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bstract

r-doped bismuth ferrite (BiCrxFe1−xO3, BCFO) thin films were prepared by a sol–gel method with the value of x varying from 0 mol% to
0 mol%. The structures of the BCFO thin films were characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM) analysis

as employed to represent the surface and cross-sectional morphologies of the thin films. Dielectric, electrical, ferroelectric and magnetic properties
ere measured by HP4294A, Keithley 4200, RT6000 and 6700 Magnet Controller at room temperature, respectively. The dielectric behaviour and

nsulation are improved in 3% Cr-doped BFO thin film which may be due to the reduced concentration of oxygen vacancies by 3% Cr doping.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Multiferroic materials, which exhibit more than one fer-
oic property (ferroelectric, ferromagnetic, and ferroelastic),1

re currently attracting extensive attentions due to their
otential applications and fascinating physical phenomena.2

owever, multiferroic materials, including TbMnO3,3 BiCrO3,4

yMnO3,5 rarely show multiferroic behaviours at room temper-
ture (RT). Bismuth ferrite (BFO) is a rare single phase material
hich gives multiferroic characteristics at RT. BFO was discov-

red to show ferroelectric order with high Curie temperature
C (∼850 ◦C) and G-type antiferromagnetic order with Neel

emperature TN (∼370 ◦C).6 The structure of BFO is rhombo-
edrally distorted perovskite, which belongs to the space group
3m with unit cell parameters a = 3.962 Å and α = 89.400◦.7 The

erroelectricity of BFO material was reported to be ascribed to
he stereochemically active of the Bi lone pair.8

Although bismuth ferrite material shows promising appli-
ation potential on account of its coexistence of ferroelectric
nd antiferromagnetic properties at RT, some serious problems
till need to be solved, such as high leakage current and weak

erromagnetism. Oxygen vacancy in BFO materials, which is
ostly generated during the heat treatment, is the major origin

n charge of the deterioration of insulation and the formation
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f Fe2+, according to VX
O + 2Fe3+ ⇔ VO

•• + 2 Fe2+. Where
O

•• is oxygen vacancy and VX
O is oxygen position. Following

e Chatelier principle, the concentration of Fe2+ would decrease
f the content of Fe3+ is reduced. Therefore, doping at Fe site
ould suppress the formation of oxygen vacancies and reduce

he concentration of Fe2+. For example, Ti4+ and Zn2+ have
een reported as the dopants substituting Fe3+ in BFO materi-
ls to lower leakage current.9,10 However, some literatures also
enote that substitution of ions with higher or lower valence
or Fe3+ ions in BFO films would create cation vacancies or
nion vacancies, respectively.10 Upon the above, Cr3+ is consid-
red as an appropriate candidate to substitute Fe3+ in BiFeO3.
esides, the doping of Cr3+ ions is helpful in increasing the
agnetic moment in BFO thin film due to the strong ferro-
agnetic coupling which exists between Fe3+ and Cr3+ under

80◦ superexchange interaction.11 Moreover, the radii of Cr3+

0.615 Å) is similar to Fe3+ (0.645 Å),12 which indicates that
he BFO structure could be less affected by light doping. Hence,
r3+-doped BFO thin films are going to be studied in this report.

. Experimental method

The Cr-doped BFO (BCFO) thin films were fabricated
n Pt/Si (1 1 1) substrates by a sol–gel method. Ferric
itrate Fe(NO3)3·9H2O, bismuth nitrate Bi(NO3)3·5H2O and

hromium nitrate Cr(NO3)3·9H2O were adopted as raw mate-
ials, which were dissolved in 2-methoxyethanol (2-MOE),
espectively. Bi(NO3)3·5H2O and Fe(NO3)3·9H2O were mixed
s the precursor solution. The chromium nitrate Cr(NO3)3·9H2O

mailto:yusw@staff.shu.edu.cn
dx.doi.org/10.1016/j.jeurceramsoc.2009.05.005
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Fig. 1. (a) XRD patterns of Cr 0%, Cr 3%, Cr 5% and Cr 10% doped BCFO thin
films, (b) the diffraction peaks corresponding to (1 1 0) and (1̄ 1 0) of Cr 0%, Cr
3
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as dissolved into the ready precursor solution, and then the
atalyst acetic acid was added. The solutions with Cr3+ concen-
rations of 0%, 3%, 5% and 10% were prepared. These solutions
ere diluted to 0.2 M by adding 2-MOE and then stirred for
h at room temperature for the BCFO thin films synthesis. All

olutions were prepared with excess 5% Bi to compensate the
ismuth loss during annealing process. BCFO thin films were
pin-coated onto Pt/Si (1 1 1) substrates at 3000 rpm for 25 s.
ach layer was dried at 240 ◦C for 2 min on the hot plate, and

