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ABSTRACT
The photovoltaic (PV) properties of polycrystalline Bi1xLaxFeO3 (x ¼ 0–0.3) ﬁlms have been explored. The X-ray diffraction study reveals
that there is a gradual phase transition with the increase in La doping. The composition x ¼ 0.25 is found to be the morphotropic phase
boundary (MPB), beyond which the system turns into the non-/antipolar orthorhombic phase. The polarization measurements reveal
improved ferroelectric properties with the maximum remanent polarization observed for the x ¼ 0.25 ﬁlm. A systematic study on the direct
and indirect bandgaps of the ﬁlms has shown a decreasing trend with composition. Interestingly, the PV studies exhibit a maximum
open-circuit voltage of 1.30 V for the x ¼ 0.25 ﬁlm which is three times larger than the value observed for pure BiFeO3 (BFO) (0.47 V). The
enhanced PV response in La-doped BFO correlates with the polarization and the change in direct/indirect bandgaps associated with
structural instability near the MPB composition. The approach used in this work for enhancing the PV performance in ferroelectric BFO
through the combined effects of polarization, bandgaps and competing structures provides a better pathway for improving the ferroelectric
PV effect.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5090911

In recent times, the research on the photovoltaic (PV) effect has
attracted a lot of attention due to the increase in demand for clean,
sustainable, and renewable energy sources. The popular semiconductor p-n junction based PV cells, where the separation of light generated
electron-hole pairs is assisted by the electric ﬁeld in the space charge
region, have limitations in the open-circuit voltage (VOC) as restricted
by their bandgap.1 The urge among researchers to look for new PV
materials has resulted in numerous solar cells other than the
conventional semiconductor solar cells such as dye sensitized solar
cells, quantum dye sensitized solar cells, organic solar cells, perovskite
solar cells, etc. In this regard, the study of the PV effect in ferroelectric
materials has gained importance due to the observed above
bandgap VOC.
However, though the ferroelectric PV effect has been known
since the 1970s,2–4 the PV studies have focused only on a few systems.3,5–10 In addition, various theories have been proposed for the ferroelectric PV mechanism in bulk and thin ﬁlms. Among them, the
ballistic and shift current theories are widely researched for the bulk
PV effect.11–14 In thin ﬁlms, however, the depolarization ﬁeld model,
where the net polarization plays an important role, along with the
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Schottky barrier effect at the interface is considered for the ferroelectric
PV effect.15–17 Despite such an anomalous PV effect, the poor performance of ferroelectric PV in device applications is associated with the
large bandgap.18 Efforts are being made to engineer the bandgap of
known ferroelectric oxides by chemical substitution.19–21
In this context, BiFeO3 (BFO) has recently induced enormous
research interest because of its large polarization (90 lC/cm2) and
low bandgap (2.7 eV) among other ferroelectric oxides.22,23 A polarization direction dependent PV effect is reported in epitaxial BFO thin
ﬁlms, but with very low VOC (0.3 V).15 The large VOC (0.9 V)
reported in epitaxial BFO ﬁlms with a transparent electrode is attributed to the interface effect.24 On the other hand, the A- and B-site
doping in BFO with various elements such as Mn, Nd, Sm, Co, etc., is
also reported to yield substantial enhancement in PV characteristics
due to their improved ferroelectric characteristics.25–27
It is known that piezoelectric materials with the morphotropic
phase boundary (MPB) composition exhibit scintillating properties
under external stimuli.28–33 The MPB composition can be achieved in
BFO by A-site substitution of trivalent rare-earth metals (RE ¼ Sm3þ,
Gd3þ, Dy3þ, and La3þ), and improved electromechanical properties
