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Cr-doped BiFeO3 (BFCO) thin films were formed on Pt/Ti/SiO2/Si(100) substrates by chemical solution deposition, in which the nominal

Fe/Cr ion ratio was changed from 100/0 to 40/60. The spin-coated, dried, and prefired films were finally crystallized in air, nitrogen, and

oxygen flow mainly at temperatures below 500 �C. X-ray diffraction analysis revealed that polycrystalline grains of BiFeO3 (BFO) were

formed in the films with ratios smaller than 80/20 after crystallization at 450 �C. It was also found from cross-sectional energy dispersive X-

ray spectroscopy-scanning transmission electron microscopy (EDX–STEM) that Fe and Cr atoms mainly existed in different crystallites. On

the basis of these results, a growth model in which the low-temperature crystallization of BFO is triggered by Bi7CrO12:5 crystallites is

proposed. The leakage current density and remanent polarization (Pr) in BFCO films increased with increasing Fe ratio, and a large Pr of

60mC/cm2 was obtained in a 450 �C-crystallized BFCO film with the 80/20 ratio measured at 1.6 MV/cm and 10 kHz. In the 500 �C-

crystallized BFCO films with a Cr doping ratio of more than 50 at. %, a Pr close to the initial value was obtained even after 108 switching

cycles owing to the reduced leakage current density. # 2009 The Japan Society of Applied Physics

DOI: 10.1143/JJAP.48.101402

1. Introduction

Multiferroic materials, which simultaneously show ferro-
electricity and ferromagnetism, have been increasingly
attracting attention owing to their potential applications,
such as data storage, transducers, and actuators.1–4) In
particular, BiFeO3 (BFO) has been extensively studied both
theoretically and experimentally, because it exhibits multi-
ferroic properties at room temperature (RT).5–9) It has also
been expected that BFO is promising as a ferroelectric
material for fabricating high-density one-transistor and one-
capacitor(1T1C)-type ferroelectric random access memories
(FeRAMs) because of its large remanent polarization (Pr) of
90 mC/cm2. This value is much larger than those in currently
used ferroelectric materials such as PbZrxTi1�xO3 (PZT;
20 – 30 mC/cm2)10) and SrBi2Ta2O9 (SBT; 10 mC/cm2); thus,
fabrication of FeRAMs with several hundreds of Mbits using
BFO capacitors is expected. However, polycrystalline BFO
films suffer from low resistivity at RT, which makes the
formation of thin film capacitors with a low operation
voltage difficult. Fortunately, the ion substitution method, in
which a small amount of an additive such as Ti, Mn, La, Ni,
Cr, or Cu is introduced into BFO, is effective in decreasing
leakage current and enhancing the ferroelectric properties of
polycrystalline BFO thin films at RT.11–14)

In our previous study on Cr doping in BFO films, a
decrease in leakage current was observed in the low-Cr
doping ratio region.15) However, X-ray diffraction (XRD)
analysis revealed that the secondary phase appeared when
the Cr doping ratio was higher than 8 at. %. On the other
hand, it has been predicted from calculation using the first-
principles density functional theory that ordered double
perovskite Bi2FeCrO6, in which single unit-cell layers of
BFO and BiCrO3 (BCO) are stacked alternately in the [111]
direction, has a Pr of 80 mC/cm2; it also shows ferrimag-
netism.16) On the basis of this prediction, attempts to grow
Bi2FeCrO6 films on SrRuO3-coated SrTiO3 substrates have
been conducted using pulsed laser deposition (PLD).17,18) A
recent report18) shows that Bi2FeCrO6 films are epitaxially
grown on the substrates and the Pr measured at 77 K is as

large as 60 mC/cm2. However, the report also shows that
the polarization characteristics can not be measured at RT
because of the high leakage current. Furthermore, it has been
reported that the structure of a high-pressure synthesized
bulk BiFe0:5Cr0:5O3 crystal belongs to the R3c space group
with octahedral tilting,19) which is the same as the BFO
crystal.

