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Pr and Mn co-substituted BiFeO3 (BFO) thin films were fabricated on a Pt-coated (100) SrTiO3 substrates by pulsed laser
deposition (PLD) method. X-ray diffraction patterns indicated that the formation of impurity phases was suppressed by Pr
substitution in the BFO thin films. Furthermore, by combining with small amount of Mn substitution, Pr substitution was
effective for reducing the leakage current density. The polarization vs electric field curves showed well-saturated hysteresis
loops with measurement frequency of 20 kHz at room temperature. The remnant polarization at a maximum electric field of
1500 kV/cm was approximately 50­70 µC/cm2.
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1. Introduction

Multiferroic BiFeO3 (BFO) is well known as a unique material
which shows both ferroelectric and ferromagnetic behavior above
room temperature because of its high Curie temperature (1123K)
and Neel temperature (653K).1)­4) Simultaneous existence of
ferroelectricity and ferromagnetism in a material has attracted
scientific and technological attentions for advanced multifunc-
tional devices such as data storage memories, actuators, and
sensors. In addition, BFO thin film has a high remnant
polarization value in comparison with other ferroelectric materi-
als, and it is known to be an alternative Pb-free ferroelectric
material.1)­11) However, the serious problem of BFO thin film
is large leakage current at room temperature. In the last
several years, many research groups have reported that a site-
engineering technique is effective to solve this problem12)­33)

because the leakage current of BFO thin films is mainly caused
by the nonstoichiometric compositions or impurity phases in the
film.9)­11)

On the other hand, in the case of ferromagnetic properties, a
small spontaneous magnetization is caused by canting of spin
arrangement in BFO.1)­4) Some research groups reported that the
rare-earth element or 3d transition metal substitution of BFO
showed enhanced ferromagnetic properties due to the modifica-
tion in the magnetic moments.29)­33) Recently, Yu et al.
demonstrated the drastic enhancement of ferromagnetic proper-
ties at room temperature due to the increasing the degree of
distortion in the BFO by Pr substitution at the Bi-site.33)

Moreover, it can be said that Pr substitution is one of the
important techniques to obtain the excellent multiferroic proper-
ties of BFO. However, it is not easy to enhance the both
ferroelectric and ferromagnetic properties of BFO using the
single rare-earth element substitution at Bi-site since the

degradations in ferroelectric properties are caused by excess
substitution.15)­17) Thus, it is required to investigate the influen-
ces of Pr substitution on the ferroelectric properties of BFO thin
films. In our recent works, we have proposed rare-earth element
Nd and 3d transition metal Mn co-substituted BFO (BNFM) thin
films and succeeded in obtaining improved ferroelectric proper-
ties without serious degradations.23),24) Hence, in this paper, we
propose Pr and Mn co-substituted BFO (BPFM) and report the
crystallinity, ferroelectric and leakage current properties of
BPFM thin films by comparing with those of pure and single
element-substituted BFO thin films.

2. Experimental procedure

Pr-substituted BFO (BPF) and BPFM thin films were
deposited on Pt-coated (100) SrTiO3 (STO) substrates using a
conventional pulsed KrF excimer laser deposition system. The
sintered ceramics with compositions of Bi1.0Pr0.05FeO3 and
Bi1.0PrxFe0.97Mn0.03O3 (x = 0.03, 0.05, 0.07 and 0.10) were used
as targets for BPF and BPFM thin films, respectively. The films
were deposited on the substrates at 600°C at an oxygen pressure
of 13.3 Pa. After the deposition, the films were annealed at 600°C
for 60min in an oxygen pressure of 2.67 kPa in the same
deposition chamber. The thickness of deposited film was
approximately 200 nm. Au top electrodes of 2.03 © 10¹5 cm2 in
areas were deposited on the films by thermal evaporation
using a metal mask to obtain the metal­insulator­metal (MIM)
capacitors.
The crystal structure of the films was determined by X-ray

diffraction (XRD; Shimadzu XD-D1) analysis with CuK¡
radiation before the deposition of Au top electrodes. The leakage
current of MIM film capacitors was examined with RT-66A
(Radiant Technologies). As a ferroelectric property of film
capacitors, the polarization vs electric field (P­E) curves were
measured by ferroelectric test system (Toyo FCE-1) with a
measurement frequency of 0.1­20 kHz. All the measurements
were performed at room temperature.
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3. Results and discussions

