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Abstract

We report the pulsed-laser deposition of epitaxial double-perovskite Bi,FeCrOg
(BFCO) films on the (001)-, (110), and (111)-oriented single-crystal SrTiO; sub-
strates. All of the BFCO films with various orientations show the 1/21/21/2 and
3/23/23/2 superlattice-diffraction peaks. The intensity ratios between the 1/2 1/2 1/2-su-
perlattice and the main 111-diffraction peak can be tailored by simply adjusting the
laser repetition rate and substrate temperature, reaching up to 4.4%. However, both
optical absorption spectra and magnetic measurements evidence that the strong su-
perlattice peaks are not correlated with the B-site Fe**/Cr** cation ordering. Instead,
the epitaxial (111)-oriented Bi,FeCrOg films show an enhanced remanent polariza-
tion of 92 pC/cm2 at 10 K, much larger than the predicted values by density-func-
tional theory calculations. Positive-up-negative-down (PUND) measurements with a
time interval of 10 ps further support these observations. Therefore, our experimental
results reveal that the strong superlattice peaks may come from A- or B-site cation
shifts along the pseudo-cubic [111] direction, which further enhance the ferroelectric
polarization of the BFCO thin films.
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1 | INTRODUCTION
Sunlight is one of the most abundant resources to generate
renewable energy. Researchers are continuously exploring
new materials and fundamental photoelectric conversion
mechanisms for the better performance of photovoltaic (PV)
devices.'™ Of particular interests is the anomalous photovol-
taic effect in ferroelectric (FE) materials, characterized by
large open circuit photovoltages exceeding the band gap of
the material.*® In addition, the photocurrent can be switched
by presetting the polarization direction.”® However, the wide
bandgap (E,) of typical perovskite FE materials exceeds the
ideal value of 1.4-2.1 eV, making them unsuitable for ab-
sorbing sunlight. This wide E, is mainly due to the transi-
tion metal-oxygen bonds at B sites and the large difference
in their electronegativities.10 Even BiFeO; (BFO) with a nar-
row bandgap of 2.74 eV is only capable of absorbing 20% of
the solar spectrum, prompting the exploration of novel FE
materials.

Lowering the E, while maintaining FE properties is a prom-
ising route to boost power conversion efficiency. So far, ef-
forts have been taken to synthesis LaCoO;-doped Bi,Ti;0 5, 1
KBiFe,05,'>  and  [KNbO3], [BaNi,2Nb,,0; 5]
(KBNNO) solid solutions, etc. The non-perovskite KBiFe,O5
has an E, of 1.6 eV, and an ideal E, of 1.39 eV was achieved
in KBNNO for x = 0.1. However, these materials have poor
remanent polarization, degrading the benefits of anomalous
photovoltaic effects. One exception is the double perovskite
Bi,FeCrOq (BFCO). Density-functional theory calculations
by different authors have predicted the coexistence of a large
remanent polarization (P,) of 80 pC/cm2 along the [111] at
0K and a narrow E, of 1.4-2.0 eVv.1314 Unfortunately, the
synthesis of BFCO has been hindered by a lack of stability of
the bulk Bi-based perovskites and disordered Fe®* and Cr**
on the B sites,15 due to the same valence state and very close
ionic radii. Highly ordered BFCO films were first reported
in a superlattice form prepared by alternating deposition of
BiFeO; and BiCrO, layers.'® Later, partially ordered BECO
was also reported by several research groups using pulsed-
laser deposition from a single BiFe, sCr, 5053 target.'”'® The
degree of B-site ordering was monitored by the intensity
ratio (R) between the 1/21/21/2—superlattice and 111-diffrac-
tion conditions,'® which typically ranges from 0%-5.1%. It
was reported that the bandgap of the BFCO films is strongly
correlated with the B-site cation ordering, and E, varies be-
tween 1.4 and 2.6 €V as the R value decreases.lg However,
given the low X-ray scattering contrast between the Fe’* and
Cr’*, it was recently argued that the observation of a super-
structure is not a sufficient proof of B-site ordering in double
perovskites,zo’21 and in fact the truly B-site ordered double
perovskite has relatively lower R value less than 1%, for
example La,FeCrOg¢ film deposited on (111)-oriented STO
substrate.”
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Here, we report the preparation of epitaxial BFCO films on
single-crystal SrTiO; substrates by pulsed-laser deposition.
Efforts have been taken to investigate the critical processing
window to obtain superlattice peaks. The origin of the super-
lattice peaks and the relationships between the R ratio and
the B-site cation ordering have been examined by performing
combined optical, magnetic, and ferroelectric analysis. Our
experimental results suggest that the superlattice peaks may
originate from the displacements of A- or B-site cations along
the [111], which can enhance the ferroelectric polarization of
BFCO films.

