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Abstract

We investigated capacitors based on polycrystalline narrow-band-gap BiFeO3 (BFO) thin films
with different top electrodes. The photovoltaic response for the capacitor with a Sn-doped
In, O3 (ITO) top electrode is about 25 times higher than that with a Au top electrode, which
indicates that the electrode plays a key role in determining the photovoltaic response of
ferroelectric thin film capacitors, as simulated by Qin et al (2009 Appl. Phys. Lett. 95 22912).
The light-to-electricity photovoltaic efficiency for the ITO/polycrystalline BFO/Pt capacitor can
reach 0.125%. Furthermore, under incident light of 450 W cm™2 and zero bias, the
corresponding photocurrent varies from 0.2 to 200 pA, that is, almost a 1000-fold
photoconductivity enhancement. Our experiments suggest that polycrystalline BFO films are
promising materials for application in photo-sensitive and energy-related devices.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Driven by the worldwide energy crisis and ever increasing
concern for clean and renewable energy, researchers are
continuously exploring novel candidate materials for thin film
photovoltaic cells in pursuit of low cost and high light-to-
electricity power conversion efficiency [1-4]. The photovoltaic
properties of numerous ferroelectric oxide materials, including
BaTiO; (BTO) and Pb(Zr, Ti)O5; (PZT), have been extensively
investigated [5-8]. However, these materials have not been
considered for applications in photovoltaic devices due to their
small photovoltaic efficiencies resulting from the relatively
wide band gap of ferroelectric materials [4]. Utilization of
narrow-band-gap ferroelectrics is therefore a promising route
towards their application in both the novel optoelectronic and
the solar energy devices [4]. Multiferroic material BiFeO3
(BFO), which possesses rather a narrow band gap (~2.2 eV)
and a higher saturation polarization (~90 C cm~2), offers an
exciting opportunity for such applications [4, 9]. A significant
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photovoltaic effect has already been observed in single
crystalline BFO in both bulk and thin film forms [4, 10-12].
Moreover, as a typical single phase multiferroic material,
the coupling between various ferroic orderings in BFO films
provides multiple degrees of freedom for controlling the
photovoltaic effect, which may endow the next generation solar
cells with additional functionality.

Recently, a high light-to-electricity power conversion
efficiency (10% for 340 nm wavelength light) has been
experimentally obtained in epitaxial BFO thin films [11].
However, due to their low cost and simple fabrication process,
polycrystalline BFO (poly-BFO) films seem more suitable
for practical applications rather than epitaxial films would
be. It should be noted that the photovoltaic efficiency of the
polycrystalline films is usually smaller than that of epitaxial
films [13]. In this regard, it is necessary to study and improve
the photovoltaic effect in polycrystalline ferroelectric films.
However, the photovoltaic properties in poly-BFO thin films
have not been reported before. On the other hand, Qin ez al [14]
recently established a general physical model by considering
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Figure 1. (a) /-V curves of poly-BFO films under dark and illumination. (b) Time dependence of photocurrent under a zero bias and an
incident light intensity of 450 W cm 2. Inset, XRD profile of the poly-BFO films.

both ferroelectric materials and their electrodes as a whole
system to study the mechanism of the photovoltaic effect in
ferroelectrics, and suggested that the oxide electrodes could
provide a larger photovoltaic response. In this paper, we
have prepared poly-BFO thin films on Pt/Ti/SiO,/Si substrates
by the sol-gel method, and studied the effect of the top
electrodes on the photovoltaic response. It is found that a Sn-
doped In, O3 (ITO)/poly-BFO/Pt capacitor has almost 25 times
larger photovoltaic response than that of a Au/Poly-BFO/Pt
capacitor. Moreover, an almost 1000-fold photoconductivity
enhancement is obtained in a ITO/poly-BFO/Pt capacitor at an
incident light intensity of 450 ©W cm~2 and zero bias.

