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Abstract

Pure BiFeO3 (BFO) and (Bi0.9Gd0.1)(Fe0.975V0.025)O3þd(BGFVO) thin films were prepared on Pt(111)/Ti/SiO2/Si(100) substrates by

using a chemical solution deposition method. The improved electrical properties were observed in the BGFVO thin film. The leakage

current density of the co-doped BGFVO thin film showed two orders lower than that of the pure BFO, 8.1� 10�5 A/cm2 at 100 kV/cm.

The remnant polarization (2Pr) and the coercive electric field (2Ec) of the BGFVO thin film were 54 mC/cm2 and 1148 kV/cm with

applied electric field of 1100 kV/cm at a frequency of 1 kHz, respectively. The 2Pr values of the BGFVO thin film show the dependence

of measurement frequency, and it has been fairly saturated at about 30 kHz.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

BiFeO3 (BFO) is a well-known multiferroic material with a
high Curie temperature (Tc) and high Neel temperature (TN).
It has been therefore widely investigated for several applica-
tions in multiferroic devices. However, the main problem in
BFO, which limits the various applications, is its large
leakage current density at room temperature. The reasons
of high leakage current density could be explained from the
structural defects, the presence of impurity phase and its non-
stoichiometric composition due to the high volatility of
bismuth [1,2]. Above all, as it has been reported that site
engineering is effective in reducing the leakage current, A-
and B-sites of the co-doped BFO thin film have been widely
investigated recently, in which Bi3þ in the A-site was
partially substituted by Gd3þ or Nd3þ , while Fe3þ in the
B-site was partially substituted by high-valence Mn4þ , V5þ ,
or Mo6þ simultaneously [3,4]. According to the reports [5–7],
A- and B-sites co-doping would lower the leakage current
and increase the resistance by eliminating secondary phases
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A

g/10.1016/j.ceramint.2012.10.061

ing author. Tel.: þ82 552133421; fax: þ82 552670264.

ess: sskim@changwon.ac.kr (S.S. Kim).
and oxygen vacancies, and thus improves the ferroelectric
properties of the BFO.
In this paper, we studied the co-doping effects of rare earth

(Gd) and transition metal (V) ions in BFO thin film. The pure
BFO and (B0.9Gd0.1)(Fe0.975V0.025)O3þd(BGFVO) thin films
have been deposited on Pt(111)/Ti/SiO2/Si(100) substrates by
using a chemical solution deposition method. The electrical
properties of the thin films were investigated by leakage
current density measurement and polarization–electric field
(P–E) hysteresis loops measurements, which were measured at
frequencies from 1 kHz to 40 kHz. It has been already known
that the ionic radius of Gd3þ (1.107 Å) is much small than
that of Bi3þ (1.45 Å), and V5þ for the B-site has higher-
valence cations. Therefore, we could expect improved elec-
trical properties due to larger structural distortions.
2. Experiments

The pure BFO and (B0.9Gd0.1)(Fe0.975V0.025)O3þd

(BGFVO) thin films were prepared by using chemical
solution deposition method. Bismuth nitrate pentahydrate,
gadolinium nitrate hexahydrate, iron nitrate nonahydrate
and vanadium oxytripropoxide were used as starting
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Fig. 1. (a) X-ray diffraction (XRD) patterns of the BFO and BGFVO

thin films deposited on Pt(111)/Ti/SiO2/Si(100) substrates. (b)Magnified

XRD patterns in the vicinity of 2y¼22.51 corresponding to (100) plane.

(c)Magnified XRD patterns in the vicinity of 2y¼321 corresponding to

(100)/ 1 1 0
� �

planes.
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materials. A mixture of 2-methoxyetahnol (2-MOE) and
ethylene glycol was used as a solvent and acetic acid was
used as a catalyst. A mixture of 2-MOE and ethylene glycol
was stirred at 40 1C in a water bath for 30 min to make a
homogeneous solution. For the BGFVO precursor solution,
bismuth nitrate pentahydrate (5 mol% excess) was dissolved
in the above solution and stirred for 30 min. Gadolinium
nitride hexahydrate and iron nitrate nonahydrate were
added to the above Bi solution and stirred for 30 min.
Seperately, 2-MOE and acetylacetone were mixed at room
temperature in a glove box for 30 min. Vanadium oxytri-
propoxide was dissolved in 2-MOE–acetylacetone and stir-
red for 1.5 h. The vanadium solution was added to the
bismuth–iron–gadolinium solution with continuous stirring
for 3 h at room temperature. The concentration of final
solution was adjusted to approximately 0.1 M. The BFO
precursor solution was prepared in the same way.

The thin films, such as BFO and BGFVO, were prepared
on Pt(111)/Ti/SiO2 substrates with angular speed of
3500 rpm for 25 s by using a spin coating method. After
spin coating, the coated films were prebaked at 360 1C for
10 min on a hotplate. The coating and the prebaking were
repeated 12 times to obtain the desired thickness. Finally,
the thin films were annealed at 550 1C for 30 min by using
a conventional annealing process under a nitrogen atmo-
sphere for crystallization.