2 | EXPERIMENTAL

A ceramic target with a nominal composition of
Bi, ;Fe(sCrys0; was synthesized by the conventional
solid-state reaction method. Bi,O3, Fe,05, Cr,0; powder
were mixed together with molar ratios 2.2:1:1, where the
excess of Bi compensates the loss due to its volatility at
high temperatures. The powder mixture pellet was then
heated at 830°C for 60 minutes, then the sample was cooled
to room temperature slowly. Bi,FeCrOg¢ thin films were
grown on (001)-, (110)-, (111)-oriented SrTiO5 (STO) sin-
gle-crystal substrates by pulsed-laser deposition with a KrF
excimer laser (4 =248 nm). 50-nm-thick SrRuO; (SRO)
films, used as a bottom electrode for ferroelectric property
study, were deposited at a heater temperature of 660°C in
a dynamic oxygen pressure of 100 mTorr with a laser en-
ergy density of 1.5 J/cm? and a laser repetition of 5 Hz. The
BFCO films were deposited at the heater temperature be-
tween 650°C and 750°C, in a dynamic oxygen pressure of 9
mTorr, with a laser energy density of 1.5 J/em? and a laser
repetition ranging from 2 to 12 Hz from a target of com-
position Bi; ;(FeysCry5)O3. The thickness of the BFCO
films was fixed to be 300 nm. After depositions, the films
were cooled to 400°C at a rate of 5°C/min and annealed
for 1 hour in 760 Torr oxygen and then slowly cooled to
room temperature. To perform polarization measurements,
Au top electrodes were sputtered through a shadow mask
of 100 pm in diameter.

The structure of the BFCO films was probed using
high-resolution X-ray diffraction (Bruker, D8 discover).
The Energy Dispersive X-Ray Spectroscopy (EDX) of the
BFCO thin films were measured using a Scanning Electron
Microscope equipped with IXRF system (SU8020, Hitachi).
The magnetic properties were measured at temperatures rang-
ing from 4.2-300 K using a physical property measurement
system (PPMS, Quantum Design). The transmittance of the
BFCO films, deposited on double-polished STO substrates,
was measured via a UV-VIS-NIR Spectrometer (UV-3600,
Shimadzu Co.). Ferroelectric hysteresis loops (P-E loops)
and positive-up-negative-down (PUND) measurements were
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FIGURE 1 XRD 6-20 scans of BFCO films deposited on (A) the (001)-, (b) (110)- and (c) (111)-oriented STO substrates. The inserts of

Figure 1A,B show the measured hhh-diffractions peaks of the BFCO films deposited on the (001)- and (110)-oriented STO substrates. D, The
rocking curve of (002) peak corresponding to the (001)-oriented film. E, Phi-scans about the 202-diffraction peaks of the (001)-oriented BFCO
films. F, Reciprocal space mapping about 103-diffraction peak of the (001)-oriented BFCO film [Colour figure can be viewed at wileyonlinelibrary.

com]

performed using a ferroelectric tester (Precision Multiferroic,
Radiant Technologies).

3 | RESULTS AND DISCUSSION

31 |

The R3 symmetry of the double perovskite BFCO can be
approximated with a pseudo-cubic one. Figure 1A-C show
the XRD 0-20 scans of the (001)-, (110)-, and (111)- ori-
ented BFCO films grown at 720°C with a laser repetition of
6 Hz. All films are highly oriented with only pseudo-cubic
00I-, hOh-, and hhh-diffraction peaks, in addition to the STO
substrate peaks. Rocking curve studies of the 002-diffrac-
tion peak of the (001)-oriented BFCO film reveals the good
crystal quality of the heterostructures (Figure 1D). Phi-scans
about the 202-diffraction peaks (Figure 1E) and reciprocal
space mapping studies (Figure 1F) about the 103-diffrac-
tion peak of the (001)-oriented BFCO films show that the
BFCO films are fully epitaxial along both the in-plane and
out-of-plane directions. The out-of-plane lattice parameter is
3.974 A and the in-plane lattice parameter is 3.945 A, indi-
cating that the strain between the epitaxial BFCO thin film
and the STO substrate is partially relaxed. The calculated cell

Crystal structure of BFCO thin films

volume of BFCO is 61.847 A3, which is larger than the value
reported in the literature.'® For the (111)-oriented BFCO
films, superlattice 1/21/2 1/2— and 3/23’/23/2—diffraction peaks
at 19.45° and 60.71°, respectively are observed (Figure 1C).
The calculated intensity ratio Iy, 1, ,/1;;; is 4.4%, close to that
of what has been reported for highly ordered BFCO (5.1%)."°
We have also measured the hhh-diffractions peaks of the
BFCO films deposited on the (001)- and (110)-oriented STO
substrates (The inserts of Figure 1A,B). Both films exhibited
strong superlattice peaks with R > 3%.