Nevertheless, research on the Bi2FeCrO6 phase has not
been conducted in films formed by chemical solution
deposition (CSD). In this study, we fabricated polycrystal-
line Cr-doped BFO (BFCO) thin film capacitors with
nominal Fe/Cr ratios from 100/0 to 40/60 by the CSD
method, with the aim of investigating the structural and
electrical properties of mixed films. In terms of the structure
of a BFCO film with the 50/50 ratio, it is meaningful to
investigate whether the Bi2FeCrO6 film can be formed by
the CSD method. In particular, we expect an optimal Fe/Cr
ratio for achieving a large Pr and good fatigue endurance for
application to FeRAMs.

2. Crystal Structures and Experimental Procedure

The crystal structure of a BFO crystal is a rhombohedrally
distorted perovskite, belonging to the R3c space group
with unit-cell parameters a ¼ 3:96 Å and � ¼ 89:4�.20)

With respect to the crystal structure of BCO, a first-order
structural phase transition has been observed at approx-
imately 410 K, below which BCO has the triclinic perovskite
structure with the lattice parameters of a ¼ c ¼ 3:906 Å,
b ¼ 3:870 Å, � ¼ � ¼ 90:5�, and � ¼ 89:1� (at 300 K),
and above which it has the pseudo-monoclinic structure
with a ¼ c ¼ 3:878 Å, b ¼ 7:765 Å, and � ¼ 88:8� (at
460 K).21,22) The lattice similarity between BFO and BCO
led us to conceive of the idea to form solid solution films of
Bi2FeCrO6.

A metalorganic decomposition (MOD) BFO solution
was prepared by mixing bismuth(III) 2-ethylhexanoate
[Bi(OCOCH(C2H5)C4H9] and iron(III) acetylacetonate
[Fe(C5H7O2)3] and by diluting this solution with toluene.
Then, the BFO solution was mixed with a BFCO (30/70)
solution with a concentration of 0.2 mol/kg (Toshima MFG)
to obtain BFCO solutions of various Fe/Cr ratios. They were
then spin-coated on Pt/Ti/SiO2/Si(100) substrates at�E-mail address: zhong.z.aa@m.titech.ac.jp
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3000 rpm for 30 s, dried at 240 �C for 3 min, and prefired at
350 �C for 10 min in air. This process was repeated 20 times
to form films with thicknesses of 500 – 600 nm, then the
prefired samples were crystallized under various conditions.
The typical annealing temperatures were 450 and 500 �C,
and the ambient gases were air, nitrogen, and oxygen.
Higher and lower annealing temperatures were also used for
comparison. Next, Pt top electrodes of 3:14� 10�4 cm2

were deposited by e-beam evaporation through a shadow
mask. Finally, the BFCO films were post annealed to
improve the interfacial properties between the top electrodes
and the films using the same parameters as those used in
crystallization annealing.

The crystalline structure of these films was studied using
a multipurpose X-ray diffractometer (Philips X’Pert-Pro
MPD). The surface and cross-sectional micrographs of
the ferroelectric films were taken by scanning electron
microscopy (SEM) and scanning transmission electron
microscopy (STEM). The chemical compositions in indi-
vidual crystallites as well as in an area of a few mm square
were quantitatively studied by energy dispersive X-ray
spectroscopy (EDX)–STEM working at 200 kV. Inductively
coupled plasma atomic emission spectroscopy (ICP–AES)
was also carried out to determine the chemical compositions
in films and solutions. The electrical properties of BFCO
capacitors were measured at RT using a ferroelectric test
system (Toyo Technology) and a precision semiconductor
parameter analyzer (HP 4156C). In order to confirm the Pr

values obtained by hysteresis measurements, positive-up-
negative-down (PUND) measurement was also conducted
using a double-pulse generator in the ferroelectric test
system.

3. Results and Discussion

3.1 Crystallinity
Figure 1(a) shows XRD patterns of 450 �C-crystallized
BFCO films with Fe/Cr ratios ranging from 40/60 (bottom)
to 100/0 (top). As shown in the figure, all diffraction peaks,
except for the peak denoted by m, can be indexed by the
rhombohedral R3c structure of BFO (JCPDS No. 82-1254).
On the other hand, the m peak (2� ¼ 27:7) matches either
the (111) orientation in Bi7CrO12:5 (JCPDS No. 42-0527) or
the (310) orientation in Bi12(Bi0:5Fe0:5)O19:5 (JCPDS No.
80-0821). It is also very close to the (211) orientation in
BCO (JCPDS No. 04-0570). Although it is difficult to
determine the predominant phase owing to peak overlap-
ping, Bi7CrO12:5 is regarded as a possible candidate, since it
can be formed at a low temperature. It is also interesting to
note that only a portion of Cr atoms contribute to the
formation of the m peak, since peak intensity increases with
increasing Fe/Cr ratio from 40/60 to 80/20. Regarding the
existence of double-perovskite-phase Bi2FeCrO6, no evi-
dence was obtained, because of the overlapping of the XRD
peaks18) with those of BFO.

