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Abstract
Ferroelectric solid solutions of 0.67BiFeO3–0.33BaTiO3 were prepared by a Pechini method followed by quenching process. 
The XRD results indicate that both the furnace-cooled and water-quenched samples are consist of rhombohedral and tetrago-
nal phases. SEM images show that the quenching process does not change the microstructure of 0.67BiFeO3–0.33BaTiO3 
solid solutions. The quenched sample exhibits well-defined P–E hysteresis loop with remnant polarization of 23 µC/cm2 
at room temperature. The leakage mechanism of the furnace-cooled sample is Ohmic conduction mechanism, whereas the 
leakage mechanism of water-quenched sample is predominated by field-assisted ionic conduction at room-temperature and 
50 °C and then changes to three different conduction mechanisms at 100 °C.

1  Introduction

BiFeO3 is one of the most promising room-temperature 
(RT) multiferroic materials which has high ferroelectric 
Curie temperature (TC ~ 830 °C) and antiferromagnetic 
Néel temperature (TN ~ 340 °C) [1–4]. However, the pure 
bulk BiFeO3 is difficult to prepare due to the formation of 
impurity phase and the thermodynamic stability of BiFeO3 
[5, 6]. Moreover, the relatively high leakage-current density 
is often observed in the BiFeO3 ceramic due to the vola-
tilization of Bi during the sintering process. The formation 
of oxygen vacancies and the valence variation in Fe ions 
(Fe3+ to Fe2+) make it difficult to obtain the intrinsic, well-
saturated polarization vs. the electric field (P–E) hysteresis 
loop [7, 8].

BiFeO3 solid solutions such as BiFeO3–BaTiO3, 
0.9BiFeO3–0.1PbTiO3, BiFeO3–Na0.5Bi0.5TiO3 have 
attracted considerable attention in recent years owing to their 
excellent electrical properties and their possible application 
[9–13]. Among these materials, a high remnant polariza-
tion (Pr), high TC and relatively good piezoelectric coef-
ficient (d33) can be obtained in (1 − x)BiFeO3–xBaTiO3 
with x = 0.33 [14, 15]. In addition, Wei et  al. reported 
that Mn-doping can effectively improve the Pr and d33 of 
0.7BiFeO3–0.3BaTiO3 [16]. Thermal quenching is often 
used to enhance the electrical properties of BiFeO3-based 
solid solutions. The formation of Fe2+ and oxygen deficien-
cies can be effectively suppressed by quenching BiFeO3 
ceramics above ferroelectric temperature [17]. The d33 
value of 0.67BiFeO3–0.33BaTiO3 is less than 200 pC/N 
for the furnace-cooled sample, whereas the d33 value can 
increase to 240 pC/N by using a water-quenching process 
[15, 18]. Kim et al. have studied the relations between the 
distribution of defect states and electrical properties of 
0.8BiFeO3–0.2BaTiO3 ceramic under different thermal 
treatments [19]. In addition, the structural evolution of the 
quenched BiFeO3–BaTiO3 solid solutions have been studied 
[20]. But there are few studies about leakage mechanisms 
in BiFeO3–BaTiO3 solid solutions under different thermal 
treatments. The leakage property is a critical characteristic 
in practical applications of ferroelectric materials. Moreover, 
it is closely related to the ferroelectric performance and the 
thermal stability of electronic devices [21, 22]. Therefore, It 
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is necessary to investigate the electrical properties and leak-
age mechanisms of BiFeO3–BaTiO3 solid solutions.

I n  t h i s  m a n u s c r i p t ,  w e  p r e p a r e d  t h e 
0.67BiFeO3–0.33BaTiO3 (67BF–33BT) solid solutions by a 
Pechini method followed by a quenching process. We inves-
tigated the electrical properties and leakage mechanisms of 
67BF–33BT solid solutions with different thermal treat-
ments at different temperatures.