The relationships between the R ratio, the substrate tem-
perature, and the laser-repetition rate were further plotted
(Figure 2A). R values above 1% were obtained in the BFCO
films deposited at temperatures ranging from 675 to 725°C
with a laser-repetition rate ranging from 2 to 8 Hz. High
substrate temperature and low repetition rate (or growth
rate) are beneficial to obtain high R values."” Figure 2B
shows the dependence of the lateral correlation length (D)
on the substrate temperature and the laser-repetition rate. D
was calculated from the linewidth of the 1/21/2 1/z—superlat-
tice peak, which was previously interpreted as the ordered
domain size.'>* Clearly, large D > 40 nm can be obtained
with high substrate temperature and low repetition rate. The
highest R of 4.4% and the largest D of 60 nm were obtained
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repetition rate [Colour figure can be viewed
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in the BFCO films deposited at 720°C with a laser repeti-
tion of 6 Hz, as already shown in Figure 1. It is realized that
changing the substrate temperature or repetition rate may
vary the chemical composition of the resulting films, so
we have also analyzed the chemical compositions of BFCO
films with different R values, as shown in Figure S1. The
determined chemical compositions are Bi, p,Fe; 04CrOg 1,
Bi, oFe; 04CrO¢ ¢ and Bi ggFe; 4CrOg g3, respectively.
Although the Bi content decreases with increasing the
substrate temperature and lowering repetition rate, it is
important to notice that the Fe/Cr ratio remains the same
for all the BFCO films with R =0, 1.9%, and 4.4%. It is
known that the A-site ion has very important influence on
the superstructure of perovskite oxides. A-site vacancies
and doping have been widely used to improve B-site order
of double-perovskite materials.”*~*° It was suggested that
a smaller A-site ion size favors long-range B-site order-
ing. Additionally, the large polarizability of the bismuth
ion may also influence ordering in Bi-based perovskite

systems. So the BFCO film with lower Bi content exhibited
enhanced R value. However, the detailed mechanism is still
under investigation.

The stacking ordering of BiFeO5 and BiCrO; and the spin
configuration could heavily influence the electronic prop-
erties of BFCO. For instance, Baettig et al have predicted
that the ground-state structure of BFCO is insulating with
R3 symmetry and exhibits simultaneously ferroelectric and
ferromagnetic order.**® However, Song and Liu predicted
a robust ferrimagnetic semiconducting phase with a narrow
bandgap (E,) of 1.4-1.7 eV due to crystal-field and spin-ex-
change splitting.'* Later, Goffinet er al suggested that BFCO
presents two competing ferrimagnetic phases, sharing the
same total magnetic moment but with a different electronic
configuration for the Fe’* species.27 Clearly, there are quite a
few discrepancies as to the bandgap of BFCO. In essence, it is
important to better understand (i) what the intrinsic bandgap
of BFCO is and (ii) whether the large R ratios come from Fe/
Cr cation ordering or not. In order to address these questions,
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the bandgap and magnetic properties of the BFCO thin films
were characterized and analyzed in the following.

32 |

Figure 3A,B are the transmission and absorption spectra of
the (111)-oriented BFCO films with different R ratios depos-
ited on double-polished STO substrates. Using the photon
energy hv vs (ahv)? plot (where a is the absorption coef-
ficient), we were able to extrapolate the direct bandgap of
BFCO film (Figure 3C). The direct bandgap of the samples
slightly decreased from 2.7 to 2.48 eV when the R ratio in-
creases from 0 to 4.4% (Figure 3D). Figure S2 further shows
the direct bandgap of the (001)-, (110)-, and (111)-oriented
samples with R = 4.4%, which varied slightly from 2.48 to
2.52 eV depending on the volume fraction of stressed BFCO
on the STO substrates. It is known that oxygen vacancies
and point defects may introduce sub-band gap levels and
affect optical properties.zg’29 This is the reason causing the
presence of a shoulder or distinct satellite peaks on the ab-
sorption spectra on the low bandgap side.'®*? Since we have
not observed these features in Figure 3C, we believe that the
influence of point defects on optical properties is low and
the red shift of absorption can be attributed to the appear-
ance of the superlattice structure. However, please notice
the corresponding correlation length of the sample is about
60 nm. Clearly, even the presence of strong superlattice
peaks and large correlation lengths cannot pull down the
bandgap of BFCO films below 2 eV, which was believed to
the intrinsic E, of B-site cation ordered BFCO.'*"?