Figure 1 shows the XRD ª­2ª scanning patterns of the BPF
and BPFMx=0.03­0.10 thin films grown on the Pt-coated (100) STO
substrates. As shown in the figure, all the BFO thin films are
found to be preferentially (100)-oriented on the substrates. On the
other hand, as increasing the Pr concentration in the film, the
peak intensity of BFO (110) is increased compared with that
of BFO (100). In the general PLD process, decreasing the
crystallization temperature of deposited materials, ablated
particles well migrate on the substrate before crystallization
resulting in the highly oriented film grown on the substrate.
Hence, we consider this observed behavior is mainly caused
by a rise in crystallization temperature of BFO due to the Pr
substitution because the similar tendencies have been reported
in the rare-earth element substituted BFO thin films.23),26) On
the other hand, the Bi deficiency phases (such as Bi2Fe4O9

and Fe2O3), which was mainly caused by reevaporation of Bi
particles from film during deposition process, were observed as
shown in the figure although the impurity phases due to Pr excess
substitution were not observed even in the 10% Pr-substituted
film. In order to investigate the suppression of Bi deficiency
phases by the Pr substitution, the peak intensity ratio of Fe2O3

(111) to BFO (100) in the films as a function of the Pr
concentration in the films is shown in Fig. 2. Here, all the BFO
thin films were preferentially (100)-oriented on the substrates
since the peak intensity of BFO (100) was higher by approx-

imately one to two orders of magnitude than those of BFO
diffraction peaks with other orientations. We also plotted the
results of pure BFO and Mn-substituted BFO (BFM) thin films in
the figure.23),24) In the Pr-substituted films, the peak intensity ratio
is significantly lower than those of BFO and BFM films. The
peak intensity of Fe2O3 is strongly depressed with increasing the
Pr concentration, and the peak almost disappears in the 10% Pr-
substituted film (shown in Fig. 1(b)). Other impurity phases due
to the Bi deficiency also showed a same tendency. Hence, to
obtain the BFO single phase in the film, we suggest that it is
effective to substitute the Pr ion at the volatile Bi site of BFO
same as reported in the rare-earth elements substituted BFO thin
films.15),16),23),24),29)

In order to clarify the effects of various dopants, the leakage
current properties of fabricated film capacitors at room temper-
ature are shown in Fig. 3. The results of the BFO and BFM thin
films were also plotted in the figure.23),24) The leakage current
density of BPF film is lower than those of other specimens in the
low electric field region, but it increases rapidly at an electric
field region above 200 kV/cm as shown in the figure. In the
BPFM film, the leakage current is not so suppressed as com-
pared with those of other specimens in the low electric field
region (<200 kV/cm). However, the remarkable reduced leakage
current density is observed in middle to high electric field region
(200­850 kV/cm). In order to obtain the excellent ferroelectric

Fig. 1. XRD patterns for (a) BPF and (b) BPFM (Pr concentration
x = 0.03­0.10) thin films grown on the Pt-coated (100) STO substrate.
Symbols indicate the impurity phases and substrate.

Fig. 2. Normalized peak intensity of Fe2O3 (111) as a function of Pr
concentration x in the films for the samples shown in Fig. 1.

Fig. 3. Leakage current density vs electrical field curves for BFO,
BFM, BPF, and BPFMx=0.05 film capacitors measured at room temper-
ature.
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properties of BFO films, the suppression of leakage current in
the high electric field region (above 400 kV/cm) is important
because the coercive fields of BFO films are generally 300­
500 kV/cm. Hence, it is supposed the Pr and Mn co-substitution
is effective technique to reduce the leakage current in the BFO
thin films. Also, since the similar behavior in the leakage current
property was observed in the Nd and Mn co-substituted BFO thin
films, the origin of reduced leakage current in the BPFM thin
films might be same as that of BNFM thin films.23),24)

Figure 4 shows the leakage current density at 450 kV/cm as a
function of the Pr concentration in the films. As shown in the
figure, the leakage current of BPFM thin films are lower by
approximately two orders of magnitude than those of single
element substituted films. In addition, the leakage current of
BPFM film were decreased with increasing the Pr concentra-
tion in the films. These results are not only arisen from the
suppression of impurity phases shown in Figs. 1 and 2 but also
the improvement of surface morphology by the Pr-substitution
(not shown in this paper).
Figure 5 shows the P­E curves for the BPFM film capacitors.