The figure also shows that both the (104)/(110) main
peaks of BFO and the m peak increase with increasing Fe/Cr
ratio up to 80/20. As can be noted in Fig. 1(c), the (110)
peak started merging with the (104) peak, as the Fe/Cr ratio
increased to 70/30. The separate peaks for (104) and (110)
were typically observed for a pure BFO film.12) This implies
that addition of Cr ions has an auxiliary impact on the

crystallization of the BFO grain phase. In contrast, almost no
peaks were observed for the BFCO (90/10) and pure BFO
films, implying that their crystallization temperature is
higher than 450 �C. The XRD patterns of BFCO (90/10)
films crystallized at 450 and 500 �C are shown in Fig. 1(b).
As can be observed in the figure, the peaks of BFO
crystallites appeared at 500 �C, which is close to the lowest
crystallization temperature (525 �C) obtained in Mn-substi-
tuted BFO films.23) These phenomena can be explained by a
hypothesis that some Cr-containing grain phase correspond-
ing to the XRD peak m is crystallized at a temperature lower
than 450 �C and the crystallites act as seed crystals to
enhance the crystallization of BFO.

To test the above hypothesis, the surfaces of BFCO films
were observed by SEM. Figure 2 shows an SEM image of a
BFCO (50/50) film crystallized in air at 500 �C. As shown in
the figure, the film is composed of two regions: flat and
rough. Since it is speculated that the difference in surface
morphology is related to segregation of excess Cr atoms, we
measured the Cr distribution in the BFCO (50/50) film over
an area of 3� 3 mm2 using plan-view EDX–STEM. How-
ever, the detected Cr concentration was about 5 at. % of
the Fe concentration, and the Cr atoms measured at this
magnification were distributed uniformly in the area. To
further investigate the Cr concentration in the film, ICP–
AES of the BFCO (30/70) solution and the BFCO (50/50)
film was conducted. In this experiment, the Fe/Cr ratio in
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Fig. 1. (Color online) XRD patterns of BFCO films crystallized in air

at 450 �C with various Fe/Cr ratios (a) and BFCO (90/10) films

crystallized in air at 450 and 500 �C (b), the highlighted (104)/(110)

peak is shown in (c).

Jpn. J. Appl. Phys. 48 (2009) 101402 Z. Zhong et al.

101402-2 # 2009 The Japan Society of Applied Physics



the solution was almost same as the nominal value (30/70),
but the Fe/Cr ratio in the film was found to change from the
nominal value (50/50) to 49/3, assuming that the Bi fraction
is 100. Thus, it was confirmed that the majority of Cr atoms
evaporated during the drying and prefiring processes. It was
considered that Cr atoms adhered easily with the molecules
of toluene were then taken away during the evaporation of
toluene molecules. It is of possibility to reserve the Cr atoms
in the film by choosing a suitable organic reagent for the
spin-coating solution.

We further obtained an interesting result from cross-
sectional EDX–STEM measurements regarding the micro-
structure of the film, which supports the hypothesis that
Cr-containing crystallites trigger crystallization of BFO.
Figure 3(a) shows a bright field cross-sectional TEM image
of a BFCO (50/50) film. As shown in the figure, the film
comprises small grains of 50 to 100 nm in size, which is
much different from the grain structure in a pure BFO film
with grains of 200 to 400 nm in size.12) Figures 3(b)–3(d)
show EDX mappings of O, Bi, and Fe atoms. It can be

observed from these figures that O and Bi atoms are
distributed uniformly in the film, while Fe atoms are
distributed nonuniformly. It has been further confirmed by
EDX fine beam analysis that some grains have Fe atoms,
while other grains have no Fe atoms but they have a small
amount of Cr atoms. A typical Bi : Fe : O ratio in a Fe-
containing grain is 30 : 20 : 50, while the typical Bi : Cr : O

ratio in a Cr-containing grain is 22 : 1 : 27. Although the Bi
concentration is higher than the stoichiometric values, the
results of both XRD and EDX–STEM analyses strongly
suggest the formation of BiFeO3 and Bi7CrO12:5 crystallites.

