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1. INTRODUCTION

Multiferroic materials, having both ferroelectric and
ferromagnetic properties in the same phase, are of
fundamental interest and have potential applications for
magnetoelectric devices.[1-6] On the other hand, multiferroic
materials generally do not possess coupling high enough to
be used in magnetoelectric devices. In addition, most
multiferroic materials have a low magnetic transition
temperature (less than room temperature), which has limited
their applications.[3,7-10] 

BiFeO3 has attracted considerable interest as a multiferroic
material because it is lead-free and it exhibits ferroelectric
and magnetic behaviors at room temperature.[11-16] Nevertheless,
some critical issues of BiFeO3 need to be addressed before it
can be used in practical applications. That is, a high leakage

current, a low ferroelectric remnant polarization, and a weak
magnetization.[11,17,18] Various attempts have been made to
enhance the properties of BiFeO3 in device applications. The
doping of BiFeO3 with transition metals[18-21] or rare-earth
ions[22-25] improves both the ferroelectric and ferromagnetic
properties. Recently, doping of BiFeO3 with Ho[26] or Ce[27]

has proven to improve the ferroelectric properties of the
BiFeO3 films. In particular, A-site doping of BiFeO3 with
magnetically-active rare-earth ions is attracting significant
interest as a method to overcome the aforementioned
obstacles.[28-30] For example, substituting the A-site with
smaller rare-earth ions resulted in tilting of the Fe3+-O2−-Fe3+

bond angles of octahedrons with a concomitant decrease in
unit cell volume.[15] The Fe-O-Fe angle controls both the
magnetic exchange and orbital overlap between Fe and O,[12]

and is predicted to determine the electric conduction and
magnetic properties. 

In this study, ytterbium (Yb) was chosen as a dopant for
the BiFeO3 thin films because of its small atomic and ionic
radii.[30] Until now, there have been few studies of Yb-doped
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BiFeO3 thin films. The Yb-doped BiFeO3 thin film
(Bi0.85Yb0.15FeO3), which was weighed out according to its
stoichiometry, was deposited on a (001) SrRuO3/(100)
SrTiO3 substrate by pulsed laser deposition (PLD). The
crystal structure, surface morphology, ferroelectric domain
structure, and electrical and magnetic behavior were
investigated and compared with those of undoped BiFeO3

thin films. The Bi0.85Yb0.15FeO3 thin films had a remarkably
higher remanent polarization and a lower leakage current,
compared to those of the BiFeO3 thin film. Ferromagnetic
enhancement was also observed in the Bi0.85Yb0.15FeO3 thin
film.

2. EXPERIMENTAL PROCEDURE

The PLD method was used to deposit the epitaxial BiFeO3

and Bi0.85Yb0.15FeO3 films with a thickness of 100 nm on the
(001)SrRuO3/(100) SrTiO3 substrate. The (001) SrRuO3/
(100) SrTiO3 substrates was prepared by depositing the
SrRuO3 thin film on a single crystalline (100) SrTiO3 substrate
(by PLD). A commercially available 1-inch SrRuO3 target
was used for ablation. A frequency tripled (355 nm, ~2 J/
cm2) Nd:YAG laser was used for deposition and the
substrate to target distance was ~4 cm. The base pressure
was ~10−7 Torr and an oxygen pressure of 100 mTorr was
maintained before depositing the SrRuO3 film. For the
epitaxial deposition of the BiFeO3 and Bi0.85Yb0.15FeO3

films, 1 inch Bi1.2FeO3 and BiYb0.15FeO3 pellets were used as
the PLD targets. The Bi concentration was increased to
compensate for its volatilization. After the base pressure
reached ~5 × 10−7 Torr, the substrate temperature was set to
800°C with an oxygen partial pressure of 100 mTorr. After
deposition, the thin films were cooled to room temperature
in an oxygen ambient at 300 Torr. The tentative com-
positions of the BiFeO3 and Bi0.85Yb0.15FeO3 thin films were
confirmed by energy dispersive x-ray spectrometry. 

The structures of the BiFeO3 and Bi0.85Yb0.15FeO3 thin
films were examined by x-ray diffraction (XRD, CuKα

radiation 1.542 Å). The thickness of the BiFeO3 and
Bi0.85Yb0.15FeO3 films was 100 nm, as measured by a cross-
section scanning electron microscopy. The surface morphology
and ferroelectric domain structure of the BiFeO3 and
Bi0.85Yb0.15FeO3 films were examined by atomic force
microscopy (AFM) and piezoelectric force microscopy
(PFM). Radio frequency (RF) magnetron sputtering was
used to fabricate Pt top electrodes on the BiFeO3 and
Bi0.85Yb0.15FeO3 films in the shape of a 100 μm wide dot
with a thickness of 100 nm. These Pt top electrodes were
annealed at 400°C for 5 min before obtaining the ferroelectric
hysteresis loops using an RT66A (Radiant Technologies,
Inc.) test system. The magnetic properties of the BiFeO3 and
Bi0.85Yb0.15FeO3 thin films were analyzed from the magneti-
zation curves under an applied magnetic field using a super

conducting quantum interference device magnetometer
(Quantum Design, MPMS).

