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Doubly substituted [Bi0.9La0.1][Fe0.97Ta0.03]O3 (BLFTO) films were fabricated on Pt/TiO2/SiO2/Si

substrates by pulsed laser deposition. The ferroelectric photovoltaic properties of ZnO:Al/BLFTO/

Pt thin film capacitor structures were evaluated under white light illumination. The open circuit

voltage and short circuit current density were observed to be �0.20 V and �1.35 mA/cm2,

respectively. The band gap of the films was determined to be �2.66 eV, slightly less than

that of pure BiFeO3 (2.67 eV). The PV properties of BLFTO thin films were also studied

for various pairs of planar electrodes in different directions in polycrystalline thin films.
VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4908254]

BiFeO3 (BFO) is known to be a lead-free ferroelectric

material with excellent ferroelectric properties, comparable

to those of Pb(Zr,Ti)O3.1–3 Recently, polarization-mediated

photovoltaic properties in BFO films have been reported.4–7

Such photovoltaic effects arise differently to those of con-

ventional p-n and Schottky junctions, which originate from

the built-in field across depletion layers.8 Many research

groups have reported that a site-engineering technique using

various elements is effective in suppressing the significant

leakage current observed often in BFO films.9–13 Under this

context, we studied the photovoltaic (PV) effect in doped

BFO, where Bi was replaced by La and Fe was replaced by

higher-valence transition metals, such as Ti and Zr, for

improving electrical properties.14 Among ferroelectrics,

BFO has a large remnant polarization (Pr) and a rather small

direct band gap (Eg) of 2.67 eV.15,16 Large optical absorption

coefficients are expected for this material in visible light and

thus make it a promising photovoltaic material.17 As men-

tioned above, doping of foreign atoms into BFO and/or fabri-

cating a composite film with other single phase ferroelectric

materials could be possible ways to overcome the leakage

current effect on photovoltaic properties of ferroelectric PVs

(FEPVs).18 The leakage current density in ferroelectrics cor-

responds to the dark current density or the dark conductivity

in photovoltaics.19 In this paper, the effect of La and Ta co-

doping on the ferroelectric and photovoltaic properties of

BFO films are presented. Moreover, the influence of elec-

trode configuration on the photovoltaic response of ZnO:Al/

[Bi0.9La0.1][Fe0.97Ta0.03]O3 (BLFTO)/Pt heterostructures

was also investigated.

BLFTO films were deposited on Pt/TiO2/SiO2/Si and

fused silica (FS) substrates using a conventional pulsed laser

deposition (PLD) system equipped with a KrF excimer laser

(Coherent Compex-Pro 201) operating at 248 nm wave-

length. High quality and dense films were grown using a

constant laser energy of �75 mJ/pulse on the BLFTO ce-

ramic target, from the laser beam that is passed through an

aperture to obtain a homogenous flat-top beam profile. The

phase formation of the films was carried out at �20 mTorr of

oxygen pressure and �760 �C substrate temperature allowing

a film growth duration of �1600 s at �10 Hz pulse repetition

rate. The thickness of the deposited films was measured to

be �350 nm. The top electrodes of ZnO:Al with an area of

�3.14 � 10�4 cm2 were deposited on the BLFTO film by

the same PLD system using a shadow mask to obtain solar

cell structures. The phase formation of a crystalline structure

of BLFTO thin film was determined by X-ray diffraction

(XRD), performed on a Rigaku D/Max Ultima II X-ray dif-

fractometer using a Cu Ka source operated at a very low

scan rate of 0.025�/min over the 2h range of 20�–80�.
Structural characterization of BLFTO thin film was carried

out by Raman spectroscopy using T64000 spectrometer

equipped with a triple grating monochromator and a

Coherent Innova 70C Ar ion laser operating at 514.5 nm.

The optical transmission spectra of the as grown samples on

fused silica were measured by UV/Vis spectroscopy. The

electrical properties of the devices were examined using an

electrometer (Keithley model 2401) and ferroelectric nature

of the film was measured by a Veeco Piezoforce Microscope

(PFM) operated in contact mode. To characterize photovol-

taic properties, illumination using a solar simulator operating

at visible wavelength region (ABET Model 3000) with a

power density of 100 mW/cm2 was employed. The current

density vs. voltage (J-V) characteristics was examined with

and without light illumination. All measurements were per-

formed at room temperature (RT).

