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The short circuit photocurrent (Isc) was found to be strongly dependent on the oxygen vacancies
(VOs) distribution in Ag/Bi0.9La0.1FeO3/La0.7Sr0.3MnO3 heterostructures. In order to manipulate the
VOs accumulated at either the Ag/Bi0.9La0.1FeO3 or the Bi0.9La0.1FeO3/La0.7Sr0.3MnO3 interface by
pulse voltages, switchable or nonswitchable photocurrent can be observed without or with
changing the polarization direction. The sign of photocurrent could be independent of the direction
of polarization when the variation of diffusion current and the modulation of the Schottky barrier at
the Ag/Bi0.9La0.1FeO3 interface induced by oxygen vacancies are large enough to offset those
induced by polarization. Our work provides deep insights into the nature of photovoltaic effects in
ferroelectric films, and will facilitate the advanced design of switchable devices combining
C 2014 AIP Publishing LLC.
spintronic, electronic, and optical functionalities. V
[http://dx.doi.org/10.1063/1.4862793]
Multiferroics, which combine ferroelectric and magnetic
orders, and the possibility of coupling between magnetic and
ferroelectric order parameters, thus enabling manipulation of
one through the other, have attracted a considerable number
of attentions in recent years because of their potential applications in multifunctional novel devices, such as the spintronics, multistate data storage, magnetic filter, and various
sensors.1,2 Among them, single-phase multiferroic BiFeO3
(BFO) is one of the most studied lead-free multiferroic materials due to its high ferroelectric (TC ¼ 1103 K) and antiferromagnetic (TN ¼ 643 K) transition temperatures and large
ferroelectric polarization of 100 lC/cm2 in thin films.3,4
Recently, the photovoltaic (PV) effect observed in BFO has
received increasing interest due to its small band gap
(  2.8 eV) and switchable diode and PV effects.5–10 It was
found that the orientation of photocurrent and diode-like rectifying characteristics were strongly depended on the polarization switching, the direction of the diode and PV effects
can be reversibly switched by applying an alternating electric
field, and the sign of photocurrent related to the diode effect
is always opposite to the polarization direction.7,8 Thus, it is
believed that polarization flipping should play an essential
role in the observed diode switching and PV effects.5,7,8
However, several sensitive experiments show that the migration of positively charged oxygen vacancies (VOs) under an
external electric field is as essential as the polarization flipping in producing the switchable diode and PV effects,5 and
even the critical parameter for defining such phenomenon in
BFO based thin films.11 It also indicated that the sign of
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photocurrent is independent of the direction of polarization,
but it is always opposite to the voltage direction of the last
treatment.11 Obviously, whether the oxygen vacancies or the
polarization or both of them affect the PV effects is quite
elusive. Besides the oxygen vacancies and polarization, the
formation of a Schottky barrier at the metal–semiconductor
interface is also reported to have a contribution to the PV
effect.12–14 Therefore, it would be of great value to disentangle how oxygen vacancies, polarization, and Schottky barriers interact with each other to affect the PV effects of
ferroelectric films.
Herein, we report the influences of VOs on the photovoltaic effects in Ag/Bi0.9La0.1FeO3 /La0.7Sr0.3MnO3 sandwiched capacitors. According to manipulate the distribution
of VOs by pulse voltages, we observed switchable photocurrent without changing the polarization direction; moreover,
the sign of photocurrent could be the same although the
polarization direction was switched. The variation of diffusion current and the modulation of the Schottky barrier at the
Ag/Bi0.9La0.1FeO3 interface induced by oxygen vacancies
are believed to responsible for this result.