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along with dielectric properties are reported in such systems.31
Interestingly, You et al. witnessed enhancement in the PV effect in Lasubstituted epitaxial BFO ﬁlms, and they attribute it to the polarization
instability created by the coexistence of polar and nonpolar phases.34
However, detailed PV characterization at the MPB composition has
not yet been explored. In the present work, systematic PV studies are
carried out on a series of polycrystalline Bi1xLaxFeO3 (BLFO) ﬁlms to
demonstrate the MPB effect on them. Remarkably, we have recorded a
high VOC of 1.30 V for the optimal doping concentration x ¼ 0.25,
where MPB has been reported. The observed results are investigated
based on the polarization, bandgap, and structural instability, and the
results are presented in this letter.
A series of BLFO (x ¼ 0.0, 0.05, 0.10, 0.15, 0.20, 0.25, and 0.30)
ﬁlms were fabricated on (111)Pt/Ti/SiO2/Si(100) substrates using a
chemical solution deposition method. The initial BLFO solutions were
prepared using 99.9% hydrated bismuth nitrate and iron acetylacetonate by dissolving in glacial acetic acid and 2-methoxyethanol, respectively, to form a 0.1 M solution. For La doping, lanthanum acetate was
mixed in a bismuth nitrate and acetic acid solution after 1 h of stirring.
The ﬁnal solution was spin-coated on cleaned substrates at 4000
rotations per minute for 30 s followed by drying at 450  C for 10 min
in an oven after depositing each layer. The process was repeated 18
times to get ﬁnal 350 nm thick ﬁlms. The ﬁlms were then annealed for
1 h at 550  C in the ambient atmosphere. The crystal structure of the
ﬁlms was analyzed using an X-ray diffractometer (Rigaku-Smart Lab).
The optical properties were investigated using a UV-Visible spectrometer (JASCO-V-570). The ferroelectric hysteresis loops of the BLFO
samples were traced using a ferroelectric tester (Radiant Technology
PMF0713–334). For PV measurements, semitransparent Au dots
(200 lm diameter and 20 nm thickness) deposited by thermal
evaporation were used as top electrodes. Piezo-response force microscopy (PFM) (Park system NX10) was used to record the domain patterns along with the domain switching behavior. PV measurements
were carried out in both poled and unpoled states using a Keithley
high resistance electrometer (6517B) and a xenon arc lamp. To pole
the samples, the voltage (across the top and bottom electrodes) just
above the coercive ﬁeld at the maximum electric ﬁeld is maintained
for 10 min for the respective compositions.
To conﬁrm the phase formation, the X-ray diffraction (XRD)
patterns were recorded on BLFO thin ﬁlms on (111)Pt/TiO2/SiO2/
Si(100) substrates, and are shown in Fig. 1(a). The patterns demonstrate the crystallization of the ﬁlms without any impurity phases. The
XRD patterns of BFO show a rhombohedral phase with the R3c space
group. This is evidenced from the peak splitting observed around 2h
 32 as shown in Fig. 1(b), and the peaks are indexed to (104) and
(110). However, Fig. 1(b) reveals that the separation angle between
these two peaks decreases with an increase in La doping, suggesting a
structural change at intermediate compositions. Note that at x ¼ 0.30,
these peaks are indexed to (112) and (200) of the orthorhombic phase.
The deconvoluted magniﬁed version of the diffraction pattern in the
2h range 31 –33 shown in Fig. S1 clearly emphasizes the evolution of
the rhombohedral diffraction peaks (104) and (110) into the orthorhombic (200) and (112) peaks with La doping in BFO ﬁlms. An additional peak (021) corresponding to the orthorhombic phase can also
be noticed in the deconvoluted peaks ﬁtted with Lorentzian line shape.
The observed XRD patterns are in accordance with the literature
reports on La-doped epitaxial BFO thin ﬁlm samples where the
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FIG. 1. (a) XRD patterns of BLFO thin ﬁlms and (b) the enlarged version of the patterns in the 2h range 31 –32.8 .

