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ABSTRACT: The photovoltaic effect of BiVO4 semiconductor was investigated
by incorporating an ultrathin BiFeO3 ferroelectric layer. It is found that the
ultrathin ferroelectric layer with strong self-polarization and high carrier density
is desirable to enhance the photovoltaic effect and to manipulate the
photovoltaic polarity of the semiconductors. The photovoltage increases by 5-
fold to 1 V, and the photocurrent density increases by 2-fold to 140 μA/cm2, in
which the photovoltage is the highest compared with the reported values in
polycrystalline and epitaxial ferroelectric thin film solar cells. The mechanism for
the observed effect is discussed on the basis of a polarization-induced Schottky-
like barrier at the BiFeO3/fluorine doped tin oxide interface. Our work provides
good guidance for fabrication of cost-effective semiconductor photovoltaic
devices with high performance, and this kind of ultrathin ferroelectric film may
also have promising applications in copper indium gallium selenide solar cell,
dye-sensitized TiO2 solar cell, lighting emitting diode, and other photoelectron related devices.
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1. INTRODUCTION

In the past few years, great improvements have been achieved
in ferroelectric photovoltaic (PV) research.1−5 New techniques
to improve photocurrent have been developed, including
incorporation of narrow bandgap nanoparticles or insertion of
a narrow bandgap semiconductor layer into the ferroelectric
films.4,5 The insertion of a narrow bandgap semiconductor layer
into ferroelectric films was reported to provide a favorable
energy level alignment for electron extraction, which can be
used to enhance the power conversion efficiency. Now
although it seems hard to imagine that the ferroelectrics
could be used as a mainstream solar cell, an ultrathin
ferroelectric layer inserted into solar cells is very useful to
enhance their power conversion efficiency because the
polarization-induced built-in electric field can efficiently
separate the photogenerated electron−hole pairs. Very recently,
insertion of a ferroelectric layer into organic solar cells has
gained much attention. Polymer P(VDF-TrFE) ferroelectric
thin film was found to have the ability to improve the
photocurrent density of organic solar cells dramatically.6

Besides the enhanced photocurrent, a switchable PV and
diode effect was also observed when a reversible electric field
was applied upon the solar cells,1,7,8 which opens a door for
some specific applications, such as piezoelectric and multi-
ferroic applications.
Bismuth-based ferroelectric oxides including BiFeO3 (BFO)

and BiVO4 (BVO) are n-type semiconductors with their band
gaps in the visible range (2.2−2.8 eV).1,9−12 Multiferroic BFO-
based oxides have been extensively studied because of their

unique physical properties as well as their potential applications
in multifunctional sensors, optoelectronic devices, resistivity
memory, and solar cells.1,9,13 BVO has also been given much
attention due to its potential application in gas sensors and in
photocatalyst materials.10−12 Recently, it was reported that the
insertion of an ultrathin n-type BFO or BVO layer into p-type
organic semiconductor to form a p−n junction solar cell was
able to improve the PV output.14 Obviously, the insertion of
ferroelectric thin film into an organic semiconductor solar cell is
effective to extract the electron−hole pairs and to manipulate
the PV polarity. However, up to now, little research has been
carried out by inserting a ferroelectric thin film into inorganic
semiconductor solar cells.
In this work, an ultrathin ferroelectric BFO layer was inserted

between fluorine doped tin oxide (FTO) and BVO thin films.
The PV and diode effect of Au/BVO/FTO (AVT) and Au/
BVO/BFO/FTO (AVFT) structures were studied. It shows
that a polarization-induced Schottky barrier at the BFO/FTO
interface was mainly responsible for the reversed PV effect and
dramatically enhanced power conversion efficiency. To the best
of our knowledge, this is the first report on incorporation of an
ultrathin ferroelectric thin film into inorganic semiconductor
solar cells. These results provide good guidance for the
fabrication of high performance photosensitive and PV devices,
and the bilayer structure by incorporating ultrathin ferroelectric
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film can also be used in copper indium gallium selenide solar
cells, lighting emitting diode, and other photoelectron related
devices.

