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Abstract: Driven by the growing demand for renewable and clean energy, the photovoltaic effect of
various solar cells and materials was investigated for the conversion of light energy into electricity.
We modified the Bi3.25La0.75Ti3O12 (BLT) and Co-doped BLT (Co–BLT) composites with Fe and Co-
doped BLT (FeCo–BLT) films to narrow the bandgap and increase visible light absorption, thereby
improving the efficiency of the photovoltaic reaction. In this study, BLT and Co–BLT thin films
were fabricated by off-axis sputtering and then modified with FeCo–BLT thin films to produce
dual-ferroelectric, thin-film composite materials that improved the photovoltaic power generation
performance. Photoelectric test results showed that the modified double-ferroelectric, thin-film
composites had superior optoelectronic properties. The current density was significantly enhanced by
modifying the BLT films with doped Fe and Co. Therefore, this modification improved the efficiency
of ferroelectric thin-film photovoltaic reactions.

Keywords: ferroelectric; thin film; photocurrent density; bandgap

1. Introduction

Solar energy is a renewable source of energy that, owing to its wide range of distri-
bution, has gradually replaced some nonrenewable energy resources, providing a reliable
and effective way to solve the energy crisis. Photovoltaic power generation, one of the
main uses of solar energy, is based on the principle that light irradiation of photosensitive
materials results in a photoelectron transfer reaction that produces an electric potential
difference at both ends of the material. Conventional solar cells are fabricated using p–n
junctions, where the built-in electric field at the p–n junction interface spatially separates
photogenerated carriers based on the junctions from which they are produced; for example,
this interface separates the electrons produced by the p-junction from the holes produced
by the n-junction. The separation of these carriers results in the generation of a photocur-
rent. [1–5]. Therefore, the photogenerated voltage of solar cells is limited by the size of the
built-in electric field in the heterojunction. Although the photoelectric conversion efficiency
of these cells is close to its maximum level, the photogenerated voltage does not satisfy the
current demand. To develop low-cost and highly efficient photovoltaics, researchers are
working towards developing new and improved photovoltaic materials.

Among photovoltaic materials, ferroelectric substances are highly regarded for their
photovoltaic effect and theoretically high photoelectric conversion efficiency. The electric-
field-modulated photovoltaic effect of ferroelectrics is not limited by the crystal forbidden
bandwidth (Eg) as it can reach values of 103–105 V/cm, which is 2–4 orders of magnitude
higher than that of Eg. The photovoltaic effect of ferroelectric materials differs from that of
conventional p–n junction solar cells because these materials are excited by their unique
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electric dipole [6–9]. The electric dipole feature of ferroelectrics, which is considered a
“bulk effect”, can enhance the photoelectric conversion efficiency of solar cells [10,11].

Bi3.25La0.75Ti3O12 (BLT) is a typical lead-free ferroelectric thin film with a low
forbidden bandwidth (Eg = 2.2~2.7 eV); it is known as a third-generation photocatalyst.
Owing to its excellent ferroelectric properties, the endogenous electric field generated
by the spontaneous polarization of BLT can accelerate charge transport and lead to
energy band bending, which can effectively inhibit the compounding of photogener-
ated carriers. Therefore, it is often used to construct composite systems to improve the
separation efficiency and photocurrent density of photogenerated electrons and holes,
thereby enhancing the photoelectrochemical properties of the material [9]. The pho-
tocurrent density of BLT films grown on SrTiO3 by sputtering deposition was shown to
reach a value of 5.71 nA/cm2 at 5 V [12].

In this study, BLT and Co-doped BLT (Co–BLT) layers were separately modified with
FeCo-doped BLT (FeCo–BLT) layers to synthesize dual ferroelectric composites. These
composites were produced to expand the photoresponse range, effectively suppress pho-
togenerated carrier complexes, and improve the photoelectrochemical properties of BLT
and Co–BLT. Additionally, the effect of external field polarization on the photoelectrochem-
ical properties of the dual ferroelectric composites was investigated. The results of this
study can be used to improve the photoelectrochemical and photocatalytic properties of
ferroelectric composites.