3.2 Leakage current characteristics
Figure 4 shows leakage current density vs electric field
(J–E) characteristics of BFCO (50/50) films crystallized at
450 �C in different atmospheres. As shown in the figure, an
extremely high leakage current was measured in the sample
crystallized in nitrogen in comparison with samples crystal-
lized in oxygen and air. The high leakage current is
considered to be related to the oxygen vacancy density in
the film. That is, when some O2� anions in the BFO film are
transformed into the gas phase, each O2� anion leaves a
single vacancy and two free electrons in the film.11) The
existence of free electrons in the BFO film is greatly
associated with the conductivity. In the samples crystallized
in oxygen and air, the oxygen vacancies are expected to be
effectively reduced owing to oxygen pressure. Below, we
show the J–E characteristics of the samples crystallized in
air.

Figure 5 shows the J–E characteristics of BFCO (50/50)
films crystallized in air at various temperatures. The lowest
leakage current density of 2� 10�5 A/cm2 was achieved at
an electric field of 0.6 MV/cm in the sample crystallized at
450 �C, and leakage current density increased with increas-
ing temperature up to 600 �C. Figure 6 shows the J–E
characteristics of BFCO films with the Fe/Cr ratios from 40/
60 to 90/10 and crystallized in air at 450 �C. The lowest
leakage current density was detected in the Cr-abundant
BFCO (40/60) film, and with increasing Fe ratio, leakage
current density increased and became highest in the BFCO
(80/20) film. When these leakage current characteristics
are compared with XRD patterns shown in Fig. 1, it is
concluded that the increase in the leakage current in the
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Fig. 3. (Color online) TEM cross-sectional view of a BFCO (50/50)

film (a) and the atom distribution for O, Bi, and Fe taken by EDX

mapping as shown in (b), (c), and (d), respectively.
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BFCO films is due to an increased crystallinity in BFO
grains, which is caused either by the increase in crystal-
lization temperature or by addition of Cr atoms.

3.3 Ferroelectric properties
The ferroelectric properties of the BFCO films crystallized
below 500 �C were measured. Figure 7 shows the compar-
ison between polarization vs electric field (P–E) character-
istics measured at an electric field of 1.6 MV/cm and a
frequency of 10 kHz for the 450 �C-crystallized BFCO thin
films with the Fe/Cr ratios from 40/60 to 90/10. As shown
in the figure, a small Pr of 20 mC/cm2 is obtained in the
Cr-abundant BFCO (40/60) film, and Pr increases with
increasing Fe ratio towards the Fe-abundant BFCO (80/20)
film, at which the Pr and coercive electric field (Ec) are
60 mC/cm2 and 0.45 MV/cm, respectively. However, the Pr

suddenly decreases to 16 mC/cm2 in the BFCO (90/10) film,
which is due to the incomplete crystallization of the film.
In the case of a pure BFO film, which has a high leakage
current density, the maximum electric field applied to the
sample was limited to 1.1 MV/cm, at which the Pr was only
12 mC/cm2. Figure 8 shows minor loops in P–E character-
istics of a 450 �C-crystallized BFCO (80/20) film measured
by sweeping the electric field from 0 to 1.6 MV/cm at a
frequency of 10 kHz. The minor loop shape in the low-

electric-field region is much better than that reported for a
BFO film.23)

In order to check the validity of the Pr values shown in
Figs. 7 and 8, PUND measurements were carried out at
1 MV/cm and the measured switching charge densities (Psw)
were compared with 2Pr values at the same electric field. In
this comparison, the Psw values of 10 and 64 mC/cm2 in the
BFCO (40/60) and BFCO (80/20) films, respectively,
matched well the 2Pr values (10 and 70 mC/cm2) derived
from the hysteresis measurement. We conclude from these
results that a large ferroelectric polarization is obtained in
the BFCO (80/20) film crystallized at 450 �C. It is worth
noting that the Ec values in all films shown in Fig. 7
remained unchanged. This phenomenon suggests that only
BFO grains contribute to ferroelectricity in the BFCO films
and Ec is intrinsic in BFO grains. In fact, the three candidate
compositions indexed by the m peak in Fig. 1 is non-
ferroelectric.