2 � Experimental details

Polycrystalline 67BF–33BT ceramics were synthesized 
via a Pechini method. We added 5% excess of Bi to pre-
vent its volatilization during the samples preparation 
process. Firstly stoichiometric amounts of the staring 
materials tetrabuty titanate [Ti(OC4H9)4], bismuth nitrate 
pentahydrate [Bi(NO3)3·5H2O], and iron nitrate nonahy-
drat [Fe(NO3)3·9H2 O] were dissolved in dilute nitric 
acid, and then EDTA (ethylene diamine tetraacetic acid) 
[C10H16N2O8] and citric acid [C6H8O7·H2O] were added to 
form a stable colloidal solution. Secondly, barium nitrate 
[Ba(NO3)2] dissolved in deionized water and then acetic acid 
[CH3COOH] and ammonia were added. Thirdly, the barium 
nitrate solution was slowly dropped to the previous solution, 
and then ammonia was added into the solution to adjust pH 
to 6–7 and the mixture was stirred until transparent precur-
sor sol was obtained. After dried, the xerogel was burned 
at 420 °C for 4 h. The obtained powders were grounded, 
and then pressed into pellets with 13 mm in diameter and 
1.0 mm in thickness. For the FC sample, the pellet was sin-
tered at 960 °C for 3 h in air and then the furnace was cooled 
slowly to room temperature. Whereas the water-quenched 
(WQ) sample was prepared by quenching the pellet into 
water after sintering at 960 °C for 3 h. The crystal structure 
was measured with an X-ray diffractometer (XRD) using 
Cu Kα radiation (15° ≤ 2θ ≤ 70°) at room temperature. The 
microstructure was observed with a field-emission scan-
ning electron microscope (FE-SEM, SU 8020, Hitachi). 
All samples were polished to 100 micron to perform the 
ferroelectric measurements. The bottom surface of the sin-
tered ceramic was coated via ion sputtering with Au and 
then coated again with silver paste as bottom electrode. The 
top surface of the sintered ceramic was poked small points 
with silver paste, which linked Au wires as top electrode to 
form metal-insulator-metal capacitors. At last, the capacitors 
were dried at 120 °C for 10 min. The ferroelectric properties 
were investigated using a Sawyer–Tower circuit attached to 
a computer-controlled standardized ferroelectric test system 
(Radiant Technology 609 B). The temperature dependent 
dielectric constant and complex-impedance were measured 
with a precision LCR meter (TH2828/A/S).

3 � Results and discussion

3.1 � Structural and micro structural studies

The room-temperature XRD patterns of the FC and WQ 
samples are shown in Fig. 1. The results indicate that the two 
samples are pure phase with no detectable impurity phases. 
It was reported that (1 − x)BiFeO3–xBaTiO3 ceramics with 
x < 0.33 could be indexed with a rhombohedral lattice, and 
a morphotropic phase boundary (MPB) consisting of rhom-
bohedral and tetragonal phases existed at a critical point of 
x = 0.33 [18]. We refined the structural parameters of the FC 
and WQ samples with two-phases (R3c and P4mm) model 
by using RIETICA software, as shown in Fig. 1a–b. It can 
be seen that the fits between the experimental and calculated 
XRD patterns are relatively good based on the consideration 
of the lower RP values of 3.67 and 3.14% for the FC and WQ 
samples, respectively. The fitting results show that the struc-
tures of the FC and WQ samples consist of rhombohedral 
and tetragonal phases, which is consistent with the previous 
report [18]. The obtained lattice parameters a, c and unit 
cell volume V are aR3c = 5.631 (2) Å, cR3c = 13.823 (4) Å, 
aP4mm= 3.993 (6) Å, cP4mm= 4.018 (0) Å and VR3c+P4mm = 
502.36 (5) Å3 for the FC sample, and aR3c = 5.643 (5) Å, 
cR3c = 13.827 (3) Å, aP4mm = 4.002 (1) Å, cp4mm= 4.021 (4) 
(5) Å and VR3c+P4mm = 504.69 (9) Å3 for the WQ sample. It 
is found that a, c and V of the FC sample are slightly smaller 

Fig. 1   XRD patterns and Rietveld refinements of 67BF–33BT solid 
solutions for a the FC sample and b the WQ sample
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than that of the WQ sample, which may be due to the exist-
ence of more Bi vacancies in the FC sample.