XRD spectra (in log scale) showed in Fig. 1(a) con-

firmed that all major Bragg peaks corresponded to a rhombo-

hedral structure with R3c space group and revealed the

polycrystalline nature of the films. As shown in the inset of

Fig. 1(a), the full width half maxima (FWHM) of the peak

(110) at 2h� 31� were determined to be �0.2069 by

Lorentzian fitting confirming a highly crystalline structure.
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We identified the minor peaks near 2h¼ 30 (002), 36 (022),

and 44 (144) as those originated from orthorhombic mullite-

type structure of Bi2Fe4O9 with space group Pbam.20 The

factor group analysis for the rhombohedral structure with

R3c space group predicts 13 normal modes given by

CRaman¼ 4A1þ 9E.21 Phase formation of BLFTO film was

confirmed by Raman spectroscopy, where most of the pho-

non modes were identified in the 10–575 cm�1 spectral win-

dow as shown in Figure 1(b). A representative spectral

transmission curve of the BLFTO thin films is displayed in

inset of Fig. 2(a). The sharp fall in transmission and disap-

pearance of the inference fringes (due to interference at the

air- and substrate-film interfaces) at the shorter wavelength

is caused by the fundamental absorption in the films. It is

worth mentioning that the hump observed in the spectra

below 400 nm is due to an instrumental artifact observed dur-

ing lamp switch at about 350–300 nm from a tungsten halo-

gen lamp (Visible/near infra-red) to a deuterium lamp (UV)

and is caused by a change in beam path between the back-

ground correction and sample measurement. Figure 2(a)

illustrates the direct bandgap (Eg) estimation of BLFTO thin

layer to be �2.66 eV from a modified square law based

bandgap calculations using the (ah�)2 vs h� plots, by extrap-

olating the linear portion of the absorption to the X-axis

where absorption coefficient becomes zero. This optical gap

determined is very close to the reported Eg of 2.67 eV for

BFO films. The BLFTO film shows a large optical absorp-

tion at or above 2.5 eV (at or below �500 nm) even though

h� is slightly below the band gap of 2.66 eV, suggesting that

the BLFTO film absorbs more than 50% of the incident pho-

ton energy at this region as shown in the inset of Fig. 2(a).

Pure BFO films often show large leakage currents and poor

hysteresis loops owing to the valence fluctuation of Fe ions

and/or Bi or O deficiencies. In fact, it is not easy to reprodu-

cibly obtain excellent ferroelectric properties of pure BFO

films.22 An improved ferroelectric characteristic of thin films

was achieved by co-doping pure BFO and was confirmed by

PFM. The square pattern of two opposite polarization

domains can be seen from the contrasting areas, due to the

application of a tip bias of 612 V, as shown in Fig. 2(b). The

FIG. 1. (a) Room temperature XRD

diffractograms of BLFTO films.

FWHM calculated by Lorentzian fit-

ting is given in inset. (b) Raman spec-

tra of the polycrystalline thin films of

BLFTO.

FIG. 2. (a) Modified Tauc’s plot for

the BLFTO sample for the determina-

tion of energy bandgap. Optical trans-

mittance spectrum of 350 nm thick

BLFTO film is displayed in the inset.

The ferroelectric nature of the BLFTO

films with an applied tip bias voltage

of 612 V over a 100 lm2 area meas-

ured by piezoresponse force micros-

copy is shown in Fig. 2(b).

FIG. 3. Current density as a function of applied bias voltage for the Pt/

BLFTO/ZnO:Al heterostructures obtained under illumination (energy den-

sity of �100 mW/cm2). The inset corresponds to the enlarged region around

the origin and identifies the values for VOC and JSC. (Legend: red¼ under

illumination and black¼ under dark) and schematic diagram of Pt/BLFTO/

ZnO:Al device.
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domain switching behavior could be a signature of a ferro-

electric nature of as grown film.23,24

The photo-excited carrier transport and photovoltaic

measurements were performed for the device. Figure 3 dis-

plays J-E plots with (red curve) and without (black curve)