2. EXPERIMENTAL SECTION
The bismuth-based oxide films were deposited on transparent FTO
glass substrates by chemical solution deposition. The preparation of
BFO precursor solution with a concentration of 0.2 M can be found in
our previous work.15 The starting materials used to prepare BVO
precursor solution are Bi(NO3)3·5H2O and NH4VO3. 0.005 mol of
Bi(NO3)3·5H2O, 0.005 mol of NH4VO3, 3.5 mL of glacial acetic acid,
and 4.2 g of citric acid were added into 11.5 mL of N,N-
dimethylformamide (DMF). The mixture was stirred with the
magnetic stirrer for 1 h. Four mL of ethanolamine was added into
the above mixture slowly, and the mixture was left to stir for 12 h at 40
°C to dissolve the compounds. Finally, 5 mL of DMF was slowly
added into the solution drop by drop to make a 0.15 M BVO
precursor solution. The BFO layer was first deposited on FTO
substrates at 3000 rpm for 30 s and then dried at 300 °C for 5 min in
air and rapidly annealed at 550 °C for 5 min in oxygen atmosphere.
BVO precursor films were spin coated on the as-prepared BFO layers
at 4000 rpm for 30 s and were dried at 300 °C for 5 min in air and
rapidly annealed at 500 °C for 5 min in oxygen atmosphere.
The crystallographic structure was characterized by X-ray diffraction

(XRD) (Rigaku D/max-2550/PC) with Cu Kα radiation at a scan
speed of 0.05°/s. The characterization of morphology was carried out
using scanning electron microscopy (SEM). The optical properties
were investigated using a UV−visible spectrophotometer in a
wavelength range of 300 to 900 nm. Rectangle Au top electrodes
with area of 0.5 and 0.25 mm2 were prepared by the ion beam
sputtering process. Both the PV effect and leakage current were
measured by using a Keithley 2400 source meter. Photocurrent was
measured under illumination of 100 mW/cm2 (AM 1.5) generated by
a solar simulator. A commercially available atomic force microscope
(Seiko Instruments, SPA400) working in the contact mode was used
to perform the piezoelectric force microscopy (PFM) measurement.

3. RESULTS AND DISCUSSION
Figure 1a,b shows the XRD patterns for the resultant BVO and
BVO/BFO films, respectively. It is found that the BVO film

belongs to a monoclinic structure (PDF:14-688), and the BFO
layer with rhombohedral perovskite structure belongs to the
R3c space group as reported earlier (Figure 1c).15 The quality
of BFO polycrystalline films is relatively good, and the
polarization flipping can be observed by using piezoelectric
force microscopy, which indicates that our BFO films are of
ferroelectric films (see Supporting Information Figure S1). As
for the bilayer BVO/BFO film, its XRD pattern matches well

with those of BFO and BVO films, and the intensity of BFO
diffraction peaks is very weak for its ultrathin thickness. Figure
2 shows the typical cross-sectional SEM image of the bilayer

films deposited on FTO glass substrates. It is observed that the
thickness of the BFO and BVO layers is 20 and 150 nm,
respectively.
The optical properties relevant to the electronic structure

and band gaps were studied. Figure 3 shows the UV−vis

transmittance spectra of the BVO, BFO, and BVO/BFO films
between 330 and 900 nm. The BFO films with a thickness of 20
nm have high transmittance in the visible range. Both of the
BVO and BVO/BFO films have similar transmittance, which
indicates that the ultrathin BFO layer has negligible effect on
the absorption behavior of the BVO-based structures. The
direct band gap of the BVO films is extracted by a linear
extrapolation of (αhν)2 vs hν plot to zero (shown in inset of
Figure 3).16 The band gap (Eg) of the BVO films was calculated
to be 2.66 eV, higher than that of the BFO films (2.54 eV) as
reported earlier.15