Figure 2 illustrates the cross section SEM pictures of 
the FC and WQ samples. As shown in Fig. 2, the polyhe-
dron particles with the typical size of 1 µm are compacted 
together. Both the FC and WQ samples have dense morphol-
ogy with relative densities larger than 93% of the theoreti-
cal values according to measurement results by Archime-
des method. The results of SEM pictures indicate that water 
quenching process have little effect on the microstructure of 
67BF–33BT solid solution at micrometer resolution.

3.2 � Ferroelectric properties

Figure 3 shows the room-temperature P–E hysteresis loops 
of the FC and WQ samples measured in different electric 
fields at 100 Hz. The P–E hysteresis loop of the FC sample 
with remnant polarization Pr of 16 µC/cm2 shows a high 
leakage current characteristic (Fig. 3a). Whereas, the WQ 
sample exhibits a well-defined P–E loop with Pr of 23.1 µC/
cm2 and coercive field of 46 kV/cm in the applied electric 
field of 140 kV/cm (Fig. 3b). The displacement currents vs. 
voltage were measured to verify the ferroelectric responses 
of the FC and WQ samples. It can be seen that the maximum 
current peak near the coercive field is very feeble in the FC 
sample, which suggests that the polarization of the FC sam-
ple does not contribute from the domain switching but from 
the other factors such as leakage current or linear capacitor 
[23]. For the WQ sample, there is an obvious maximum 
current peak corresponding to the coercivity of 46 kV/cm 
in the P–E hysteresis loop, which confirms the occurrence 
of ferroelectric switching. To eliminate the contribution of 
nonswitchable components to the P–E hysteresis loop of 
the WQ sample, we performed a positive-up negative-down 
(PUND) measurement as shown in the inset of Fig. 3b. The 
polarization value obtained from the PUND measurement is 
close to 2Pr obtained from the P–E loops, implying that the 

contribution of the leakage current to the remnant polariza-
tion for the WQ sample can be ruled out.

It is known that the defects including charged defects, 
oxygen vacancies or Bi vacancies are homogenous distrib-
uted in high temperature [19]. During the furnace cooling 

Fig. 2   SEM pictures of a the FC and b the WQ samples

Fig. 3   P–E hysteresis loops of a the FC and b the WQ samples meas-
ured at 100  Hz at room temperature. The inset of b is the plot of 
switched polarization vs. pulse amplitude for the WQ sample from a 
PUND measurement
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process, the defects are redistributed in the low energy 
regions such as grain and/or domain walls, and the posi-
tively charged oxygen vacancies may bind to the negatively 
charged Bi defects, to form the defect dipoles, resulting in 
the stabilization of the domain structures and the pinning of 
domain walls [24, 25]. For the FC sample, the P–E loop is 
pinched and there is no obvious displacement current peak, 
which may be related to the pinned domain walls by the 
charged defects. However, for the WQ sample, the homog-
enous distributed defects states can be remained when the 
temperature rapidly goes down to RT, which may release the 
domain walls and obtain well-defined P–E loops.

Besides the RT ferroelectric performance, the thermal 
stability of ferroelectric material is also very important when 
they are used in the memory devices. So it is worth to inves-
tigate the ferroelectricity of the 67BF–33BT solid solution 
above room temperature. Figure 4 shows the P–E hysteresis 
loops of the FC and WQ samples measured at RT, 50 and 
100 °C. For the FC sample, Pr values slightly increases with 
increasing temperature and reaches 22 µC/cm2 at 100 °C, 
while the P–E loops show the characteristic of leakage cur-
rent. For the WQ sample, all the P–E loops show a typical 
ferroelectric shape, and the values of remnant polarization 
Pr increase with increasing temperature. The ferroelectric 
domains are more easily to switch at high temperatures, 

which results in the increase of Pr values and decrease of 
coercive fields. The enhanced polarization with increasing 
temperature may also be associated with the increase in the 
amounts of switchable domains.