illumination for the BLFTO cells. For the photovoltaic meas-

urements, a voltage of 61 V was applied to the cells under

dark conditions and then illuminated conditions, in top-to-

bottom electrode configuration. The magnified J-V curves

around the origin and the schematic diagram of ZnO:Al/

BLFTO/Pt device are shown in the inset I and II of Figure 3,

respectively. It was found that the cell shows a photovoltaic

effect, resulting in a finite short circuit current density (Jsc)

and open circuit voltage (Voc). We observed enhanced pho-

tovoltaic response in BLFTO sample as compared to Zr and

Ti co-doped BFO sample. The leakage current density meas-

ured was almost two orders of magnitude less in BLFTO.14

Based on the previous studies, pure BFO showed a leakage

current density of �10�2 A/cm2 (at 1 V),25 which is one

order higher as compared to the observed value of �10�3 A/

cm2 (at 1 V) in our BLFTO film. The dark J-V curve of the

BLFTO cell shows a high resistance state, irrespective of the

voltage. The photovoltaic features are completely different

from the conventional features of a p-n-diode, pin-diode, or

Schottky-diode solar cells without any voltage-sweep hyster-

esis. The conventional photovoltaic property is based on the

dark diode-like J-V behavior, and the J-V curve is shifted

downward with an increase in illumination intensity. The

results shown in Fig. 3 indicate that the as-grown BLFTO

films exhibit a photovoltaic effect.

Thus far, two models have been proposed for the switch-

able polarization-induced photovoltaic effect. Yang et al.26

reported that a high-quality BFO film with coplanar electro-

des shows an “above band gap” photovoltage proportional to

the number of domains and proposed that the photo-excited

carriers are separated at nano-scale steps of the electrostatic

potential at ferroelectric domain walls. Lee et al.27 reported

that an epitaxial BFO cell sandwiched by top and bottom

electrodes shows a below-band gap photovoltage, and they

proposed that the photo-excited carriers are separated by

macroscopic polarization over the whole film thickness. The

latter mechanism can be ascribed to the depolarization field,

which results from the incomplete screening of ferroelectric

polarization by the electrodes. A simple consideration of the

polarity of the photovoltaic effect will tell us which mecha-

nism is valid.28 Confirmation of the polarity of Voc and Jsc of

the present cells after the application of the electric field

revealed that the present photovoltaic effect is ascribed to

the depolarization effect due to the incomplete screening.

To facilitate the repeatability of our results, we verified

the photovoltaic effect of the BLFTO cell as a function of

time at zero bias and measured the short circuit current (Jsc)

separately (over a total time of 350 s with 40 s on/off inter-

vals). The photo-response of BLFTO capacitors is shown in

Fig. 4(a). The Jsc increases rapidly when exposed to light and

finally saturates at a value of �1.35 mA/cm2. When the light

is turned off, the Jsc decreases rapidly over �120 ms to reach

its original state. The Voc of the BLFTO cell was also studied

as a function of time with periodic exposure of light for a pe-

riod of 40 s, Fig. 4(b). The Voc increases rapidly on exposure

FIG. 4. The JSC (a) and VOC (b) as a

function of time in Pt/BLFTO/ZnO:Al

heterostructures under illumination

(energy density of �100 mW/cm2).

FIG. 5. The photovoltaic effect meas-

ured in planar configuration of electro-

des (a) �150 lm (b) �215 lm under

illumination (energy density of �100

mW/cm2).
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to light and saturates at a value of �0.20 V. When the light is

turned off, the Voc decreases over �175 ms to reach its origi-

nal state. Further, we observed stable photoresponses [insets

I of Figures 5(a) and 5(b)] and considerable amounts of JSC

and VOC [insets II of Figures 5(a) and 5(b)] in planar config-

uration of electrodes that revealed the photovoltaic effect in

the BLFTO film. However, JSC and VOC were found to vary

between various pairs of planar electrodes as the direction of

polarization is not the same between them in polycrystalline

thin films.

In conclusion, the polycrystalline thin films of BLFTO

were grown by PLD. The optical measurements on the film

confirmed the direct band gap to be �2.66 eV, very close to

that in pure BFO. The ferroelectric nature of the film was

confirmed by PFM. The device showed a PV effect with

improved Jsc and Voc of �1.35 mA/cm2 and �0.20 V across

top and bottom electrodes under intense illumination. The

performance of the device showed reliable repeatability over

time and the PV effect was studied for various pairs of pla-

nar electrodes in different directions.
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