2. Experimental details

Poly-BFO ferroelectric thin films were grown by means
of the conventional sol-gel method. Bismuth nitrate
[Bi(NO3)3-H,O] and iron nitrate [Fe(NO3)3-9H,O] were
used to prepare the BFO solution with a concentration of
0.2 mol1™!. An excess of 5% bismuth nitrate was added
to compensate the expected loss of volatile Bi during the
following heat treatment. The BFO solution was spin coated
on commercial Pt/Ti/SiO,/Si substrates, and then annealed
at 550°C for 10 min. The structure of poly-BFO films
was confirmed by checking the x-ray diffraction data (XRD),
which was obtained at beamline BL14B1 of the Shanghai
Synchrotron Radiation Facility (SSRF) at a wavelength of
124 A. The size of the focus spot is about 0.3 mm X
0.3 mm and the end station is equipped with a Huber
5021 diffractometer. The surface morphology and the local
conductance were measured by an atomic force microscope
(AFM, dimension V, Veeco) equipped with a conductive
cantilever. Au and ITO top electrodes of 100 pm in diameter
were deposited on the poly-BFO films at room temperature
using electron-beam evaporation and magnetron sputtering,
respectively. The current—voltage (/-V) behavior of the

films was characterized using a Keithley 4200 semiconductor
characterization system. For the photovoltaic measurements,
the samples were illuminated from the top electrodes with the
light source.

3. Results and discussion

The quality of the poly-BFO films was confirmed by XRD
measurement (figure 1 inset). XRD data indicates that poly-
BFO without a preferred orientation has been successfully
grown on the substrates, except for a small amount of the
Bi,O; phase. The dark and illuminated /-V curves for
the ITO/poly-BFO/Pt capacitor show a typical photovoltaic
effect, as revealed in figure 1(a) [10, 11]. The photocurrent
is significantly increased under illumination, and remains
positive at zero bias. In principle, the photocurrent at zero
bias is determined by the difference in work function between
the top and bottom electrodes, which will be discussed below.
Figure 1(b) presents the time dependence of the photocurrent
for the poly-BFO films at an incident light intensity of
450 uW cm™2 and zero bias. It shows an instantaneous
response of the photocurrent to the light illumination, as
demonstrated by the on/off property of the photocurrent. The
value of photocurrent is increased from 0.20 to 200 pA when
turning on the light, that is, a 1000-fold photoconductivity
enhancement in response. The high sensitivity makes it
possible for the poly-BFO films to be applied in a photo-
sensitive resistor.

[luminated 7-V curves at different incident light
intensities for a 300 nm-thick poly-BFO film are shown in
figure 2(a). It can be seen that the short circuit photocurrent
Isc (the intersection point of the /-axis and the /-V curve)
is proportional to the incident light intensity, as shown in
figure 2(b). Since the photovoltaic effect in ferroelectric
materials is related to the light-induced carriers and carrier
separation under an internal electric field [10, 15], this linear
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Figure 2. (a) /-V curves of poly-BFO films under various incident light intensities, and the short circuit photocurrent corresponding to the
intersection point of /-axis and /-V curve. (b) Light-intensity dependence of the short circuit photocurrents.
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Figure 3. (a) The surface image (1 x 1 um?) measured by AFM and the corresponding current images obtained by CAFM with a tip bias of
500 mV for the poly-BFO film under (b) dark and (c) illuminated conditions.

relationship between Igc and the light intensity indicates that
the carrier concentration in poly-BFO film is determined by the
incident light intensity.

Conductive AFM (CAFM) measurements were carried
out to simultaneously examine the surface morphology and
the local current behavior for the as-grown poly-BFO films
without the top electrode. The AFM image in figure 3(a)
reveals that the surface of the poly-BFO films consists of
grains with a root mean square (rms) roughness of 10 nm.
The AFM image scan size is 1 x 1 um? and a tip bias of
500 mV is applied for CAFM current image measurement.
Comparing the current images under dark and illumination,
shown in figures 3(b) and (c), respectively, one can observe
that the charge transport paths are clearly increased under
illumination. This photocurrent variation measured by CAFM
is consistent with the above macroscopic /-V measurements
(see figure 1(a)). Since there is no Schottky barrier variation in
the CAFM measurements under dark or illuminated conditions,
the light-induced carriers in the poly-BFO films plays a key
role in the increased photocurrent.

The ferroelectric contribution on the photovoltaic effect
was examined by applying an electric field to switch the
polarization state of ferroelectric films. For epitaxial and

polycrystalline PZT films, both the poling direction and
the poling magnitude have been observed to give some
contribution to the photovoltaic behavior [13, 16]. In our case,
however, the poling effect only has weak influence on the
photovoltaic behavior of the poly-BFO films, as clearly shown
in figure 4. This small effect on the photovoltaic response
in poly-BFO films may be due to the small ferroelectric
polarization or the small poling contribution in these poly-
BFO films, since there are several conflicting experimental
reports about the poling effect on the photovoltaic properties
in epitaxial BFO films. Yang et al [12] found that there was
no observable change in the light /-V curve upon applying
an electric field to switch the polarization, while Ji et al [10]
suggested that the poling effect played a key role in influencing
the photovoltaic properties of epitaxial BFO films.