For characterization of the PV properties of the BVO,
ultrathin BFO, and BVO/BFO films, Au was deposited by an
ion beam sputtering process as top electrode. Negligible PV
effect was observed for the Au/BFO/FTO (AFT) structure,
which is consistent with the absorption behavior described
above. However, appreciable PV responses were obtained in the
AVT and AVFT structures. Figure 4a,b demonstrates the
current density vs voltage (J−V) curves of the AVT and AVFT
structures under dark and illumination conditions, respectively.
The J−V curves for the two structures are obtained from several
typical samples for each structure. The intermediate value of
open circuit voltage VOC for the AVFT structure was measured
to be 1 V, 5 times larger than that of the AVT structure (0.2 V).
The intermediate value of the short circuit current density JSC is

Figure 1. XRD patterns of the bismuth-based films deposited on FTO
substrates, (a) for BVO films, (b) for BFO/BVO bilayer films, and (c)
for ultrathin BFO films. The diffraction peaks from the FTO substrates
are marked with asterisks.

Figure 2. Typical cross-sectional SEM image of BVO/BFO bilayer
thin films deposited on FTO substrates.

Figure 3. Optical transmittance of BFO, BVO, and BVO/BFO thin
films deposited on FTO glass substrates. Inset is the (αhν)2 vs hν plot
of the as-prepared BVO thin films.
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about 140 μA/cm2, more than 2 times larger than that of the
AVT structure (60 μA/cm2). Both AVT and AVFT structures
show repeatable and stable instantaneous responses of
photocurrent to the light illumination as indicated by the
time dependence of zero bias photocurrent density with light
ON and OFF (Figure 5a,b), and it is also found that the VOC

shows little change but the JSC increases with an increase in the
electrode area (see Supporting Information Figure S2). The
power conversion efficiency η is calculated by the ratio of the
output electric power to the input optical power.17 The
maximum η of the AVFT structure (3.9 × 10−2%) has more
than an order of magnitude improvement in comparison with
that of the AVT structure (3.7 × 10−3%) (Figure 5c,d).

Surprisingly, the bilayer film also shows a reversed PV effect
compared with that of BVO films, as shown in Figures 4a,b and
5a,b. For the AVT structure, the open circuit voltage VOC is
positive and the short circuit current density JSC is negative,
while for the AVFT structure, VOC is negative and JSC is
positive. This suggested that the insertion of the ultrathin BFO
layer between BVO and FTO plays a great role on improving
the PV output and reversing the PV effect.
Figure 6a−c shows the conduction behaviors for the AFT,

AVT, and AVFT structures, respectively. In the dark J−V

measurement, the applied voltage is positive if a positive voltage
is applied to the top electrode. Distinct conduction behaviors
can be observed in these three structures. The linear and
symmetric dark J−V curves for the AFT structure indicates the
formation of ohmic contact for both of the Au/BFO and BFO/
FTO interfaces (Figure 6a). This phenomenon is similar with
the conduction behavior of an ultrathin Cu2O film in the ITO/
PZT/Cu2O/PT structure reported by Cao et al.5 In addition,
the large current passing through the AFT structure (at ±1 V,
the current is up to 20 A/cm2) means that the carrier density of
the ultrathin BFO film is very high. Although the work function
of BFO (4.7 eV) is lower than that of the Au (5.2 eV),8,18 it
seems that the Au/BFO interface does not show a Schottky
barrier type contact. This means that the metal/BFO contact
has negligible contact resistance relative to the bulk resistance
of the semiconductor film, which should be attributed to the
high carrier density in ultrathin BFO film and the consequently
tunneling process that dominates at the Au/BFO interface. The
BFO/FTO contact is reasonably thought to be an ohmic
contact due to the higher work function of BFO than that of
the FTO.8,19 However, this Ohmic contact will change into a
Schottky like contact because the conduction behavior for BFO
changes with increase of its thickness. It is found that the
resultant AFT structure with a 40 nm thickness BFO shows
nonlinear asymmetric J−V curves; moreover, the photovoltaic

Figure 4. Typical J−V curves for the AVT and AVFT structures under
dark and illumination conditions, (a) for AVT structures and (b) for
AVFT structures. Insets in each main figure are I−V curves plotted on
log scales.