3. RESULTS AND DISCUSSION

The crystal structures of the BiFeO3 and Bi0.85Yb0.15FeO3

thin films were investigated by XRD. Figure 1 presents
the XRD θ-2θ patterns of the BiFeO3 and Bi0.85Yb0.15FeO3

thin films in the range, 44 - 47° 2θ. The BiFeO3 and
Bi0.85Yb0.15FeO3 films showed (00l) peaks, indicating the
epitaxial (00l)-oriented growth on the (001) SrRuO3/(100)
SrTiO3 substrate. For the Bi0.85Yb0.15FeO3 thin film, the left
shift of the (002) peak from that of the BiFeO3 suggests that
Yb doping elongated the out-of-plane lattice axis. The full
width at half maximum (FWHM) of the (002) peak of the
BiFeO3 and Bi0.85Yb0.15FeO3 films were approximately 0.3°
and 0.4°, respectively. The FWHMs of the rocking curves
were also measured as an indicator of crystallinity. The
rocking curve FWHMs of the (001) and (002) peaks were
0.5° and 0.7°, respectively, for the BiFeO3 and Bi0.85Yb0.15FeO3

thin films. This suggests that these films have good
crystallinity. Owing to these highly crystallized BiFeO3 and
Bi0.85Yb0.15FeO3 thin films, the lattice misfit between the thin
films and (001) SrRuO3 bottom electrode was as low as
approximately 0.1%. From the two (002) peaks, we obtained
the c-lattice constants of the BiFeO3 and Bi0.85Yb0.15FeO3

thin films as 4.00 and 4.05 Å, respectively.
The in-plane orientation was checked by performing Φ-

scans of the (110) peak for the BiFeO3 and Bi0.85Yb0.15FeO3

thin films, the (111) peak for the SrRuO3 bottom electrode,
and the (110) peak for the (100) SrTiO3 substrate. Although
not shown here, the four-fold symmetries of all in-plane
peaks were observed. For the BiFeO3 and Bi0.85Yb0.15FeO3

thin films, the rocking curve FWHM of the (110) peak was

Fig. 1. XRD patterns of the epitaxial BiFeO3 and Bi0.85Yb0.15FeO3

thin films on (001) SrRuO3/(100) SrTiO3 substrates.
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~0.4° and 0.6°, respectively. This also indicates a well-defined
structure along the in-plane orientation. From these peaks,
the a-lattice constants for the BiFeO3 and Bi0.85Yb0.15FeO3

thin films were calculated to be 3.94 Å and 3.93 Å,
respectively. Overall, the BiFeO3 and Bi0.85Yb0.15FeO3 films
had a good tetragonal-like perovskite structure. The crystal
structure of the bulk BiFeO3 was reported to be a
rhombohedrally-distorted simple cubic cell.[31] The tetragonal-
like structure might arise from the strain due to the lattice
mismatch between the thin film and the SRO electrode. 

Figure 2 shows the AFM and PFM images of the BiFeO3

and Bi0.85Yb0.15FeO3 films. The terrace patterns in both films
indicate that the films have flat and clear surface steps
arising from a layer-by-layer growth mechanism (Fig. 2(a)
and 2(b)). This agrees well with those previously reported
for the La doping of BiFeO3 films.[32] The intervals between
the surface steps were roughly equal for the BiFeO3 film,
whereas oblique lines were observed for the Bi0.85Yb0.15FeO3

film. The PFM images of the BiFeO3 and Bi0.85Yb0.15FeO3

films had strip-like ferroelectric domain structures, which
match their AFM images (Fig. 2(c) and Fig. 2(d)). These
PFM images with opposite contrast clearly reveal the
distinct domains with up (bright region) and down (dark
region) polarization. The ferroelectric domain structures
were 100 and 130 nm in size, respectively.

The leakage current was checked by varying the applied
voltage for the Pt/BiFeO3/SrRuO3 and Pt/Bi0.85Yb0.15FeO3/
SrRuO3 capacitors (Fig. 3(a)). The leakage current of the
Bi0.85Yb0.15FeO3 film was reduced greatly by one or two
orders of magnitude from that of the BiFeO3 film under an
applied voltage. Several mechanisms have been proposed to
explain the leakage current conduction for BiFeO3.