The crystal structures of the thin films, which are the
electronic structure and the surface morphology, were
investigated by using an X-ray diffractometer (Rigaku,
MiniFlex II) and a scanning electron microscope (Tescan,
MIRA II LMH). Gold electrodes with area of 1.54� 10�4

cm2 were deposited on the top surfaces of the thin films by
using a metal shadow mask to form a capacitor structure.
Ferroelectric hysteresis loops and leakage current densities
were measured by using a standardized ferroelectric test
system (Modified sawyer-tower circuit with oscilloscope)
and an electrometer (Keithley, 6517A).

3. Results and discussion

Fig. 1(a) shows X-ray diffraction (XRD) patterns of
the BFO and co-doped BGFVO thin films measured with
Cu Ka1 radiation. The major peaks of the thin films are
BiFeO3 phase with the polycrystalline distorted rhombo-
hedral perovskite structure with R3c space group and no
secondary phases were observed in the thin films [1,2].
Fig. 1(b) and (c) show the magnified XRD peaks in the
vicinities of 2y values of 22.51 and 321. As shown in
Fig. 1(c), the (110)X(110) diffraction peaks in the BGFVO
thin film shift to the higher angle. The shift is resulting
from the relatively small ionic radius of the Gd3þ

(1.107 Å) ion compared to that of Bi3þ (1.45 Å) ion [8].
No significant lattice distortion was observed by the V
doping.

Fig. 2 shows the surface morphologies of the BFO and
co-doped BGFVO thin films. The co-doped BGFVO thin
film shows relatively dense structure and improved
uniformity of grain size and slightly increased grain size
compared to the pure BFO thin film. The grain size of the
co-doped BGFVO thin film is about 130–180 nm, while
that of the BFO thin film is about 60–100 nm. The
thicknesses of the BFO and co-doped BGFVO thin films
are about 300 nm and 400 nm, respectively. In general, it is
well known that there are more defects in grain bound-
aries, therefore the increase of grain size could reduce
defects at the grain boundaries, which may improve the
ferroelectric properties [9]. Therefore, on the basis of the
improved surface morphology and the increase of grain
size for the co-doped BGFVO thin film, better ferroelectric
properties can be expected compared to the pure BFO
thin film.
As shown in Fig. 3, the leakage current densities (J) with

applied electric field (E) for the BFO and co-doped
BGFVO thin films were measured at room temperature.
The leakage current density of the co-doped BGFVO thin
film shows much lower than that of the BFO thin film. For
the BFO thin film, the leakage current density was
2.58� 10�3 A/cm2 at an applied electric field of 100 kV/
cm. The BGFVO thin film showed a lower leakage current
density, which is 8.1� 10�5 A/cm2 at an applied electric
field of 100 kV/cm. It is about two orders lower than that
of the BFO thin film.
The substitution of Gd3þ ion for Bi site could effectively

reduce the formation of oxygen vacancies by Bi volatility
[10,11]. Since the bond-energy of Gd–O (716717 kJ/mol) is
about two times larger than that of Bi–O (34376 kJ/mol),
Gd–O bonds could not be easily broken compared to Bi–O.
And the formation of defect complexes in the co-doped
BGFVO thin film could lead to the improvement in the
ferroelectric properties of the co-doped BGFVO thin film
[3,5–7].
As high-valence V5þ ions were introduced as donor

ions, it can be express as [12]

V2O522V��Feþ5Ooþ4e



Fig. 2. FE-SEM morphologies of the BFO and BGFVO thin films with cross-sectional micrographs.

Fig. 3. Leakage current densities of the BFO and BGFVO thin films

measured at room temperature.

Fig. 4. P–E hysteresis loops of the (a) BFO and (b) BGFVO thin films

measured at 1 kHz.
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1=2O2þV
��
o þ2e2Oo

where 2V��Fe is V ion with þ2 effective charge at the core
site of an oxygen octahedron, V��o is oxygen vacancies
with 2þ effective charge, Oo is oxygen ion in the lattice,
and 2e formed for the charge compensation.

Fig. 4 shows the polarization–electric field (P–E) hyster-
esis loops for the BFO and co-doped BGFVO thin films.
The loops were measured with a maximum electric field of
1100 kV/cm at frequency of 1 kHz. The BFO thin film in
Fig. 4(a) shows a leaky hysteresis loop, while the co-doped
BGFVO thin film shows relatively improved hysteresis
loop. The remnant polarization (2Pr) and the coercive
electric field (2Ec) of the co-doped BGFVO thin film were
54 mC/cm2 and 1148 kV/cm at applied electric field of
1100 kV/cm, respectively. The improved ferroelectric prop-
erties of the co-doped BGFVO thin film are mainly
ascribed to the suppression of oxygen vacancies and
improved microstructure by Gd and V co-doping [5–7].
The lattice distortion might be one of the reasons for the
large ferroelectric polarization of the sample.



