x = 0.12. Figure 8 shows the ln(σac) versus 1000/T plots 
at the 100 kHz frequency for all the compositions, reflecting 
the clear role of temperature in increasing the conductiv-
ity. Furthermore, to obtain information of the conduction 

Fig. 4   Temperature-dependent dielectric response, εr and tan δ, for Bi0.80−xCaxLa0.20FeO3 samples with 0.0 ≤ x ≤ 0.12.

Fig. 5   Values of εr and tan δ at room temperature as functions of 
Ca at% for Bi0.80−xCaxLa0.20FeO3 samples; the crystal symmetry is 
shown.
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Fig. 6   Scanning electron micrographs of Bi0.80−xCaxLa0.20FeO3 ceramic samples (x = 0.00, 0.03, 0.06, and 0.12).

Fig. 7   Arrhenius plots (ln σ versus 1000/T) at different frequencies (50  kHz, 100  kHz, and 1  MHz) for Bi0.80−xCaxLa0.20FeO3 samples with 
0.0 ≤ x ≤ 0.12.
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mechanisms in different regions, the activation energy 
values were calculated using the Arrhenius equation:32,33 
σac = σ0exp(− EA/kT), where k is Boltzmann’s constant and 
EA is the activation energy. In the present case, the ac con-
ductivity at 100 kHz as a function of temperature was plotted 
and is shown in Fig. 8. To investigate in detail the conduc-
tion behavior of the sample, four different linear regions 
were identified in the curve. The values of the activation 
energies thus obtained are presented in Table I. As can be 
observed, small values of the activation energy are obtained 
at the lower temperature, whereas high activation energy 
values are at the higher temperatures, suggesting the pres-
ence of different conduction mechanisms in the samples. 
As observed in the 300–373 K temperature range (region 
I), the value of the activation energy is between 0.16 eV 
and 0.19 eV at 100 kHz (see Table I), suggesting a hopping 
charge mechanism of the electrons via oxygen vacancies. 
The increase in conductivity in the ~ 373–530 K tempera-
ture range (region II), where the activation energy values are 
between 0.29 eV and 0.34 eV, is ascribed to a small polaron 
hopping mechanism which is activated by the increase of the 
ferroelectric distortion with temperature.34

The III and IV temperature regions have activation energy 
values between 0.39 eV and 0.57 eV, where the conduc-
tion can be ascribed to the movement of single and doubly 
ionized oxygen vacancies, as reported for other perovskite 
materials.32

Ferroelectric Measurements

To analyze the ferroelectric nature of the samples, room-tem-
perature hysteresis (P–E) loops were measured for all the com-
positions in the Bi0.80−XCaXLa0.20FeO3 system at 50 Hz, and 
are shown in Fig. 9, from which it can be seen that the x = 0.00 
(BLFO) sample exhibits better ferroelectric loops when com-
pared with pure BFO, as described in our previously published 
report.35 The substitution of Bi by Ca in the BLFO lattice 
improved the ferroelectric properties for compositions up to 
x = 0.06, and then declined for x = 0.12. The betterment of 
the ferroelectric parameters up to x = 0.06 can be understood 
in terms of the Ca ion improving the stereochemical activity 
of the A site, which is responsible for the ferroelectric proper-
ties of BFO. Furthermore, Ca doping controls the evaporation 
of Bi and the formation of oxygen vacancies, which further 

Fig. 8   Arrhenius plots (ln σ versus 1000/T) at 100 kHz for Bi0.80−xCaxLa0.20FeO3 system with 0.0 ≤ x ≤ 0.12.
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improves the insulating behavior of the samples. The decrease 
in the ferroelectric properties for x = 0.12 is attributed to the 
rhombohedral to orthorhombic phase transition, as verified 
by the structural analysis. In summary, an enhancement of 
the ferroelectric properties with Ca doping is observed even 
though no polarization saturation is achieved, and it is ascribed 
to the relatively stable domain formation, resulting in better 
ferroelectric characteristics for Ca-doped BLFO ceramics.

Conclusions

Polycrystalline Ca-doped BLFO ceramics samples were 
synthesized by solid-state reaction. No spurious impurity 
phases were detected in the XRD patterns. At higher con-
centrations (x = 0.12), the Ca incorporation induces a rhom-
bohedral-to-orthorhombic structural phase transformation 
in the  samples. The dielectric properties are improved by 
Ca doping because it inhibits evaporation of Bi during the 
sintering process, leading to a better dielectric behavior. A 
small kink around the Néel temperature in the dielectric 
plots confirms the magnetoelectric coupling in the samples. 
The temperature-dependent study of ac conductivity indi-
cates a hopping charge mechanism in the ~ 300–373 K tem-
perature range, followed by a preponderant small polaron 

hopping mechanism in the ~ 373–530 K range, while, at 
higher temperatures, it is preponderantly ionized oxygen 
vacancy conduction. Ferroelectric properties improve with 
Ca ion doping up to x = 0.06, but decline for x = 0.12, due 
to the rhombohedral to the orthorhombic phase transition 
seen in the XRD analysis.
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