coexistence of rhombohedral and orthorhombic phases is seen at the
intermediate compositions 0.10 < x < 0.30.31,34 Kan et al. have investigated detailed structural phase transitions in La-, Sm-, and Dysubstituted BFO epitaxial thin ﬁlms as functions of temperature and
composition. Note that they have reported similar structural transition
from the rhombohedral to the orthorhombic phase for all rare-earth
elements.31 You et al. have also shown an analogous phase transition
trend using the phase diagram drawn from the temperature variation
of P-E hysteresis loops.34 The reported phase diagram for BLFO thin
ﬁlms based on ferroelectric polarization measurements illustrates that
BLFO shows a polar rhombohedral phase at x  0.10, the coexistence
of polar rhombohedral and orthorhombic phases for 0.10 < x < 0.3, a
pure antipolar orthorhombic phase for x  0.3 and a nonpolar orthorhombic phase for x > 0.3.34
To analyze it further, the Raman spectra are recorded for BLFO
thin ﬁlms using the 632 nm excitation wavelength, and the respective
plots are displayed in Fig. S2. The observed Raman spectra display
A1–1 and A1–2 prominent modes which are reminiscent of the BFO
rhombohedral phase for the x ¼ 0 sample. These modes are found to
merge into a broader peak with an increase in x favoring the observed
phase transition. The XRD patterns and Raman spectra along
with previous reports31,34 suggest that the polycrystalline BLFO ﬁlms
show a structural change similar to the epitaxial ﬁlms reported in the
literature.
To understand the effect of La substitution on the bandgap of
BFO thin ﬁlms, UV-Vis spectroscopy measurements were performed
on BLFO ﬁlms. The calculated absorption coefﬁcient a obtained from
the absorption spectra is plotted in Fig. 2(a) for all samples. The prominent transitions are marked in the ﬁgure. The 1st transition marked
in Fig. 2(a) originated from the charge transfer (CT) transition
instability, an inherent property of iron oxides.35 The 2nd transition
marked in Fig. 2(a) corresponds to the bandgap of BFO.36,37
Conﬂicting reports are seen in the literature regarding the nature of
the bandgap in BFO. An indirect bandgap with Eg ¼ 2.0 eV (the
obtained value is subjected to the parameter chosen) is predicted by
the ﬁrst principles local spin-density approximation (LSDAþU)
method38,39 On the other hand, the direct bandgap is estimated for
BFO by the screened exchange density functional theory

114, 173901-2

Applied Physics Letters

ARTICLE

scitation.org/journal/apl

FIG. 2. (a) The a vs photon energy curve for BLFO ﬁlms showing two major transitions. (b) Tauc’s plots for direct and indirect bandgaps of the BFO ﬁlm. The inset
shows plots of calculated direct (solid symbol) and indirect (open symbol) bandgaps
vs x.

approximation method.40 To ascertain the nature of the bandgap in
BLFO thin ﬁlms, the direct and indirect bandgaps are calculated from
Tauc’s plots of (ah)n vs h as shown in Fig. 2(b) for the x ¼ 0.0 ﬁlm.
Here, h is the Planck’s constant,  is the frequency, n ¼ 2 for direct
and n ¼ 1=2 for indirect bandgaps.41 The detailed discussion about two
extra branches in the indirect band gap plot and the respective Tauc’s
plots for all other samples are given in Figs. S3 and S4, respectively.
The extracted direct and indirect bandgaps are plotted as a function of
x in the inset of Fig. 2(b). It is seen that La doping in BFO shifts both
direct and indirect bandgaps toward lower energies (red shift).
However, the reduction seen in the indirect bandgap is more pronounced compared to the change in the direct bandgap. The afﬁnity
of transition toward the indirect bandgap in La-doped BFO agrees
with the theoretical prediction where it depicts bandgap evolution
throughout the structural transition from rhombohedral to orthorhombic to cubic.42 In addition, the indirect bandgap of LaFeO3 also
gives an indication on the direct-indirect bandgap transition.43
The structural evolution due to the substitution of La in the BFO
system can have a prominent impact on the ferroelectric nature of the
system. To probe its effect, the polarization (P) vs electric ﬁeld (E)
measurements are carried out on all ﬁlms at room temperature, and
the resultant plots are shown in Fig. 3. The ﬁgure displays that the
remanent polarization (Pr) at the maximum applied ﬁeld shows
an increasing trend up to x ¼ 0.25, where it exhibits the maximum Pr
 21 lC/cm2.
However, the P-E hysteresis loops for the ﬁlm with x ¼ 0.30 indicates a change in shape along with repressed remanent polarization, a
trademark sign of phase evolution toward the paraelectric state. For
smaller atomic radii RE dopants such as Sm3þ, Dy3þ, etc., in BFO, the
P-E hysteresis loop is reported to exhibit an abrupt transformation
from the single hysteresis loop (ferroelectric rhombohedral phase) to
the double hysteresis loop (antiferroelectric orthorhombic phase).36
However, with La3þ as the dopant, where the ionic radii of La3þ and
Bi3þ are similar, the double hysteresis loop behavior becomes less
prominent, and the phase transition is not abrupt.36
Though there are various origins given in the literature for the
enhanced piezoelectric/ferroelectric response in such systems near
the MPB, more accepted model is the free energy instability near a
structural phase boundary.44 This model suggests that the highest
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FIG. 3. (a)–(f) P-E hysteresis loops of BLFO thin ﬁlms of different La
concentrations.