2. Experiment Detail
2.1. Materials and Methods

The BLT, Co–BLT, and FeCo–BLT ceramic targets were produced by a solid-state
reaction between the following powders: Bi2O3 (99.9%, Kojundo Chemical Co., Ltd.,
Sakado, Japan), TiO2 (99.99%, Kojundo Chemical Co., Ltd., Sakado, Japan), La2O3 (99.99%,
Kojundo Chemical Co., Ltd., Sakado, Japan), Fe2O3 (99.9%, Ko/741jundo Chemical Co.,
Ltd., Sakado, Japan), and Co3O4 (99.99%, Kojundo Chemical Co., Ltd., Sakado, Japan). All
powders were blended thoroughly at stoichiometric ratios in a ball mill for 24 h, then dried
in an oven at 100 ◦C and calcined in air at 700 ◦C for 2.5 h. The powders were then pressed
for 5 min at a pressure of 50 MPa and sintered at 950 ◦C for 2.5 h [13].

The BLT, Co–BLT, and FeCo–BLT ceramic chemical concentrations were controlled to
produce Bi3.25La0.75Co1Ti2O12 and Bi3.25La0.75Fe0.25Co0.75Ti2O12. The Co–BLT and FeCo–
BLT ceramic targets had pristine BLT phases, as indicated by the θ–2θ values for their
X-Ray diffraction (XRD) peaks [14]. Prior to the modification of FeCo–BLT with BLT and
Co–BLT films, the fabricated BLT and Co–BLT films were deposited onto Nb:SrTiO3 (001)
(Nb-STO) substrates by a 90-degree off-axis radio frequency magnetron sputtering (Korea
Vacuum Tech., Gimpo, Republic of Korea) in Ar gas at a temperature and working pressure
of 750 ◦C and 135 m torr, respectively. The deposition time and RF power of the procedure
were 1 h and 50 W, respectively. Subsequently, the FeCo–BLT films were sputtered on the
previously sputtered BLT and Co–BLT films under the same conditions [15–18]. Finally, the
BLT/FeCo–BLT and Co–BLT/FeCo–BLT films were deposited on the Nb-doped (0.5 wt.%)
Nb-SrTiO3 (001) substrates used as the bottom electrode. The top electrode was etched by
photolithography (Nextron, Busan, Republic of Korea), and a Au top electrode (150 µm di-
ameter) was deposited on the film using a thermal evaporator (Nano Tech Planet Co., Ltd.,
Bucheon, Republic of Korea) [19,20].

2.2. Characteristic Measurements

The crystal structures and phase identification of the powders of the sintered pellets
were determined with an X-Ray diffractometer (Rigaku, Tokyo, Japan, D/MAX 2200) using
Cu–Kα radiation (=1.5418 Å) with an angular step of 0.02 /min. The microstructures of
the pelletized powders were examined using scanning electron microscopy (SEM, Hitachi,
S-4700, Hitachi, Japan) and atomic force microscopy (AFM) (Park NX10, Park Systems,
Chiyoda City, Tokyo), and the dielectric measurements were performed using an Agilent
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4263 B LCR meter (Agilent, Santa Clara, CA, USA). The dielectric permittivity was acquired
in the frequency of 100 kHz as a function of temperature (T) across a temperature range
of 25–700 ◦C. The optical properties were analyzed using a 100 W solar simulator (K3000,
McScience, Gyeonggi-do, Republic of Korea). The photocurrent density of the film was
measured between the Au electrodes (45 µm space) after putting each tip in contact with
its respective electrode.