hen pyrolyzed at 400 ◦C for 10 min in a rapid thermal annealing
nder air condition. After depositing two layers, the amorphous
lms were annealed at 600 ◦C for 20 min. The above process
as repeated three times to obtain the desired thickness.
Microstructures of the thin films were measured by X-ray

iffraction (XRD, D/MAX-2550, Rigaku, Tokyo, Japan) at room
emperature. The surfaces and morphologies of the films were
hecked by scanning electron microscopy (SEM, XL-30 FEG,
hilips). In order to meet the requirement of measurement, Au

op electrodes (Φ = 0.4 mm) were fabricated on the film sur-
ace through a shadow mask. The electrodes were annealed at
00 ◦C for 20 min in order to get good contact between elec-
rodes and films. Leakage currents and dielectric properties
ere measured by Keithley 4200 and HP 4294A impedance

nalyzer, respectively. Ferroelectric loops were tested by using
T6000 ferroelectric system (Radiant Technology, USA). Mag-
etic hysteresis measurements were performed on a quantum
esign physical property measurement system (6700 Magnet
ontroller). All tests were conducted at room temperature.

. Results and discussion

The X-ray diffraction patterns for pure BFO (Cr 0%), 3%
r-doped BFO (Cr 3%), 5% Cr-doped BFO (Cr 5%) and 10%
r-doped BFO (Cr 10%) thin films are depicted in Fig. 1(a). The
iffraction peaks are identified by PDF cards.7 It is clear that no
etectable impurity phases are observed in the films with Cr dop-
ng concentration varying from 0% to 3%. The splitting peaks
f (1 1 0) and (1̄ 1 0) can be distinguished in Fig. 1(b) which
ndicate the films are in rhombohedral structure. Nevertheless,
n Cr 10%, the intensity of BFO peaks is much weaker than that
f Bi7CrO12.5 which is a bothersome impurity phase. As shown
n Fig. 1(b), the peaks of (1 1 0) and (1̄ 1 0) of the films shift
lightly due to the doping of Cr3+. When the concentration of
r3+ is 3%, the peaks shift to higher angle compared with Cr
%, indicating a decrease of lattice parameter in Cr 3%. How-
ver, with further doping Cr3+, the peaks shift to lower angle
nstead, which means the lattice parameters are increased alter-
ately. The lattice parameters of the BCFO films are calculated
o be 3.945 Å, 3.940 Å, 3.945 Å and 3.950 Å for Cr 0%, Cr 3%,
r 5% and Cr 10%, respectively, which are less affected by the
oping of Cr3+ ions. It may be due to the similar radii of Cr3+

nd Fe3+ ions.
Fig. 2(a–h) is the SEM images of the surface and cross-
ectional morphologies of Cr 0%, Cr 3%, Cr 5% and Cr 10%,
espectively. The thicknesses of the thin films are 178 nm (Cr
%), 200 nm (Cr 3%), 189 nm (Cr 5%) and 211 nm (Cr 10%).
rom these figures, it is convinced that the films are crack-free.

i
w
c
s

%, Cr 5% and Cr 10%.

hen the concentration of Cr is 3%, the grain size is about
00 nm, which is smaller than that in Cr 0% (140 nm). With
ncreasing of doping concentration, the grain sizes of Cr 5% and
r 10% are growing to bigger than 120 nm. But more holes are

ound in Fig. 2(g) and (h), which means that the quality of BCFO
hin films starts to get worse with further doping level (5% and
0%).

Fig. 3(a) is the frequency (1 kHz to 1 MHz) dependence of
he dielectric constant (εr) and (b) is the corresponding dielectric
oss at RT. The dielectric behaviours of the films do not exhibit
trong frequency dependence except the dielectric loss of Cr
0%. According to the plots in Fig. 3(a), the dielectric constants
f Cr 0%, Cr 3%, Cr 5% and Cr 10% are approximately 77, 82, 46
nd 22 at 100 kHz, respectively. When the doping concentration
s 3%, the dielectric constant reaches a maximum value and then
ecreases largely with further doping up to 10%. The dielectric
osses of the BCFO thin films in Fig. 3(b) are all below 0.05 in the
ange of 1 kHz to 1 MHz except that of Cr 10%, which is much
ower than others’ work.13,14 It is reported that low dielectric loss
t low frequency would reflect low leakage current.13 Therefore,
t suggests that leakage current in Cr 3% might be the lowest
hile Cr 5% and Cr 10% would show poor insulation which
ould also be related to the impurity phase and roughness of
urface morphologies.
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F r 5% and (d) Cr 10% and cross-sectional images of (e) Cr 0%, (f) Cr 3%, (g) Cr 5%
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ig. 2. SEM surface morphologies of BCFO films (a) Cr 0%, (b) Cr 3%, (c) C
nd (h) Cr 10%.