Using pulsed laser deposition (PLD), Bi0.9La0.1FeO3
(BLFO) thin films with the thickness of 500 nm were epitaxially grown on (001) oriented SrTiO3 (STO) single crystal
substrates with 30 nm La0.7Sr0.3MnO3 (LSMO) films as the
buffer layers (used as a bottom electrode). The conductive
metallic oxide LSMO was chosen because of their small lattice parameter mismatches and stress among LSMO, BLFO,
and STO.14,15 First LSMO thin films were deposited on STO
substrates under a deposition temperature of 700  C, and an
oxygen pressure (Po2) of 50 Pa. Then, the BLFO thin films
were grown at 650  C and 15 Pa.14,16 Following the growth,
these samples were then cooled to room temperature at
5  C/min in 100 Pa Po2. For the conductive characteristics
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measurements, 200 nm thick Ag layer as the top electrodes
was deposited using PLD through a shadow mask with an
area of 3  104 cm2. The crystal structure and surface of the
samples were studied using X-ray diffraction (XRD) and
atomic force microscopy (AFM), ferroelectric domains of
the BFO films were studied using piezoelectric force microscopy (PFM). The P-E hysteresis loops measurement was carried out using an AixACCT ferroelectric test unit at 10 kHz
for BLFO samples. Current- voltage characteristics were
measured using a Keithley 2611 source meter. Green laser
with the wavelength of 532 nm (100mW/cm2) was used as
excitation light source for the PV measurement.
Figure 1(a) shows the XRD patterns of our samples,
which reveals high quality, epitaxial films that appear to be
single phase. The (002) diffraction peaks of BLFO film are
slightly higher than the 45.770 expected for pure BFO crystal [inset of Fig. 1(a)], suggesting that our BLFO films are
weakly strained. We have also investigated the ferroelectric
properties of these BLFO films using a combination of
AFM, PFM, and polarization-electric field (P-E) hysteresis
loop measurements. AFM imaging [Fig. 1(b)] of BLFO films
reveals smooth films—average root mean square roughness
(RMS) of 5.5 nm. PFM was used to probe the ferroelectric
nature of the films. The films were poled through PFM tip
scanning of the film surface by þ10 V with a square area

FIG. 1. (a) XRD spectrum of BLFO/LSMO/STO films, where the 002 peaks
are amplified in insets and the dashed lines located at 45.770 expected for
bulk like BFO. (b) Typical AFM image of BLFO/LSMO/STO (001) films
with a square area 2  2 lm2, indicating smooth surface and sphere-like
grains. (c) Out of plane PFM images demonstrating switching of films. (d).
P-E loops of BLFO/LSMO/STO (001) thin films at f ¼ 10 kHz.
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1  1 lm2. After that, the polarization in the center
0.5  0.5 lm2 area is scanned by 10 V voltage. Finally, the
piezoelectric phase image was carried out by applying an ac
voltage (frequency 6 kHz, amplitude 3 V peak-to-peak) to
the PFM tip with a square area 2  2 lm2. By applying a
voltage to the tip during the scan, we were able to reversibly
switch the polarization, as shown in [Fig. 1(c)]. Figure 1(d)
shows the P-E hysteresis loop measurements, revealing high
quality, square-like hysteresis loops with a saturation polarization of 80 lC=cm2, which is slightly bigger than that of
pure BFO films.4,17–20
The presence of a significant diode-like rectification
effect but without switching of the rectification direction was
observed in BLFO thin films [see Figure 2(a)]. For upward
poling, 30 V ( 600 kV cm1, 20 ls duration) pulse was
applied to the top Ag electrode of BLFO at room temperature (RT). In this paper, applying a positive (negative) voltage on the top electrode or tip is defined as downward
(upward) poling. As shown in Figure 2(a), a rectification
behavior with the bottom-to-top as the backward bias direction was observed after upward poling, however, the rectification direction can’t be switched at all with downward
poling by applying þ30 V pulses. The resistance state can be
switched from low resistance state (LRS) to high resistance
state (HRS) in the negative bias while the polarization direction switching from upward polarization state (UPS) to
downward polarization state (DPS). These results demonstrate that the barrier height of BLFO/LSMO interface is
always higher than that of Ag/BLFO interface both in UPS
and DPS.16
To measure the intrinsic PV effect of BLFO, we illuminated on the top Ag electrode using a visible green light
laser. Unwanted light illumination on the top electrodes and
surfaces was avoided by covering with black tape.