3. Results and Discussions

The epitaxial crystalline quality of the grown films was determined with X-Ray diffrac-
tion (XRD) (λ = 1.5405 Å) using a Cu–Kα source. Figure 1 shows the theta-2θ scans of
BLT/FeCo–BLT and Co–BLT/FeCo–BLT films grown on (001) oriented Nb-SrTiO3 sub-
strates. The XRD patterns show that all the films were grown on 001 orientation, and the
BLT crystal structures of BLT/FeCo–BLT and Co–BLT/FeCo–BLT films were maintained.
This indicates that the modification of FeCo–BLT films does not lead to the formation of
other phases of BLT and Co–BLT. The diffraction peaks of the special samples, appearing
at 2θ = 21.74◦, 2θ = 44.27◦, etc., are consistent with the crystallographic positions of BLT
(008) and (0016), respectively. The wiggle curve of the (0016) reflection was measured to
determine the out-of-plane mosaic diffusion and crystalline quality. This indicates the good
crystallinity of the prepared BLT/FeCo–BLT and Co–BLT/FeCo–BLT composite films.
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Figure 1. The X-Ray θ–2θ diffraction patterns for BLT/FeCo–BLT (BLFCT), and Co–BLT (BLCT)/FeCo–
BLT (BLFCT) epitaxial films on Nb-SrTiO3 (Nb-STO) (001).

The surface morphologies of the grown BLT/FeCo–BLT and Co–BLT/FeCo–BLT sam-
ples were compared using SEM and atomic force microscopy (AFM) (Figure 2). In Figure 2a,
the nanostructure of the CoFe2O4 phases on the surface of the film is square and uniformly
distributed, similar to our previous result [21] that used the pulsed laser deposition method.
Based on the morphology observation, the chemical contents are similar to our previous
report [21]. The nanoparticles on the surface of the film were large squares, 0.6 nm in
size, and six-fold larger than that of the BLT case (Figure 2b). This may be due to the
difference between the base layers of BLT and Co–BLT in the bilayer ferroelectric films.
BLT/FeCo–BLT contained more Co-ions than Co–BLT/FeCo–BLT, and excess ions cannot
be replaced by large particles on the surface. AFM measurements were performed at
multiple locations across the sample, as shown in Figure 2c,d. This was conducted to assess
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the stability and large-area uniformity of the BLT/FeCo–BLT and Co–BLT/FeCo–BLT thin
films on Nb-STO and to elucidate the architecture of the resulting structures and determine
their size. In particular, the root mean square roughness of the stripes was 4.9 and 9.1 nm
for the BLT/FeCo–BLT and Co–BLT/FeCo–BLT films, respectively, indicating that they
have smooth, dense, and crack-free surface morphologies.
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Figure 2. (a,b) SEM and (c,d) AFM results of BLT/FeCo–BLT (BLFCT) and Co–BLT (BLCT)/FeCo–BLT
(BLFCT) surface morphologies on Nb-SrTiO3 (STO) substrate.

Figure 3 shows the dielectric constants and temperature dependencies of the
BLT/FeCo–BLT and Co–BLT/FeCo–BLT composite films at a frequency of 10 kHz.
The dielectric constants of the samples gradually increased as the FeCo–BLT films
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were modified. The peak temperature of the dielectric spectrum corresponded to the
ferroelectric–paraelectric phase transition temperature, i.e., the Curie temperature
(Tc), as shown in the interpolation of Figure 4. The Curie temperatures of the pure
BLT, Co–BLT, and FeCo–BLT ceramics were 400, 500, and 600 ◦C, respectively, at a
frequency of 10 kHz; the Tc of pure BLT corresponded to that of pure BLT in pre-
vious studies [22,23]. The BLT/FeCo–BLT and Co–BLT/FeCo–BLT composite films
had ferroelectric temperatures of 650 ◦C and 700 ◦C, respectively, which were signif-
icantly higher than that of the base target. These high ferroelectric properties were
maintained until 650 ◦C, indicating that the modification of the BLT and Co–BLT films
with FeCo–BLT improved the thermal stability of the ferroelectric properties of the
films [24–27]. The BLT/FeCo–BLT and Co–BLT/FeCo–BLT composite films exhibited
favorable ferroelectric properties and thermal stability.
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Figure 4 shows a schematic of the heterojunction energy-level structures of the
BLT/FeCo–BLT and Co–BLT/FeCo–BLT composite films. Illumination excited the photo-
generated electrons in the valence band of the BLT/FeCo–BLT and Co–BLT/FeCo–BLT com-
posites to their respective conduction bands; however, the high position of the FeCo–BLT
conduction band resulted in the excitation of its photogenerated electrons to the conduc-
tion bands of BLT and Co–BLT upon illumination. Owing to the lower valence band
positions of BLT and Co–BLT, the photogenerated holes in the valence bands of these
composites were transferred to the valence band of FeCo–BLT; thereby, the photogenerated
electrons and holes were separated effectively, prolonging the lifetime of the photogener-
ated carriers [28,29]. Because BLT and FeCo–BLT are ferroelectric materials, their internal
spontaneous polarizations and external field polarizations change the degree of energy
band bending at the interface and affect the transfer of photogenerated charge [30–33]. After
positive external field polarization, both the downward bending of the FeCo–BLT energy
band at the interface of BLT and Co–BLT as well as the upward bending of Co–BLT with
the increased FeCo–BLT energy band results in an increase in the width of the depletion
layer. This facilitated the transport of photogenerated carriers and enhanced the photoelec-
trochemical performance of the composite. After negative external field polarization, the
depletion layer width decreased, and the energy band bending at the interfaces of BLT and
FeCo–BLT decreased, hindering the transport of photogenerated carriers [34].