Figure 5. Time dependence of zero bias photocurrent density with
light ON and OFF, (a) for AVT and (b) for AVFT. Power conversion
efficiency calculated from J−V curves of Figure 4 using spectral
intensity of 100 mW/cm2, (c) for AVT and (d) for AVFT.

Figure 6. Dark J−V characteristics measurement, (a) for AFT (the
thickness of BFO is 20 nm), (b) for AVT, and (c) for AVFT. Insets in
each main figure are I−V curves plotted on log scales.
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output for AVFT structure with thicker BFO layer decreases
dramatically (see Supporting Information Figures S3−S5). The
AVT structure shows an asymmetric and nonlinear J−V
characteristic; the leakage current increases exponentially with
increasing positive voltage but only increases slowly with
negative voltage, which indicates a forward diode behavior due
to an ideal metal−semiconductor Schottky contact. The higher
work function of Au than that of the BVO confirms that a
Schottky contact has formed at the Au/BVO interface.17,20

Compared with the AVT structure, a reversed conduction
behavior was observed for the AVFT structure, which indicates
a backward diode behavior. The insertion of BFO layer
between BVO and FTO introduces two new interfaces (BVO/
BFO and BFO/FTO). These two interfaces play an important
role in changing the conduction behavior of the AVFT
structure. Similarly, with the AVT structure, the Au/BVO is a
Schottky barrier contact. However, the diode direction for the
AVFT structure does not depend on the Au/BVO Schottky
contact as the AVT does. Moreover, compared with the AVT
structure, the dark current shows an obvious decrease. At an
applied voltage value of 1.5 V, the value of the dark current
density decreases from 220 to 3 μA/cm2. Thus, the ultrathin
BFO layer and the BVO/BFO and BFO/FTO interfaces have
greatly changed the conduction behavior of the AVFT
structure.
From our results, it is found that a reversed diode polarity is

well consistent with the reversed PV effect. In order to
understand why a reversed diode and PV effect occur after
incorporating an ultrathin ferroelectric film, schematic energy
band diagrams are established. In a ferroelectric semiconductor,
photons with energy higher than the band gap are absorbed to
produce electron−hole pairs, which are then separated by an
internal electric field (EIN) and collected by electrodes. EIN is
composed of two kinds of electric fields: one is the net built-in
field (Eb‑i) arising from the ideal metal−semiconductor
Schottky contacts and another Eb‑i arises from the polar-
ization.21−25 BVO is not a ferroelectric. Therefore, AVT is an
ideal metal−semiconductor−metal structure. In this case, only
an EIN resulting from a metal−semiconductor Schottky contact
will separate the electron−hole pairs, in which the Schottky
barrier height mainly depends on the work functions of metal
and semiconductor. In the AVT structure, the Eb‑i_Au/BVO at the
Au/BVO interface will make a major contribution to the PV
effect. The work functions for BVO and FTO were reported to
be ∼4.7 and 4.4 eV, respectively.20,26 An ideal schematic energy
band diagram can be established for the AVT structure (Figure
7). Thus, a forward diode behavior as shown in Figure 6b was
observed. The theoretical Schottky barrier height is estimated
to be φAu/BVO/FTO = 0.3−0.8 eV.9,18,19 The measured VOC is
lower than the barrier potential due to the contact resistance
and parasitic effect.9 The positive net potential ΔφB will lead to
a positive VOC. Meanwhile, the photogenerated electron−hole