In order to examine the ferroelectric—electrode interface
effect on the photovoltaic properties, both Au/BFO/Pt and
ITO/BFO/Pt capacitors were prepared in the same poly-BFO
films. Figure 5 presents the /-V curves under dark and
illumination, and the terminal voltage dependence of the
photovoltaic efficiency for poly-BFO thin film based capacitors
with Au and ITO top electrodes. For the capacitor with the ITO
top electrode, the open circuit voltage Voc (the intersection
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Figure 4. /-V characteristics for poly-BFO films in different
polarization states.

point of V-axis and /-V curve) is negative and the short circuit
photocurrent Igc is positive, while for the capacitor with Au
top electrode, Voc is positive and Isc is negative. This is
because of the different work functions between the electrodes
and ferroelectric materials. A similar phenomenon has also
been observed in PZT capacitors [13]. In our samples, this
behavior can be understood by considering the variation of
the internal net potential Agg, which can be calculated as
Ay au/sro/pe = —0.6 eV for the Au/BFO/Pt capacitor and
A@g rrofsrope = +0.2 eV for the ITO/BFO/Pt capacitor,
respectively”. Figures 5(b) and (d) show the terminal voltage
dependent power conversion efficiencies 5 for Au/BFO/Pt
and ITO/BFO/Pt capacitors, respectively, where 7 is the ratio
of the output electric power Py to the input optical power
Py, ie., 7 Pout/Pn. The input power Py, (W) is

2 The work functions of Au, Pt and ITO are 4.7, 5.3 and 5.5 eV, respectively.
The electron affinity of BFO is 3.3 eV, also see [17].

termed as the incident light intensity, and the photovoltaic
output power density iS Poy JV (mWcm~2) [13].
As shown in figures 5(b) and (d), the maximum # for
Au/BFO/Pt and ITO/BFO/Pt capacitors are about 0.005%
and 0.125%, respectively. The magnitude of photovoltaic
output of the capacitor with the ITO top electrode is about
25 times larger than that with the Au electrode. Since
the photovoltaic effect in ferroelectric materials is related
to the light-induced carriers and their separation under an
electric field, the higher photovoltaic output of the ITO/BFO/Pt
capacitor can be understood in two respects. On one hand,
when using a transparent ITO top electrode, more incident
light can penetrate into the poly-BFO films than that using a
semitransparent Au top electrode. In the visible region, the
transmittance of the ITO layer is about 80%. However, the
difference in the light penetration is not enough to induce such
a large variation in the photovoltaic response of the capacitors.
On the other hand, the high photovoltaic output is related to
the carrier movement and the carrier separation driven by the
larger internal electric field. This internal electric field in
ferroelectric capacitors can be classified as two independent
components and written as: E = Ey + Ep, where Ej; is
the built-in field and E|, is the depolarization field. The built-
in field Ey; in ferroelectric capacitors originates from various
factors [18, 19]. The depolarization field E, is proportional to
the strength of polarization: E, = —ﬁ(%), where
er the relative dielectric constant of the ferroelectric thin film,
€. the relative dielectric constant of the electrode layer, A
the screening length, P the polarization value, and d the
ferroelectric film thickness. Both Kim ef al and Qin et al have
theoretically predicted that oxide top electrodes combined with
ferroelectric capacitors could provide a larger depolarization
and induce a higher photovoltaic output than that of metal
electrode capacitors [14, 20]. Thus, an ITO oxide electrode and
ITO/BFO interface play a key role on the photovoltaic effect
in our poly-BFO films by providing a higher depolarization
field as a driving force to separate the light electron—hole
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Figure 5. /-V curves and the corresponding terminal voltage V,. dependence of light-to-electricity power conversion efficiency 5 for
ITO/BFO/Pt ((a) and (b)) and Au/BFO/Pt ((c) and (d)) capacitors, respectively.
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carriers. Furthermore, the maximum power conversion
efficiency of 0.125% in ITO/poly-BFO/Pt capacitors is much
higher than the previously reported efficiency of 0.005%
obtained in polycrystalline La-doped PZT based photovoltaic
capacitors [11, 15]. This higher photovoltaic efficiency in
our samples likely results from the smaller band gap of BFO
(~2.2 eV) [4] as compared to conventional wide-band-gap
ferroelectric material, such as PZT (~3.5eV) [11].