The crystallization temperature dependence of ferroelec-
tric properties was also investigated. Figure 9(a) shows P–E
hysteresis loops at 1.9 MV/cm for BFCO (50/50) films
crystallized in air from 400 to 500 �C. As shown in the
figure, a relatively large Pr can be obtained at 450 �C
indicating that the crystallization temperature for BFCO
(50/50) film should be approximately 450 �C. Comparison
between hysteresis loops of 450 and 500 �C-crystallized
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BFCO (90/10) films is shown in Fig. 9(b). The polarization
of the film is greatly increased by increasing crystallization
temperature to 500 �C. In SEM images shown in Fig. 9(c),
the pellet-like BFO grains can be observed in the 500 �C-
crystallized sample, but not in the 450 �C-crystallized
sample. We conclude from these results that the pronounced
increase in Pr in the 500 �C-crystallized BFCO (90/10) film
is due to the enhanced crystallization of the film.

The dependence of Pr on Fe ratio in BFCO films
crystallized at 450 and 500 �C is shown in Fig. 10(a), in
which the Pr values at an electric field of 1.2 MV/cm are
plotted. The variations of the XRD (104)/(110) peak
intensity in the films crystallized at 450 �C are also plotted
in Fig. 10(b) for comparison. It can be noted from the figure
that (1) in the BFCO films with Fe/Cr ratio lower than or
equal to 80/20, Pr steadily increases with increasing Fe ratio
at both temperatures of 450 and 500 �C, and (2) the
variations of Pr in the 450 �C-crystallized films match well
those of XRD peak intensity. In the BFCO (90/10) film, the
Cr atom ratio is presumed to be too low for the film to be
crystallized at 450 �C.

3.4 Fatigue endurance
The fatigue characteristics of the BFCO films are shown in
Fig. 11. In the measurement, bipolar square pulses (100 kHz)
with an electric field of 0.4 MV/cm were used for switching
the polarization in the film, while triangular pulses (50 kHz)
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of 1.6 MV/cm were used for the measurement of polar-
ization. The fatigue endurance of three 500 �C-crystallized
BFCO films with the Fe/Cr ratios from 40/60 to 60/40 are
shown in Fig. 11(a). Owing to the low leakage current
density, the fatigue endurance of Cr-abundant BFCO films
was improved in comparison with that of Mn-substituted
BFO thin films,24) in which a marked increase in Pr was
observed when the pulse number reached about 1� 106

cycles. Indeed, almost no degradation of Pr was observed up
to 1� 108 switching cycles in the BFCO (40/60) film. In the
case of a BFCO (50/50) film, the wake-up phenomenon of
Pr was observed at approximately 1� 108 switching cycles,
and in a Fe-abundant BFCO (60/40) film, the condition was
even worse. That is, a marked increase in apparent Pr was
observed at approximately 2� 106 switching cycles. Never-
theless, the fatigue endurance of the BFCO (60/40) film can
be improved by decreasing crystallization temperature, as
shown in Fig. 11(b).

4. Conclusions

The low-temperature crystallization phenomenon in the
BFCO films was investigated. It was found that the
Bi2FeCrO6 solid solution film could not be formed by the
CSD method, but crystallization of Bi7CrO12:5 grains
seemed to be the origin of the low-temperature crystalliza-
tion of the BFCO films. It was found in the films crystallized
at 450 �C that Pr steadily increased with increasing Fe ratio
towards the BFCO (80/20) film, and that the variations of Pr

matched well those of XRD peak intensity of BFO. The Pr as
large as 60 mC/cm2 was obtained at an electric field of
1.6 MV/cm in the BFCO (80/20) film crystallized at 450 �C,
which is 100 �C lower than the crystallization temperature
for a BiFeO3 film. It is concluded from these results that (1)
Cr ions play an important role in the films to be crystallized
at a low temperature and enhance fatigue endurance and that
(2) the ferroelectricity of the BFCO films is mainly due to
that of BiFeO3.
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