APPLIED PHYSICS LETTERS 98, 202902 (2011)

Photovoltaic properties of Bi,FeCrOg epitaxial thin films
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We report a large photovoltaic (PV) effect in multiferroic Bi,FeCrOq (BFCO) films under
monochromatic illumination at 635 nm with an intensity of 1.5 mW cm™2. These multiferroic films
exhibit a large photocurrent at zero bias voltage and an open-circuit voltage of about 0.6 V. A high
PV power conversion efficiency of about 6% for red light is achieved and attributed to a high degree
of B-site cationic ordering between Fe and Cr sublattices, the tuning of which is likely to play a key
role in further improvements of the PV properties in BFCO. © 2011 American Institute of Physics.

[doi:10.1063/1.3590270]

The bulk photovoltaic (PV) effect observed in ferroelec-
tric perovskite thin films (Refs. 1 and 2) has regained atten-
tion due to its potential for optoelectronics, energy conver-
sion, and optical information storage.3’4 Anomalous bulk PV
(BPV) currents were originally observed in ferroelectric ox-
ides, e.g., LiNbO; and Pb(Zr,Ti)O; (PZT).>” In contrast to
the conventional junction-based interfacial PV effect in semi-
conductors, with the BPV effect in ferroelectrics the photo-
generated charge carriers of both polarity are driven toward
cathode/anode, by the polarization-induced internal electric
field that extends over the whole volume. Therefore, in con-
trast to the junction case, where the field is only present in a
thin depletion layer at the interface, charge transport through
ferroelectrics is not primarily limited by diffusion and no
low-energy barrier affects the output photovoltage.8 The
obtained BPV efficiencies however are low, typically
1077-1073, mainly due to the large band gap in most bulk
ferroelectrics (3—4 eV) and the resultin§ low cross-sections
for photoexcitation in the visible range. 10

In the case of ferroelectric thin films, other electric
fields in addition to the BPV effect can contribute to photo-
currents (e.g., space-charge fields induced by defects formed
during fabrication)," ' giving rise to a complex interplay
of phenomena that is still under investigation. The largest
PV power conversion efficiency for ferroelectric films
(~0.28%) recently achieved with devices based on epitaxial
La-doped PZT films (Ref. 13) is limited by its large band gap
(3.2-3.6 €V). Multiferroics possess a magnetic order param-
eter besides the ferroelectric one and the electron—electron
interaction governing the magnetic ordering leads to a
smaller gap [e.g., 2.6-2.7 eV for BiFeO;, (BFO)] (Refs. 15
and 16) than for the other ferroelectric perovskites. Thus,
multiferroic oxides such as BFO and Bi,FeCrO4 (BFCO)
(Refs. 17 and 18) should lead to higher PV efficiencies.

BFCO films have a remnant polarization of about
55 uC/cm? along the [001] pseudocubic direction,'® and are
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ferrimagnetic with a magnetic moment depending on Fe/Cr
ordering,zo’21 about 1.8 wp per formula unit. The investiga-
tion of the optical properties in BFCO is in its infancy, and
some theoretical studies predict a band gap range of 1.4-2.0
eV (Ref. 22) for ferrimagnetic-ferroelectric BFCO, corre-
sponding to photosensitivity in the near infrared range.

In this letter, we describe the PV properties of BFCO
thin film devices with indium tin oxide (ITO) top electrodes,
reporting a high power conversion efficiency.

Two BFCO films were directly grown on (100)-oriented
niobium doped-SrTiO; (STO:Nb) substrates™ by pulsed la-
ser deposition (PLD). The deposition temperature and oxy-
gen partial pressure were 660 °C and 1 X 1072 mbar for film
A and 610 °C and 9 X 10> mbar for film B. The deposition
rate was 0.15 nm/s and the films were grown for 14 min,
resulting in a film thickness of 125 nm measured by Dektak
profilometer. For these deposition 9paraxmeters the BFCO
films are epitaxial and single phase,1 as confirmed by x-ray
diffraction (XRD) (Fig. 1). In both cases, the #-26 XRD
plots showed only the 00/(I=1,2,3) pseudocubic peaks from
the BFCO films and STO:Nb substrates [Fig. 1(a)]. The cal-
culated out-of-plane c¢ lattice parameters based on the
pseudocubic structure are 3.962 and 3.969 A for films A and
B, respectively.

The in-plane pseudocubic parameters were estimated to
be 3.906 10\, close to that of the STO:Nb substrate. Thus the
BFCO thin films crystallized in a distorted monoclinic struc-
ture with a large c/a ratio due to the in-plane compressive
(compared to the bulk BFCO lattice parameter of 3.93 A)
strain caused by the lattice mismatch (0.64%) between film
and substrate. The (111) asymmetric XRD pattern [Fig. 1(b)]
for the films revealed a twofold superstructure in the (111)
direction, while the pattern along the (110) direction did not
exhibit any superstructure.lc"’23 Higher superstructure inten-
sity was observed for film A, indicating a higher degree of
ordering.

To investigate the films’ PV properties, top ITO contacts
(area of 0.1 mm?) were deposited by PLD through shadow
masks.>* A red laser (635 nm, 1.5 mW/cm?, normal inci-
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dence) was used for the J-V measurements, performed with a
HP4145A semiconductor parameter analyzer (Fig. 2, top-left
inset).”