4. Summary

In summary, the electrode effect on photovoltaic properties
for the poly-BFO film based capacitor has been investigated.
The photovoltaic efficiency in ITO/poly-BFO/Pt capacitors,
approaching to 0.125%, is almost 25 times larger than that
in Au/poly-BFO/Pt capacitors. These experimental results
reveal that a combined system of narrow-band-gap ferroelectric
BFO and oxide ITO electrodes can give a considerably
high photovoltaic response. Our experiments suggest that
the narrow-band-gap poly-BFO films would be a promising
material for the photo-related applications.

Acknowledgments

The authors gratefully thank Dr Xiao Long Li of SSRF for
XRD measurements, and acknowledge the financial support
from the Chinese Academy of Sciences (CAS), the National
Natural Science Foundation of China, and the Zhejiang and
Ningbo Natural Science Foundations.

References

[1]
[2]
3]
[4]
[5]
[6]
[7]
(8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

Gao J, Yu G and Heeger A J 1998 Adv. Mater. 10 692

Shao Y and Yang Y 2005 Adv. Mater. 17 2841

Li X, Zhu H, Wang K, Cao A, Wei J, Li C, Jia Y, Li Z,
Li X and Wu D 2010 Adv. Mater. 22 2743

Choi T, Lee S, Choi Y J, Kiryukhin V and Cheong S W 2009
Science 324 63

Glass M, Von der Linde D and Negran T J 1974 Appl. Phys.
Lett. 25 233

Yang Y S,Lee SL, Yi S, Chae B G, Lee S H, Joo HJ and
Jang M S 2000 Appl. Phys. Lett. 76 774

Poosanaas P, Dogan A, Thakoor S and Uchino K 1998 J. Appl.
Phys. 84 1508

Pintilie L, Vrejoiu I, Rhun G L and Alexe M 2007 J. Appl.
Phys. 101 064109

Basu S R et al 2008 Appl. Phys. Lett. 92 091905

Ji W, Yao K and Liang Y C 2010 Adv. Mater. 22 1763

Yang S Y et al 2009 Appl. Phys. Lett. 95 062909

Yang S Y et al 2010 Nat. Nanotechnol. 5 143

Qin M, Yao K and Liang Y C 2009 J. Appl. Phys. 105 061624

Qin M, Yao K and Liang Y C 2009 Appl. Phys. Lett. 95 22912

Qin M, Yao K and Liang Y C 2008 Appl. Phys. Lett. 93 122904

Zheng F G, Xu J, Fang L, Shen M R and Wu X L 2008 Appl.
Phys. Lett. 93 172101

Clark S J and Robertsona J 2007 Appl. Phys. Lett. 90 132903

Ishida T, Kobayashi H and Naano Y 1993 J. Appl. Phys.
73 4344

Abe K, Yanase N, Yasumoto T and Kawakubo T 2001 J. Appl.
Phys. 91 323

KimDJ,JoJY,KimY S, Chang Y J, Lee J S, Yoon J-G,
Song T K and Noh T W 2005 Phys. Rev. Lett. 95 237602

Chen F, Tan X L, Huang Zh, Xuan X F and Wu W B 2010
Appl. Phys. Lett. 96 262902


http://dx.doi.org/10.1002/(SICI)1521-4095(199806)10:9<692::AID-ADMA692>3.0.CO;2-5
http://dx.doi.org/10.1002/adma.200501297
http://dx.doi.org/10.1002/adma.200904383
http://dx.doi.org/10.1126/science.1168636
http://dx.doi.org/10.1063/1.1655453
http://dx.doi.org/10.1063/1.125891
http://dx.doi.org/10.1063/1.368216
http://dx.doi.org/10.1063/1.2560217
http://dx.doi.org/10.1063/1.2887908
http://dx.doi.org/10.1002/adma.200902985
http://dx.doi.org/10.1063/1.3204695
http://dx.doi.org/10.1038/nnano.2009.451
http://dx.doi.org/10.1063/1.3073822
http://dx.doi.org/10.1063/1.3182824
http://dx.doi.org/10.1063/1.2990754
http://dx.doi.org/10.1063/1.3009563
http://dx.doi.org/10.1063/1.2716868
http://dx.doi.org/10.1063/1.352818
http://dx.doi.org/10.1103/PhysRevLett.95.237602
http://dx.doi.org/10.1063/1.3458599
http://dx.doi.org/10.1063/1.1426249

	1. Introduction
	2. Experimental details
	3. Results and discussion
	4. Summary
	Acknowledgments
	References