Repeatable switching of the PV current direction accompanying polarization switching and a good retention of the PV
effect are demonstrated in Figure 2(b). Short-circuit current
(Isc) direction is always opposite to the polarization direction
and can be switched with polarization flipping but independent of the rectification directions, the Isc after downward
poling was 5.8 nA, whereas the Isc after upward poling was
about þ7.5 nA. The Isc measured as a function of time, exhibit little temporal change of photocurrent. In addition, we
found no hint of photocurrent degradation when the Isc was
measured during 3 on-and-off cycles of the illumination
light. Such good retention and high stability over multiple
cycles are vital parameters for possible device applications.
The nonswitchable Isc unveils the prominent role of oxygen vacancies (Vos) in the PV effect of BLFO. First, BLFO
was downward poled with 30 V pulse at RT, similar to the
situation in Figure 2(b). Subsequently, upward poling was
achieved with 50 V pulse for 20 ls at 50 K, and then the
Isc–t characteristic was measured at RT with the light is on
and off for 3 cycles. On the contrary, BLFO was upward
poled at RT, then downward poling was achieved with
þ50 V pulses for 20 ls at 50 K, and finally the Isc–t characteristic was measured at RT with the light is on and off for 3
cycles. The upward and downward poling and subsequent
Isc–t measurement results are summarized in Figure 2(c). It
can be observed from Fig. 2(c) that after upward poled at
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FIG. 2. (a) I–V curves for the BLFO/LSMO/STO (001) films poled by
þ30 V (DPS) and 30 V (DPS) pulse voltages. Inset shows the schematic of
I-V measure circuit. (b) Time-dependent of short circuit photocurrent (Isc)
for the DPS and UPS with light on and off. (c) Time-dependent of Isc for the
DPS with light on and off after applying 30 V at RT and then þ 50 V at
50 K and for the UPS with light on and off after applying þ30 V at RT and
then 650 V at 50 K (d) Voltage dependent of polarization (P-V curves) at
50 K.

FIG. 3. Time-dependent of Isc with light is on and off. (a) After applying
successive negative pulse voltage (30 V) strings (UPS). (b) After applying
different successive negative pulse voltage (30 V) strings and then applying þ30 V (DPS). (c) After applying successive positive pulse voltage
(þ30 V) strings (DPS). (d) After applying different successive positive pulse
voltage (þ30 V) strings and finally applying 30 V (UPS) on the samples.
The arrows indicate the variation direction of Isc.

50 K, the Isc decrease to 1.8 nA, while it is 0.3 nA after downward poled at 50 K, which indicates that the orientation of Isc
cannot be switched with the polarization flipping at all. We
should emphasize that the applied voltage (650 V) is much
larger than the ferroelectric coercivity (25 V) and can fully
poled the BLFO to DPS or UPS at 50 K [shown in Fig. 2(d)].
Therefore, our results imply that the polarization flipping is
not sufficient to induce the full switching of the Isc direction,
and high-temperature (RT) flipping seems necessary to
induce a good switching of the Isc [see Fig. 2(b)].
In order to confirm the above implication that the
switchable and nonswitchable Isc is induced by VOs, we have
directly measured the time dependent of Isc after applying
consistent pulse voltages to the BLFO films so as to manipulate the VOs accumulating at either the Ag/BLFO or the
BLFO/LSMO interface. The Isc–t curves measurements with
varying polarization direction and VOs distribution were performed at RT and the results are shown in Figure 3. After
applying 30 V pulses for different times to BLFO in the
negatively poled state, the Isc–t curve was measured at
300 K. Polarization flipping has not occur because all the
pulses are negative, but significant change of the Isc–t characteristic was observed, as shown in Fig. 3(a). Isc is always
positive and it increases with the number of negative pulses
increasing, from the initial 7.5 nA to 13 nA after 1000
pulses. In contrast, after consistent negative pulses, a positive
pulse of þ30 V was applied to pole the BLFO films to be
DPS. It can be seen from Fig. 3(b) that with increasing the
number of negative pulses (30 V), the Ics gradually
decreases, and the sign has been changed eventually with
1000 pulses. However, it can be observed from both Figs.