3.3 � Leakage mechanisms

To study the leakage mechanisms of the FC and WQ sam-
ples, we measured the I–V curves for the both samples, as 
shown in Fig. 5. Figure 5a–b are log(J)– E curves of the FC 
and WQ samples. The leakage current density was recorded 
at RT, 50 and 100 °C. For the FC sample, the leakage current 
density rapidly increases with the increase in electric fields 
when the electric field is below 10 kV/cm, and the leakage 
current density also increases with the temperatures. The 
leakage current density of the FC sample is around 8 × 10−5 
A/cm2 under the electric field of 50 kV/cm at RT, which 
is one order of magnitude larger than that of the WQ sam-
ple (6.7 × 10−6 A/cm2). The high leakage current density of 
the FC sample at RT is related to the existence of more Bi 
vacancies and oxygen vacancies compared with those of the 
WQ sample [18]. For the WQ sample, the RT leakage cur-
rent density increases linearly with the increase of electric 
field below 18 kV/cm. With the temperature increasing to 
50 °C, the leakage current slightly increases and the linear 
region moves to lower electric field of 13 kV/cm. With fur-
ther increasing temperature to 100 °C, the leakage current 
density dramatically increases and there is no linear region 
in low electric fields implying that the leakage mechanisms 
may change.

The log(J) vs. E curves of the WQ sample at RT and 
50 °C at low electric fields exhibit a linear behavior, i.e., 
log(J) ∝ E, indicating that the conduction process may be 
predominated by field-assisted ionic conduction [26]. Oxy-
gen and iron ions are usually not mobile at room tempera-
ture. The field-assisted ionic conduction may occur by trans-
fer of electrons between the neighboring Fe2+ and Fe3+ ions 
in a high electric field, and in such a way the Fe2+ ions are 
virtually hopping forward against the applied electric field 
[27]. Whereas log(J) vs. E curves at low electric fields of the 
FC sample and 100 °C of the WQ sample do not show the 
linear behavior implying that other conduction mechanisms 
may be dominant.

Ohmic conduction and the space-charge-limited conduc-
tion (SCLC) mechanisms are commonly involved in the 
transport behavior of BiFeO3 ceramics [28–30]. Logarith-
mic plot of the current density and electric field is a useful 
tool to find the conduction mechanism involved in leakage 
behavior of the samples. The curves of log (J) vs. log (E) are 
plotted for the FC and WQ samples, as shown in Fig. 5c–d. 
For the FC sample, log (J) vs. log (E) curves follow a nearly 
linear behavior with slopes of 1.02, 1.15, 1.21 at RT, 50 
and 100 °C, respectively. The linear behavior manifests that 

Fig. 4   P–E hysteresis loops of a the FC and b the WQ samples meas-
ured at 100 Hz at RT, 50, and 100 °C
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an Ohmic conduction is dominant for the FC samples. The 
Ohmic conduction normally appears when bulk charge den-
sity is larger than the density of injected charges from the 
electrode.

As for the leakage current mechanism of the WQ sample 
at 100 °C, A power-law relationship log(J) vs. log(E) is used 
to fit the curves, as shown in Fig. 5d. The curve at 100 °C 
can be well fitted by three straight lines. The slope at low 
fields is close to one indicating a linear Ohmic conduction. 
With increasing the electric field, electrons will be injected 
into the insulator, and when the density of free electrons 
become greater than that of thermally stimulated free elec-
trons, the slope is about 2, which is in good agreement with 
SCLC mechanism. The SCLC is expressed as [31]:

where V is the applied voltage, εr is the static dielectric con-
stant, ε0 is the permittivity of free space, d is the thickness 
of thin film, and θ is the ratio of the total density of free 
electrons to the trapped electrons. With further increasing 
the electric filed, the leakage current increases dramatically 
with the slope of 4.12, which can be understood by the trap-
filled-limit (TFL) law [31].