The P­E curves were measured at room temperature with a

measurement frequency of 20 kHz. For the BPF thin films, the
P­E curves are not shown here because of their huge leakage
current in the higher bias region than coercive field for BFO thin
films (almost 300­400 kV/cm). In the case of BPFMx=0.03 film,
the curve delineates the rounded loops since the suppression of
leakage current is not sufficient. Nevertheless, the other speci-
mens (x > 0.05) show well-saturated hysteresis loops meaning
that both the leakage current and breakdown properties in the
film are improved. Figure 6 shows the dependence of remnant
polarization Pr value in the P­E curves of BPFM film capacitors
at the maximum electric field of 870 kV/cm on the measurement
frequency. As shown in the figure, in the low measurement
frequency region from 0.1 to 4 kHz, Pr value was rapidly
decreased due to the suppression of leakage current. On the other
hand, almost no measurement frequency dependence is found at
a high frequency region above 10 kHz. Hence, we conclude that
the P­E curves with the measurement frequency of several tens
kHz give us the essential ferroelectric properties without
influences of leakage current.
Figure 7 shows electric field dependence of remnant polar-

ization for the BPFM film capacitors. The Pr value of films began

Fig. 4. Leakage current density of film capacitors at 450 kV/cm as a
function of Pr concentration x.

Fig. 5. Polarization vs electrical field curves of BPFM film capacitors
(Pr concentration x = 0.03­0.10) measured at room temperature with a
measurement frequency of 20 kHz.

Fig. 6. Dependence of remnant polarization value on the measurement
frequency of polarization vs electrical field curves of fabricated BPFM
film capacitors (Pr concentration x = 0.03­0.10) at the maximum electric
field of 870 kV/cm.

Fig. 7. Electrical field dependence of remnant polarization values
measured at room temperature with measurement frequency of 20 kHz for
BPFM film capacitor (Pr concentration x = 0.03­0.10).
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to increase at 250­300 kV/cm and monotonically increased with
applied electric field up to the electrical breakdown of films
(1700­2500 kV/cm). Tendency of saturation in the Pr was still
not observed in the highest electric field region. Also, the Pr

value at the maximum electric field of 1500 kV/cm were
approximately 50­70¯C/cm2 and were decreased with increas-
ing the substituted Pr concentration as shown in the figure. We
suggest that deterioration of Pr value was mainly caused by
excess substitution of Pr in the film similar to other rare-earth
elements doped BFO thin films,15)­17) and the serious degrada-
tions should be avoided by adjusting the amount of substituted Pr
ions in the films. This result on the Pr-substitution dependencies
of the ferroelectric property suggests a trade-off relationship
between the former-mentioned ferromagnetic properties (caused
by the increasing the degree of distortion in the BFO by Pr
substitution) and the ferroelectric properties. Also, as presented
in the Figs. 1 and 2, Pr substitution is effective to obtain the BFO
single phase by suppression of the Bi deficiency phases in the
film. Therefore, by combining with the investigation of the
ferromagnetic properties in the films, it is required to realize the
suitable composition of BPFM film which gives us the excellent
crystallinity and multiferroic properties.

4. Conclusions

Pr and Mn co-substituted BFO thin films were fabricated
on a Pt-coated (100) STO substrates by PLD method. The Pr
substitution suppresses the formation of impurity phases caused
by the Bi deficiency in the BFO thin films. In the BPFM film
capacitors, the suppressions in both impurity phase formation
and leakage current were attained. Moreover, the well-saturated
P­E hysteresis curves were observed at a measurement frequency
of 20 kHz at room temperature. The Pr values for the maximum
electric field of 1500 kV/cm were approximately 50­70¯C/cm2.
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