pairs can drift against/toward the Au electrode due to the
Eb‑i_Au/BVO, leading to a negative photocurrent. For the AVFT
structure, the Eb‑i arising from the Schottky contact, polar-
ization, and n−n heterojunction are suggested to make
contributions to the PV effect, but only the PV effect generated
by polarization can be reversed.27−30 In an n−n heterojunction,
the electron will flow from the semiconductor with high Femi
energy level to that with low Femi energy level. It is obvious
that the Eb‑i_BVO/BFO arising from BVO/BFO n−n hetero-
junction should be very small because the work function and
energy band of BVO and BFO are almost the same. Therefore,
it will make little contributions to the PV effect and the
reversed photocurrent. The occurrence of self-polarization
caused by oxygen vacancies, strain, etc. is quite usual in BFO
thin films, and this self-polarization gets more significant as the
thickness of BFO films decreases.7,24,31−33 It is reasonable that
self-polarization with a polarized up state exists in the deposited
films, as shown in Figure 7b. Then, the accumulation of
negative surface charge on an upward polarized surface within
the BFO film will shift the ferroelectric bands down in energy,
and the Schottky barrier for the electron tunneling into the
conduction band of n-type ferroelectrics will increase in
height,25 leading to a Schottky-like barrier forming at the
BFO/FTO interface. Therefore, the BFO/FTO contact has
changed from an ohmic contact into a Schottky-like contact as
shown in Figure 7b. The height of the Schottky-like barrier
induced by polarization could be much higher than that of the
ideal metal−semiconductor Schottky barrier. In this case, the
direction of Eb‑i at the two electrode interfaces are back to back,
and the Eb‑i_BFO/FTO is large enough to offset Eb‑i_Au/BVO. Thus,
the diode and PV effect was reversed after inserting an ultrathin
BFO layer between FTO and BVO. This also can well explain
why the diode and PV polarity of AVT structure are different
from those of AFT structure as reported earlier (the thickness
of BFO is 150 nm).34 (The PV effect and schematic energy
band diagram of an Au/BVO/ZnO/FTO structure were also
shown to confirm the contribution of polarization in the AVFT
structure; see Supporting Information Figures S6−S7.)
To explore the formation of barrier in the AVFT structure,

we carried out the temperature dependent (390−420 K) J−V
measurements carefully. For the entire temperature range, we
were able to fit the J−V curves to a standard Schottky-diode
model (Figure 8a).35 The temperature dependence of the
saturation current extracted from these Schottky fits is shown in
a conventional Arrhenius-type plot (Figure 8b), which yields an
interface offset potential φ ∼ 1.05 eV. This potential is well
consistent with the high value VOC (1 V) obtained from the

Figure 7. Schematic energy band diagrams, (a) for AVT and (b) for
AVFT.

Figure 8. (a) Dark temperature dependence J−V curves of AVFT
structure measured at 390, 400, 410, and 420 K, respectively. Inset is
the I−V curves plotted on log scales. (b) Plot of ln(J/T2) vs 1/T and
linear fitting results for the AVFT structure.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am4004182 | ACS Appl. Mater. Interfaces 2013, 5, 6925−69296928



AVFT structure, which demonstrates that the schematic energy
band diagram is reasonable.

4. CONCLUSION
In summary, a reversed diode and PV effect with greatly
enhanced power conversion efficiency was obtained after
inserting an ultrathin BFO layer between BVO and the bottom
electrode. Such phenomenon was well explained by a self-
polarization induced Schottky-like contact at the BFO/FTO
interface. Meanwhile, photogenerated electron−hole pairs can
be separated more effectively due to the contribution of Eb‑i at
the BFO/FTO interface, which resulted in a high JSC. The open
circuit voltage increases by 5-fold from 0.2 to 1 V, which is
consistent with the measured barrier height at 1.05 eV. The
photocurrent density has a more than 2-fold improvement from
60 to 140 μA/cm2. The photovoltage is the largest compared
with those reported values in polycrystalline and epitaxial
ferroelectric thin film solar cells. This remarkable discovery
based on using ultrathin ferroelectric film layers with strong
self-polarization and high carrier density may be highly
desirable for improving the PV efficiency and for other
optoelectronic applications.
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