3.4 � Impedance spectroscopy analysis

The complex impedance spectra Z′ vs. Z″ (cole–cole plot) 
measured at RT, 100 and 150 °C are shown in Fig. 6a–b. 

J
SCLC

= 9∕8�
r
�
0
��V2∕d3

As shown in the inset of Fig. 6a, the impedance spectra of 
both samples exhibit the straight lines indicating the insu-
lating behavior at RT. With the temperature increasing, the 
tendency of formation of semicircular arcs can be seen. 
The radii of semicircles decrease with the increase of tem-
perature implying an increase in conductivity. The centers 
of these semicircles lie on a line below the real axis indi-
cating that the FC and WQ samples follow the non-ideal 
Debye behavior [9, 32]. The experimental impedance data 
has been analyzed with suitable equivalent circuit using the 
ZSimpWin software. The equivalent circuit for the FC and 
WQ samples can be expressed as two Resistor-CPE (R-CPE) 
elements parallel circuits connected in series [33] as pointed 
out in the inset of Fig. 6b. The Rg and Rgb are the resistances 
of the grain and grain boundary, and the fractal capacitance 
CPEg and CPEgb are the capacitances of grain and grain 
boundary, respectively. The values obtained from the fitting 
curves are shown in Table 1. It is found that the Rg and Rgb 

Fig. 5   log(J) vs. E plots of a 
the FC and b the WQ samples. 
Log(J) vs. log(E) plots of c the 
FC, d the WQ samples. The 
lines are the fitted data

Table 1   The Rg, Rgb and CPEg, CPEgb values obtained from cole–
cole plot fitting

T (°C) Samples Rg (MΩ) CPEg (nF) Rgb (MΩ) CPEgb (nF)

100 FC 1.094 2.183 0.771 1.999
WQ 0.174 0.325 0.453 0.534

150 FC 0.098 7.613 0.184 4.367
WQ 0.032 0.662 0.048 0.408
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of the FC and WQ samples decrease with the increase of 
temperature.

3.5 � Dielectric properties

Figure 7 shows the temperature dependence of dielectric 
constant εr of the FC and WQ samples at different frequen-
cies from RT to 700 °C. The dielectric curves of the FC and 
WQ samples have a sharp dielectric peak, which correspond 
to their ferroelectric transition temperature Tc. Whereas the 
dielectric constant εr of the FC sample is smaller than that 
of the WQ sample. The Tc (about 457 °C) of the FC sample 
slightly shifts toward lower temperature compared to the 
WQ sample (Tc = 470 °C) which imply that the stability 
of ferroelectric state of the FC sample is weaker than that 
of the WQ sample. As for the FC sample, the Bi vacancies 
lead to the increase of disorder degree in perovskite struc-
ture, which result in the decrease of TC [34]. The results of 
analysis manifest that the WQ sample may exhibit better fer-
roelectric properties compared with the FC sample, which is 
in good agreement with the measured results of P–E loops.

4 � Conclusion

In summary, we prepared 0.67BiFeO3–0.33BaTiO3 solid 
solutions by a Pechini method followed by a quenching pro-
cess and studied the structural, ferroelectric, dielectric prop-
erties and leakage mechanisms of the samples. The results of 
XRD Rietveld refinements show that the structures of the FC 
and WQ samples are consist of rhombohedral and tetragonal 
phases. The quenched sample exhibits well-defined P–E hys-
teresis loop due to the released domain walls by quenching 
process. The leakage mechanism of the FC sample obeys 
Ohmic conduction mechanism. The leakage mechanism of 
the WQ sample at RT and 50 °C at low electric fields is 
predominant by field-assisted ionic conduction, whereas the 
mechanisms at 100 °C can be understood by Ohmic, space 
charge limited, and trap-filled-limit conduction at low, mod-
erate, and high electric fields, respectively.
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