Bandgap of BFCO thin films

0 50 100 150200250300
T(X)

the (111)-oriented BFCO films with (C)
R = 0% and (D) R = 4.4% [Colour figure
can be viewed at wileyonlinelibrary.com]

3.3 | Magnetic properties of BFCO
thin films

On account of the magnetic moments of Fe’* (5 puB) and Cr**
(3 pB), antiferromagnetic B-site ordered arrangement leads
to a net magnetic value of 2 pB per formula unit, correspond-
ing to ~160.5 emu/cm’."® For partially ordered BFCO, the
relationship between saturation magnetization and Fe/Cr or-
dering can be described by the equation: M, = (2-4AS) pB/
fu (where AS refers to antisite defects).”” So, the M of com-
pletely ordered BFCO thin films will be 2 pB/fu and that of
the completely disordered phase should be zero. Figure 4A,B
compare the magnetization versus field curves for two BFCO
thin films deposited on (111)-oriented STO substrates with
R=0and R=4.4%. At 4.2 K, the measured saturation mag-
netization values are 4.5 emu/cc (0.056 pB/fu) and 6.2 emu/
cc (0.078 puB/fu), respectively. The measured saturation mag-
netization did not increase much with the R ratio increasing
from 0 to 4.4%, and is much smaller than the expected value
(2 pB/fu), indicating a potential lack of B-site Fe/Cr cation
ordering. The low magnetic moment may come from a small
degree of Cr’*-Fe’* ferromagnetic exchange or magnetic
nanoclusters. Although the coercive magnetic field is high,
it maybe correlated with the size and distribution of these
magnetic nanoclusters. In addition, structural defects may
pin these magnetic nanocluster and contribute the extrinsic
high coercive field. Figure 4C,D show the field-cooled and
zero-field-cooled magnetization curves measured in the tem-
perature range 4.2-300 K. Unlike recent finding of spin glass
state in B-site ordered Bi,FeMnOq ’films,31 our measurements
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of FC and ZFC magnetization curves show a minor magneti-
zation with no evidence of a magnetic transition. Therefore,
the magnetism appears to be dominated by antiferromagnetic
&I-d (Cr3+-Cr3+) and &-d&° (F63+-Fe3+) coupling. Our ab-
sorption analysis together with magnetization results suggest
that the presence of the superlattice 1/21/21/2- and 3/23/23’/2
-diffraction peaks alone is not a sufficient proof of Fe**/Cr**
ordering.

3.4 | Ferroelectric response in BFCO
thin films

In perovskite materials, superlattice peaks can arise not only
due to cation ordering but also because of A- or B-site cation
shifts and tilts of the oxygen octahedra.”! Among these, the
oxygen octahedra distortions may come from different sym-
metry between the substrate and the film or lattice mismatch.
However, for the current 300-nm-thick BFCO/STO system,
the oxygen octahedral distortions can only play a trivial role,
if any. So the strong superlattice peaks may be rooted in the
displacements of the Bi**, Fe*™, and Cr’" cations along the
[111], as suggested by Shabadi and coauthors.”! It should

ournal 1=
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also be noted that such cation displacements could generally
influence the polarization and ferroelectricity of perovskite
thin films.”>