3(a) and 3(b) that the variation trend of Isc (i.e., DIsc) is the
same and Isc is positive when applying consistent negative
pulse voltages, independent of the polarization directions.
Comparing Fig. 3(a) with 3(b), that the orientation of Isc can
be switched without changing the polarization direction; in

other words, the sign of Isc can be the same despite switching
the polarization direction. Thus, we have confirmed that the
ferroelectric polarization flipping alone is not sufficient to
switch the Isc direction, and consistent negative pulse voltage
“forming” is an important ingredient for the switching. In
addition, we have performed in-situ poling with consistent
positive pulse voltages and subsequent measurements of Isc–t
curves. It can be seen from Figs. 3(c) and 3(d) that DIsc is the
same and Isc is always negative both in UPS and DPS.
Obviously, negative pulse voltages induce increasing and
positive DIsc while positive pulse voltages produce the opposite results. The results shown demonstrate that the electromigration of defects, such as oxygen vacancies, is an important
ingredient for the switchable and nonswitchable Isc. As we
will discuss below, consistent pulse voltage induces electromigration of oxygen vacancies, which influences electronic
properties in a significant manner. Numerous scenarios have
been have been suggested as the origin of the PV effect in
BFO including asymmetric impurity potentials associated
with depolarization field and polarization-dependent band
bending at metal-ferroelectric interfaces.21–23 Our results
clearly demonstrate that the diode backward direction is independent of the PV current direction and polarization direction, suggesting that the scenario with a simple asymmetric
impurity potential may not be dominant.
In order to fully understand the characteristics of switchable and nonswitchable PV effects in the BLFO samples
mentioned above, schematic energy band diagrams should
be established for the samples. Because oxygen vacancies
are always present in perovskite oxides, it is reasonable to
regard BLFO based thin films as an n-type semiconductor.15,24 Considering the different work functions of Ag,
BFO, LSMO, the electron affinity/band gap of BFO,25 and
the effects of ferroelectric polarization and oxygen vacancy
layer on the interfacial barrier, the modulation of the energy
band induced by the migration of oxygen vacancies and
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polarization flipping can be sketched as shown in Figure 4,
which can satisfactorily explain the direction of the
photocurrent.
In general, the photocurrent has two contributions: diffusion current (Idiffusion) and drift current (Idrift). Idiffusion is
related to the gradient of photo-induced electron-hole pair
density. Electrons always diffuse from high density areas to
low density regions, which form the so called diffusion current. While Idrift is affected by the internal electric field of
the depletion layer, electrons moves as a result of the drift
force of the electric field. On the one hand, the photo generated electron–hole pairs can drift toward/against the surface
under the field EA-B and EL-B (Here, EA-B and EL-B indicates
the electric field between Ag-BLFO and BLFO-LSMO,
respectively).Considering the penetration depth of the illumination and that electrons are generated effectively near the
top surface due to the illumination on top Ag electrode,
Idiffusion and Idrift can be sketched as shown in Figure 4.
For the UPS case, a large Idiffusion flows to the downward
direction (from Ag to LSMO in BLFO films) because
photo-generated electrons diffuse effectively to the top electrode due to short traveling distance and thus a low probability of electro-hole recombination. Furthermore, the oxygen
vacancies in the oxygen deficient film can trap the photo
induced electrons and the photo induced holes become the
extra carriers.26–29 More VOs accumulated at the Ag/BLFO
interfaces means more photo induced holes move forward to
LSMO bottom electrode. A tiny Idrift flows to the upward
direction due to the small barrier height between Ag/BLFO
interfaces. Therefore, a positive net photocurrent Isc flows
downward, as shown in Fig. 4(a). In the case of DPS

FIG. 4. Schematics energy band diagrams of Ag, BLFO, LSMO, and the
variation of drift current (Idrif), diffusion current (Idiffusion) and the net photocurrent (Isc). (a) UPS, poled by 30 V. (b) DPS, poled by þ30 V (c) UPS,
poled by 30 V at 50 K (d) DPS, poled by þ30 V at 50 K (e) UPS, poled by
30 V pulse voltage strings for 1000 times. (f) DPS, poled by 30 V pulse
voltage strings for 1000 times and then poled with þ30 V. (g) DPS, poled by
þ30 V pulse voltage strings for 1000 times. (h) UPS, poled by þ30 V pulse
voltage strings for 1000 times and then poled with 30 V.