According to the above analysis of dielectric response, the
eakage current densities of Cr 0% and Cr 3% are characterized
nd shown in Fig. 4(a), which are in the order of 10−5 A/cm2

nd 10−6 A/cm2 at 15 MV/m, respectively. As a result of light
oping, it is evident that the value of leakage current in Cr 3%
rops one order of magnitude at high electric field compared with
r 0%, which means Cr 3% presents much improved insulation.
ig. 4(b) is the curves of ln J vs. E1/2 and gives a slope of 0.0007
t relative low applied field for both thin films. It suggests that the

igh-frequency dielectric constant ε∞ of the two films could be
.41 if the conduction mechanism is Schottky emission or 16 for
oole–Frenkel emission. Since the ε∞ of BFO is reported to be

ig. 3. (a) Dielectric constant of Cr 0%, Cr 3%, Cr 5% and Cr 10% and (b) the
oss of Cr 0%, Cr 3%, Cr 5% and Cr 10% range from 1 kHz to 1 MHz.

Fig. 4. (a) Leakage current density of Cr 0% and Cr 3%, (b) ln J vs. E1/2 curves
Cr 0% and Cr 3%, (c) ln J vs. ln E plot for Cr 0% and Cr 3%.



274 Y. Zhang et al. / Journal of the European C

a
c
t
v
r
o
t
fi
c
t
i
t
t
d
m

F
t

d
t

m
p
s
t
fi
b
r
3
r

0
n
m
t
p
C
a
w
e
i

4

Fig. 5. Ferroelectric hysteresis loops of Cr 0% and Cr 3%.

bout 6.25,15 Schottky emission is assumed to be the dominant
onduction mechanism at low electric field. In order to study
he mechanisms of BFO at high electric field, the curves of ln J
s. ln E are plotted in Fig. 4(c). When the applied electric field
eaches 7.8 MV/m for Cr 0% and 12 MV/m for Cr 3%, the slopes
f the both curves abruptly rise to 6.7. This may be attributed
o the trap charge limit (TCL) conduction. In this case, higher
eld is required for the Cr 3% thin film to behave the TCL
onduction. It is deemed that the quasi-Fermi level locates in the
rap distribution and the current is limited by trapped charges
n TCL conduction.16 In BFO based thin films, the possible
rap center is Fe ions (Fe2+).15 When doping with Cr3+ ions,

he concentration of oxygen vacancies may be reduced and the
istribution of the shallow traps which are above the Fermi level
ay be correspondingly decreased. As a result, higher energy is

ig. 6. (a) Magnetization (M–H) hysteresis loops of Cr 0% and Cr 3% and (b)
he enlarged picture of (a).
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emanded to activate the carriers to the conduction band from
he deep traps which are below the Fermi level.

The P–E hysteresis loops of Cr 0% and Cr 3% were also
easured by using RT6000 of Radiant Technology at room tem-

erature and shown in Fig. 5. P–E loops neither give saturated
hapes, nor exhibit large remnant polarization, which are similar
o some results of BFO thin films.10 When the applied electric
eld is 20 MV/m for Cr 0% and 25 MV/m for Cr 3%, the 2Pr are
oth 2.3 �C/cm2 and the 2Ec values are 15 MV/m and 11 MV/m,
espectively. The shape of P–E loop can be seen improved by
% Cr doping, which could be due to the improved insulation
evealed by the characterization of leakage current.

Fig. 6 shows the magnetization (M–H) hysteresis loops of Cr
% and Cr 3% thin films at room temperature. Weak ferromag-
etic components are discovered in both thin films under low
agnetic field. The weak ferromagnetism can be contributed to

he nature of material and the absence of ferromagnetic impurity
hases,6 which consists with the results of XRD. 2Mr and 2Hc of
r 3% and Cr 0% in Fig. 6(b) are approximate 2 emu/cm3, 90 Oe
nd 1 emu/cm3, 57 Oe, respectively. It shows that in spite of
eak behaviour Cr 3% exhibits slightly clearer magnetic prop-

rty than Cr 0%, which indicates Cr3+ doping could be helpful
n increasing the magnetic moment.11

. Conclusion

Perovskite BiCrxFe1−xO3 (x = 0 mol%, 3 mol%, 5 mol%, and
0 mol%) thin films have been fabricated by sol–gel method.
he dielectric behaviours of BCFO thin films are found being

mproved by light Cr3+ doping (3%), but deteriorated with fur-
her raising the doping level. The leakage current density of the
r 3% doped thin film is reduced about 1 order of magnitude
t high electric field, which may be due to the diminished con-
entration of oxygen vacancies and indicate a better resistivity.
ubsequently, the shape of P–E hysteresis loop of Cr 3% is rea-
onably improved. In addition, both Cr 3% and Cr 0% thin films
resent weak magnetic property in the low magnetic field region
nd the magnetic property is slightly improved by 3% Cr doping.
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