In order to investigate the relationship between the
superlattice peaks and the ferroelectricity of BFCO thin
films, the polarization-electric field (P-E) hysteresis loops
of the (100)-, (110)-, and (111)-oriented BFCO films were
probed at 10 K (Figure 5A-C). All measurements were
carried out at a fixed ac frequency of 2 kHz. Surprisingly,
the BFCO thin films with high R ratio (4.4%) show very
large spontaneous polarization. The measured spontaneous
polarization values were 52, 75, 92 pC/cm2 for the (001)-,
(110)-, and (111)-orientated BFCO films, respectively. The
coercive field was about 600 kV/cm, which is larger than
the value of BFO films.*° Figure 5A-C also show the leak-
age current loops of the (001)-, (110)-, and (111)-oriented
BFCO films measured at 10 K. The true remanent polar-
ization can be further calculated from the P-E loops after
subtracting the leakage-current contribution (Figure 5SD-F).
For the (001)-oriented BFCO films (Figure 5D), the mea-
sured Pr at 10 K was 50 pC/cm2 and higher Pr values were
obtained in the (110)- and (111)-oriented films, 73 and
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FIGURE 5 A-C, P-E curves and leakage current loops of the (001)-, (110)-, and (111)-oriented BFCO films measured at 10 K. D-F, P-E
loops of the (001)-, (110)-, and (111)-oriented BFCO films after subtracting the contribution from leakage current. G-I, Remanent polarization
(2Pr) of the (001)-, (110)-, and (111)-oriented BFCO films as a function of applied electrical field from PUND measurements at 10 K with a time
interval of 10 ps [Colour figure can be viewed at wileyonlinelibrary.com]
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91 pC/cmz, respectively, at 10 K (Figure 5E,F). Our mea-
surements confirm that the spontaneous polarization direc-
tion of BFCO films lies close to the [111], which is similar
with BiFeOs.”” However, the BFCO thin films with low
R ratio (1.9%) show relatively low spontaneous polariza-
tion. The measured spontaneous polarization values were
45, 62, 80 pC/crn2 for the (001)-, (110)-, and (111)-orien-
tated BFCO films with R = 1.9%, respectively (Figure S3).
Compared to the polarization of BFCO films with low R
ratio (1.9%), the spontaneous polarization values of BFCO
films with high R ratio (4.4%) were enhanced about 15%.

In order to obtain the intrinsic ferroelectric properties,
we then performed positive-up negative-down (PUND) mea-
surements using a minor time interval of 10 ps, sufficient to
separate the contribution from leakage current and paraelec-
tric effects. Figure 5G-I show the remanent polarization from
PUND measurements as a function of applied electrical field
at 10 K. Upon increasing the applied electrical field, more
ferroelectric domains became switchable, therefore contrib-
uting to the enhanced 2P,. 2P, for all the tested films almost
saturated at 900 kV/cm. The measured 2P, values at 900 kV/
cm for the (001)-, (110)-, and (111)-oriented BFCO films are
100, 147, and 183 pC/cmz, respectively, consistent with those
from the P-E measurements (Figure 5D-F). Figure 6 shows
temperature-dependent remanent polarization of the (001)-,
(110)-, and (111)-oriented BFCO films, demonstrating slow
decrease of FE polarization with temperature. Therefore, a
high Curie temperature is expected.

It should be noted that the measured polarization is much
larger than that calculated from the Berry phase in Refs. '
and %°. Such a difference may be attributed to fact that (i)

the real lattice parameters and unit-cell volume in the current
work are larger than those in calculation,'>% and (ii) there are
potentially additional displacements of Bi**, Fe**, and Cr**
cations along the [111]. In fact, previous Rietveld refinement
of powder neutron diffraction data showed that the Bi and
mixed B site Fe/Cr cations are displaced from their ideal
positions along the pseudocubic [111] (threefold symmetric
[001] hexagonal direction) by 0.58 and 0.22 A, respectively. 15
Taking the effective charges in ground-state R3¢ Bi,FeCrOq
of 4.4, 3.5, and —2.5 for Bi, Fe, and O, 1respectively,26 the
spontaneous polarization can be estimated by summing up
formal charges times displacements for all ions in the unit
cell, which yields ~83.3 pC/cmz. Additionally, considering
the displacements of Bi3+, Fe3+, and Cr’* cations along the
[111], the polarization of (111)-oriented BFCO film can
reach up to 92 uC/em?.

4 | CONCLUSIONS

In summary, (001)-, (110)-, and (111)-oriented epitaxial
BFCO films were grown on SrTiO; substrates by a pulsed-
laser deposition. We report the achievement of both enhanced
Pr and low Eg of ~2.5eV in various oriented BFCO film with
distinct superlattice peaks. However, according to magneti-
zation measurements of the BFCO thin films, the possibil-
ity that the observed strong superlattice peaks come from
Fe/Cr cation order is excluded. This observation is further
supported by bandgap analysis. We believe that the cation
displacements along the [111] give rise to the strong super-
lattice peaks and enhance the ferroelectric polarization of the
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BFCO films. High spontaneous polarization of ~92 pC/cm?
was measured for the (111)-oriented BFCO films at 10 K.
Our findings open a new pathway to regulate the ferroelec-
tric properties of BFCO thin film, and offer new avenues for
exploiting properties and applications of double perovskite
materials.
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