In the J-V measurement, a positive bias voltage creates
an electric field oriented bottom-to-top. The dark and illumi-
nated J-V curves of the two epitaxial BFCO thin films are
presented in Fig. 2. A diodelike behavior characterized by a
directional leakage at positive voltage is observed for both
films (Fig. 2). The J-V curves reveal a clear PV effect in both
films. The open circuit photovoltage V. is about 0.74 V and
0.55 V for film A and B, respectively.

The highest short circuit photocurrent Jy, of about
0.99 mA/cm? is observed for film A (0.11 mA/cm? for film
B). Both films exhibit a similar dark current, ie., 3.7
%X 1073 mA/cm?, which is negligible compared to the ob-
served illuminated photocurrents. The power conversion ef-
ficiency 7 was calculated as n=Pyi*/P;,, where the input
power density P,, (mW/cm™) is the radiation intensity
received over the electrode surface, and P('ﬂl‘”‘t":Jg}fXXV(rf‘cax
is the maximum output electrical power (Fig. 2, bottom-
right inset). PJi* for the films A and B are 0.097 and
0.012 mW/cm? respectively. A significantly higher external
power efficiency # of 6.5% at a fill factor (FF) of about
0.13 [FF=PI%/(V,, X J ;)] was observed for film A.*® The
maximum external power conversion efficiency for film B
was estimated to be 0.8% at FF=0.20. Both films exhibit

efficiencies that significantly exceed the theoretically pre-
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FIG. 2. (Color online) Dark and red light illumination J-V measurements
curves revealing a PV effect in the BFCO epitaxial films. The top-left inset
shows a schematic of the device. The bottom-right inset is a zoom around
zero indicating for film A the maximum current density and open circuit
voltage used for the calculation of the efficiency.
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dicted limit (10°°=1077) of the power conversion efficiency
in ferroelectrics.”” To ensure that the BPV and not interfacial
effects are responsible for the observed behavior, we
switched the direction of polarization in film A with an elec-
tric pulse. Consequently, both J,, and V,. were reversed
(Fig. 2), their values being 0.38 mA/cm? and 0.41 V, respec-
tively, below the values of the as-deposited film.

Fe—Cr ordering in BFCO causes a hybridization of the
transition metals Fe and Cr d-bands with O 2p. This large
p-d hybridization (affected and possibly enhanced by the
presence of the in-plane compressive strain) determines in-
teratomic distances that lead to an optical band gap that ef-
ficiently absorbs red light. For a given band gap (related to
the degree of Fe—Cr ordering, in turn controlled by the depo-
sition conditions), photoconduction is determined by the
charge carrier mobility in the conduction band, mainly com-
posed of Fe 3d and Cr 3d states. 8

To elucidate the origin of the enhanced PV effect in the
as-deposited samples, we studied the ferroelectric properties
of the in-plane compressively strained epitaxial BFCO films
using piezoresponse force microscopy (PFM),>! Fig. 3.2 Al-
though in Figs. 3(a) and 3(d) an imprint is seen clearly only
for A, both films exhibit it in the as-grown state being self-
poled in a preferential direction. The PFM signal represent-
ing the polarization imprint is about three times higher for A
than for B, indicating that the force driving the self-poling
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FIG. 3. (Color online) 10 umX 10 um AFM image of (001)-oriented
BFCO thin films deposited on STO:Nb (100) substrates. Out-of-plane PFM
images: (a) as-grown and (b) after switching ferroelectric domains for film
B; [(d) and (e)] for film A. [(c) and (f)] Ferroelectric hysteresis loops for film
B and A, respectively.
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process is much stronger for the film grown at higher tem-
perature. To test for ferroelectricity, the polarization in both
films was switched during scanning, by applying either nega-
tive or positive voltages between the conducting tip and the
STO:Nb substrates [Figs. 3(b) and 3(e)]. Further analysis of
the ferroelectric character of the BFCO films was performed
by local remanent piezoelectric hysteresis loops as described
elsewhere,” and confirmed polarization switching [Figs. 3(c)
and 3(f)], also showing that the loop asymmetry decreases
after several cycles, indicating a less pronounced imprint ef-
fect after cycling.34

The prominent imprint in film A, with the ferroelectric
polarization at zero external voltage preferentially directed
toward the bottom electrode, ensures the presence of a strong
internal electric field, driving the charges generated via pho-
toelectric effect toward the electrodes, resulting in a large
photocurrent.35 When the ferroelectric is sandwiched be-
tween electrodes, the metal/ferroelectric interfaces can also
participate to the photocurrent measured if they generate a
conventional junction-based photocurrent.36 The internal
electric field in the ferroelectric is superimposed to the fields
produced at the interfaces. To estimate the contribution of the
BPV effect in our PV measurement we use the values for the
Jon and V. for the two opposite polarization directions and
we find that the ferroelectric polarization generated internal
electric field is the major contribution (~70%) to the ob-
served PV effect.®

In summary, we demonstrated a pronounced BPV effect
at a wavelength of 635 nm in PLD-grown epitaxial multifer-
roic BFCO thin films compressively strained in-plane. Un-
precedented high power conversion efficiency for ferroelec-
trics was demonstrated in 125 nm-thick highly ordered
BFCO films. The results indicate that the ferroelectric polar-
ization plays a dominant role in the observed PV effect. Fur-
ther investigations are under way to measure the overall
quantum conversion efficiency and mobility, and to deter-
mine in detail the effect of cation ordering on the PV prop-
erties of BFCO epitaxial films as well as BFCO submicron
and nanostructures.”’
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