The photovoltaic responses of the BLT/FeCo–BLT and Co–BLT/FeCo–BLT com-
posite films deposited on Nb:SrTiO3 substrates were measured under 100 W solar
simulator irradiation, as shown in Figure 5a,b. The measurements were performed
at room temperature, and the ferroelectric films were not subjected to polarization
treatment. The FeCo–BLT-modified BLT and Co–BLT composite films had an open-
circuit voltage of 4 V and corresponding short-circuit photocurrent densities of 155.4
and 424.66 µA/cm2, respectively [35,36].

Modifying the BLT and Co–BLT films with the FeCo–BLT film resulted in composites
with stronger photovoltaic properties and higher short-circuit currents than their prede-
cessors. The differences in photovoltaic performances between the BLT/FeCo–BLT and
Co–BLT/FeCo–BLT composite films were owed to their self-polarization phenomena and
not to their similar crystal structures and optical bandgaps.

The photocurrent of BLT/FeCo–BLT and Co–BLT/FeCo–BLT composite films had
the same direction as the depolarization field, indicating that this field propelled the
separation of photogenerated electron–hole pairs and that the upward self-polarization
determined the photovoltaic performance. This was consistent with FeCo–BLT modification
as the composite films had the largest ratio of upward self-polarization. Owing to the
modification of the FeCo–BLT films, the conductivity mechanism of the BLT/FeCo–BLT
and Co–BLT/FeCo–BLT composite films changed from an interfacial Schottky emission
model to a space-charge limited current, and the built-in electric field at the interface was
weakened to promote the separation of photogenerated electron–hole pairs under the effect
of the depolarization field.
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the depolarization field. 

4. Conclusions 

Figure 5. Photovoltaic responses of the BLT/FeCo–BLT (BLFCT), and Co–BLT (BLCT)/FeCo–BLT
(BLFCT) film. (a) The photocurrent density (J) of the BLT/BLFCT films on Nb-STO. (b) The photocur-
rent density (J) of the BLCT/BLFCT films on Nb-STO substrate.

4. Conclusions

In this study, BLT/FeCo–BLT and Co–BLT/FeCo–BLT bilayer ferroelectric films were
deposited on Nb-STO substrates by RF sputtering. The effect of the FeCo–BLT films on
the electrical and optoelectronic properties of BLT and Co–BLT, as well as on their mi-
crostructures, was investigated. The external field polarization treatment of the ferroelectric
materials led to the bending of the energy band and subsequent acceleration of the pho-
togenerated charge transfer. This resulted in BLT/FeCo–BLT and Co–BLT/FeCo–BLT
bilayer ferroelectric films with large photoresponsive current densities and a maximum
photocurrent density of 424.66 µA/cm2. The modification of BLT and Co–BLT by FeCo–BLT
maintained the ferroelectric properties below 650 ◦C, while the bandgap value decreased to
approximately 2 eV. We can infer that this method can reduce the bandgap while improving
photovoltaic power generation performance. These results improve our understanding of
the potential of ferroelectric thin films in photovoltaic power generation.
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