Appl. Phys. Lett. 104, 031906 (2014)

illumination, a relatively small Idiffusion is generated due to
the small amount of oxygen vacancies in the Ag/BLFO interfaces, and the Idiffusion might be smaller than Idrift, originating
from the relatively large barrier height of Ag/BLFO compared with UPS. As a result, the DPS illumination induces
only a negative photocurrent, Idiffusion flows to the upward
direction (from LSMO to Ag in BLFO films).
With a similar scenario, we can understand the cases after downward or upward poling at 50 K, which induces the
polarization flipping, but also limits the electromigration of
oxygen vacancies due to low ionic diffusion at low temperatures such as 50 K. For the upward poling at 50 K, the
reduced Isc may originate from the increase of Idrift due to the
increase of the barrier height and from the decrease of
Idiffusion because of the absence of oxygen vacancies near the
Ag/BLFO interfaces, as shown in Fig. 4(c). For the downward poling at 50 K, Idiffusion becomes dominant and
increases because of more oxygen vacancies near the
Ag/BLFO interfaces, while Idrift reduces due to the reduction
of barrier height, compared with Fig. 4(b). As a result, Isc is
positive when Idiffusion is bigger than Idrift, as shown in
Fig. 4(d).
In the case of applying consistent negative pulse voltages on the BLFO films, more and more oxygen vacancies
repelled and accumulated at, the Ag/BLFO interface, which
induces a larger Idiffusion and smaller Idrift due to the relatively
lower barrier of Ag/BLFO. Therefore, the variation of Isc is
positive both in UPS and DPS as shown in Figs. 4(e) and
4(f). As a result, Isc can change it direction from upward to
downward when Idiffusion is bigger than Idrift, consistent with
the results in Fig. 3(b). Similarly, when applying consistent
positive pulse voltages, as more and more oxygen vacancies
repelled and accumulated at BLFO/LSMO interface, which
induces Idiffusion decreased and Idrift increasing due to the relatively higher barrier of Ag/BLFO, the variation of Isc is negative both in UPS and DPS as shown in Figs. 4(g) and 4(h).
Therefore, all of our results can be qualitatively understood
within the scenario of the variation of Ag/BLFO barrier
where both polarization and oxygen vacancies are involved.
In summary, we have found that significant ferroelectric
photovoltaic effects exist in BLFO. The direction of the photocurrent is reversely switchable accompanying polarization
flipping by applying large external voltages. The rectification
direction is always backward, independent of the ferroelectric
polarization direction, whereas the photovoltaic current direction is opposite to that of polarization. The polarization
clearly plays an essential role in the photovoltaic effects. On
the other hand, we have shown that the electromigration of
defects such as oxygen vacancies must be taken into account
for the electric-field-induced switching. The photovoltaic
effects as well as their switching behaviors can be explained
with the concept of the variation of Ag/BLFO barrier height
resulting from the combination of polarization flipping and
the electromigration of defects such as oxygen vacancies. We
also found that the photovoltaic effect could be independent
of the direction of polarization when the variation of the modulation of the Schottky barrier at the Ag/Bi0.9La0.1FeO3 interface induced by oxygen vacancies are large enough to offset
those induced by polarization. By engineering the distribution
of oxygen vacancies and polarization directions, these
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fascinating switchable or nonswitchable effects can be
exploited for novel technological devices such as ferroelectric
sensors, fast readouts of ferroelectric state, or ferroelectric solar cells.
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Basic Research of China, the National Natural Science
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