[18,33-37]

The present paper suggests that the reduced leakage current
can be attributed to the oxygen vacancy concentration
reported previously.[30] Oxygen vacancies, which are created
to compensate for the positive charge deficiency caused by

Fig. 2. AFM ((a) and (b)) and PFM ((c) and (d)) images of the BiFeO3 and Bi0.85Yb0.15FeO3 thin films. 
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the vaporization of Bi and the reduction of Fe3+ ions to Fe2+,
act as donor-like trapping centers for electrons.[37] Therefore,

the electrons can be activated easily to be free for electric
conduction under an applied electric field, contributing to the
higher leakage current in the BiFeO3 thin film. On the other
hand, the leakage current of the Yb-doped BiFeO3 thin film
might be reduced because of the suppressed oxygen
vacancies resulting from Yb doping.[35]

The remanent polarizations of the BiFeO3 and Bi0.85Yb0.15FeO3

films were measured by constructing the hysteresis loops of
the Pt/BiFeO3/SrRuO3 and Pt/Bi0.85Yb0.15FeO3/SrRuO3

capacitors at a measurement frequency of 10 kHz. As shown
in Fig. 3(b), both films develop square-like hysteresis loops
with well-saturated polarization. In particular, the Pt/
Bi0.85Yb0.15FeO3/SrRuO3 capacitor exhibits a remanent
polarization (Pr) of 73 μC/cm2, which is remarkably higher
than that of the Pt/BiFeO3/SrRuO3 capacitor, 50 μC/cm2.
These values are comparable to those of other rare-earth
ions, such as La, Nd and Gd.[25,32] The hysteric behavior at
various frequencies in the range of 1 KHz - 1 MHz was also
examined (data not shown). The coercive electric fields
increased with increasing measurement frequency. In
addition, small shifts in the hysteresis loops were observed
because of an imprint effect due to the asymmetric electrode
configuration of the top Pt electrode and bottom SrRuO3

electrode.[38] The saturation polarization (Ps) of the BiFeO3

and Bi0.85Yb0.15FeO3 thin films were 58 and 86 μC/cm2

respectively, which are slightly larger than the remanent
polarizations. This is also related to the highly crystalline
structures of these thin films. 

BiFeO3 generally shows antiferromagnetic characteristics
with a R3c structure.[31] On the other hand, the BiFeO3 thin
films with a P4mm structure exhibited ferromagnetic
characteristic.[11] The magnetic properties of BiFeO3 and
Bi0.85Yb0.15FeO3 thin films at room temperature were compared.
Figure 3(c) presents the magnetization as a function of the
applied magnetic field for the BiFeO3 and Bi0.85Yb0.15FeO3

thin films. Their curves exhibited ferromagnetic hysteresis
behavior with a clear saturation, in which the Bi0.85Yb0.15FeO3

film has a saturation magnetization larger than that of the
BiFeO3 film. This enhanced ferromagnetic properties due to
Yb doping could be attributed to several factors, such a
spatial homogenization of spin arrangement, a distorted spin
cycloid structure, a formation of Fe2+ ions, and a variation in
the canting angles of the Fe-O-Fe bonds, as induced by the
Yb substitution.[32]

4. CONCLUSIONS

Epitaxial BiFeO3 and Bi0.85Yb0.15FeO3 thin films were
fabricated on a (001) SrRuO3/(100) SrTiO3 substrate by
pulsed laser deposition. XRD showed that the epitaxial
BiFeO3 and Bi0.85Yb0.15FeO3 films, 100 nm in thickness,
exhibited tetragonal-like crystal structures. The Bi0.85Yb0.15FeO3

film showed a significantly higher remnant polarization of

Fig. 3. (a) Leakage current vs. applied voltage for the Pt/BiFeO3/
SrRuO3 and Pt/Bi0.85Yb0.15FeO3/SrRuO3 capacitors. (b) Hysteresis
loops of the Pt/BiFeO3/SrRuO3 and Pt/Bi0.85Yb0.15FeO3/SrRuO3

capacitors. The remanent polarizations were 73 µC/cm2 and 50 µC/
cm2

 for the Pt/BiFeO3/SrRuO3 and Pt/Bi0.85Yb0.15FeO3/SrRuO3 capac-
itors, respectively. (c) Magnetization vs. applied magnetic field for
the BiFeO3 and Bi0.85Yb0.15FeO3 thin films. 
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approximately 73 μC/cm2 and a lower leakage current,
compared to the BiFeO3 thin film. Ferromagnetic enhancement
in the Bi0.85Yb0.15FeO3 thin film was also confirmed. These
findings signify the improvement in the multiferroic
properties of BiFeO3 thin films through Yb doping
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