Fig. 5. (a) P–E hysteresis loops with measurement frequency from 1 kHz to

40 kHz at 900 kV/cm. (b) The values of the 2Pr of the BGFVO thin film

measured with measurement from 1 kHz to 40 kHz at 800, 900 and 1000 kV/

cm. Inset shows the 2Pr with applied electric field from 1 kHz to 40 kHz.
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Fig. 5(a) shows the dependence of P–E hysteresis loops
on frequencies at a maximum electric field of 900 kV/cm.
The decrease in the polarization is clearer in the low
frequency region, but it is not clear in the high frequency
region. Fig. 5(b) shows the dependence of the 2Pr value of
the BGFVO thin film as a function of frequency at applied
electric fields of 800 kV/cm, 900 kV/cm and 1000 kV/cm.
In the low frequency range from 1 to 25 kHz, the 2Pr value
rapidly decreased due to the reduction of leakage current
density [11,13]. However, it did not largely decrease above
30 kHz. In the low frequency range, the 2Pr value was
largely increased with increasing applied electric field from
800 kV/cm to 1000 kV/cm. The inset in Fig. 5 shows the
dependence of the 2Pr value as a function of the applied
electric field with frequency. The 2Pr rapidly decreased in
the low frequency region with larger electric field.
4. Conclusions

We investigated the effects of Gd and V co-doping in
BFO thin film by comparing with the pure BFO thin film
for the first time. The co-doped BGFVO thin film exhib-
ited improved electrical properties, which are lower leak-
age current density and increased remnant polarization
value. These results could be explained by the polycrystal-
line distorted rhombohedral perovskite structure, the dense
structure and the improved uniformity of grain size and
the effective reduction of oxygen vacancies with doping
effect of Gd and V. In addition, we could confirm that the
remnant polarizations (2Pr) were fairly saturated about
above frequency of 30 kHz for the co-doped BGFVO thin
film by the reduction of leakage current density. We expect
saturation frequencies could be changeable with doping
types. In future, we plan to confirm saturation frequencies
with several doping types. On the basis of the above
results, we can conclude that the (Gd, V) co-doped
BGFVO thin film can be a good candidate for new devices
and applications.
Acknowledgments

This work was supported by the Priority Research
Centers Program through the National Research Founda-
tion of Korea (NRF) funded by the Ministry of Education,
Science and Technology (2010-0029634).
References

[1] T. Zhao, A. Scholl, F. Zavaliche, K. Lee, M. Barry, A. Doran,

M.P. Cruz, Y.H. Chu, C. Ederer, N.A. Spaldin, R.R. Das,

D.M. Kim, S.H. Baek, C.B. Eom, R. Ramesh, Electrical control of

antiferromagnetic domains in multifer roic BiFeO3 films at room

temperature, Nature Materials 5 (2006) 823–829.

[2] L.W. Martin, Y.-H. Chu, R. Ramesh, Advances in the growth and

characterization of magnetic, ferroelectric, and multiferroic oxide

and thin films, Materials Science and Engineering: R 68 (2010)

89–133.

[3] B.F. Yu, M.Y. Li, J. Wang, L. Pei, D.Y. Guo, X.Z. Zhao, Enhanced

electrical properties in multiferroic BiFeO3 ceramics co-doped by

La3þ and V5þ , Journal of Physics D: Applied Physics 41 (2008)

185401–185405.

[4] T. Kawae, H. Tsuda, H. Naganuma, S. Yamada, M. Kumeda,

S. Okamura, A. Morimoto, Composition dependence in BiFeO3 film

capacitor with suppressed leakage current by Nd and Mn cosubstitu-

tion and their ferroelectric properties, Japanese Journal of Applied

Physics 47 (2008) 7586–7589.

[5] D.K. Pradhan, R.N.P. Choudhary, C. Rinaldi, R.S. Katiyar, Effect of

Mn substitution on electrical and magnetic properties of Bi0.9La0.1FeO3,

Journal of Applied Physics 106 (2009) 024102.

[6] Z.Q. Hu, M.Y. Li, B.F. Yu, L. Pei, J. Liu, J. Wang, X.Z. Zhao,

Enhanced multiferroic properties of BiFeO3 thin films by Nd and

high-valence Mo co-doping, Journal of Physics D: Applied Physics

42 (2009) 185010–1850104.

[7] B.F. Yu, M.Y. Li, J. Liu, D.Y. Guo, L. Pei, X.Z. Zaho, Effects of ion

doping at different sites on electrical properties of multiferroic

BiFeO3 ceramics, Journal of Physics D: Applied Physics 41 (2008)

065003–065006.

[8] R.D. Shannon, Revised effective ionic radii and systematic studies of

interatomic distances in halides and chalcogenides, Acta Crystal-

lographica A32 (1975) 751–767.

[9] I. Vrejoiu, G.L. Rhun, L. Pintilie, D. Hesse, M. Alexe, U. Gösele,
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