piezoelectric/ferroelectric response is observed at the boundary
between the phases where the polarization either emerges from a
non-/antipolar state or changes direction across the phase boundary.
The evolution of domains and the switching characteristics of all the
thin ﬁlm samples are recorded using the PFM measurements, and are
presented in Fig. S5. The ﬁgures suggest that at x ¼ 0.25, though the
domains are not very prominent (signature of low piezo-response), it
can be brought back to the polar state after poling. On the other hand,
the x ¼ 0.30 sample remains in the non-/antipolar state even after
poling.
The above observed properties such as reduced bandgaps and the
enhanced P-E properties near MPB due to La substitution could play a
vital role in the PV response in polycrystalline BLFO ﬁlms. The PV
characteristics are studied in BLFO thin ﬁlms in capacitor geometry,
and the experimental schematic is shown in Fig. 4(a). The measurements are carried out under dark and light illumination conditions on
samples with unpoled and poled states. The resultant current density
(J) vs voltage (V) curves for BLFO thin ﬁlms x ¼ 0.0, 0.25, and 0.30 are
shown in Figs. 4(b)–4(d) (the corresponding plots for other samples
are displayed in Fig. S6). The samples under unpoled states reveal a
typical J-V curve reminiscent of diode characteristics without
any photovoltaic response. However, the samples in the poled state
reveal a clear PV response with short-circuit current density (JSC) and
open-circuit voltage (VOC).
Interestingly, the J-V curves recorded in the positive poled (Au
dots and the Pt electrode are connected to positive and negative terminals, respectively) and negative poled states illustrate switchable PV
characteristics. Among all samples, the ﬁlm with x ¼ 0.25 exhibits
remarkably large VOC values of 1.30 V and þ0.96 V in þve and ve
poled states, respectively. The switchable nature of VOC upon change
in poling directions indicates that the polarization (the resultant depolarization ﬁeld Edp due to incomplete screening of surface bound
charges) plays a dominating role in the observed PV effect. However,

114, 173901-3

Applied Physics Letters

ARTICLE

scitation.org/journal/apl

FIG. 4. (a) Schematic diagram of the PV
measurement set-up, (b)–(d) the dark and
light illuminated J-V curves of BLFO thin
ﬁlms for x ¼ 0.0, 0.25, and 0.30 measured
in unpoled and poled states, (e) current
density plotted vs time in the light OFFON state for the BFO sample, and (f) estimated VOC’s due to Edp (solid sphere), Ebi
(open circle) and remanent polarization Pr
(open square) as a function of x.

the observed difference in the magnitude of VOC between the poling
states suggests additional contributions from the electrode/ﬁlm interfaces (the resultant built-in ﬁeld Ebi). To probe the switchable nature of
the PV response further, the transient current measurements are
carried out at zero-bias under light ON and OFF conditions on all
ﬁlms in both poled states. As a representative example, the corresponding JSC vs time for the BFO ﬁlm is shown in Fig. 4(e). The ﬁgure
displays a sharp current response in light ON and OFF states. The difference in the magnitude of JSC seen in Fig. 4(e) between positive and
negative poled conditions may arise from the asymmetric electrode
contributions. The repeatability of the PV characteristics is veriﬁed on
pure BFO samples by measuring the J vs V for 5 cycles of both positive
and negative poling states. The results shown in Fig. S7 indicate the
stability of the PV response in the BFO sample.
The switchable and unswitchable components of VOC due to Edp
and Ebi are estimated using 1=2(Vþ  V) and 1=2(Vþ þ V), respectively.15 Here, Vþ and V are the respective VOC’s obtained in positive
and negative poled states. The resultant VOC’s are plotted as a function
of x in Fig. 4(f). The plots reiterate the dominance of the polarization
effect as compared to the interfacial effect. This is further evidenced
from the remanent polarization plotted as a function of composition
in Fig. 4(f) which shows a similar trend as VOC with composition.
Interestingly, the Edp contribution of VOC is found to show enhanced
values between the composition x ¼ 0.15–0.25 with a maximum of
1.13 V displayed by the x ¼ 0.25 ﬁlm. On the other hand, the Ebi contribution is just 0.17 V for the same composition. Notably, the contribution from Edp is 6.6 times larger than the contribution from Ebi.
Note that La substitution in BFO creates structural instability at MPB
(x ¼ 0.25) which, in turn, affects the charge transfer at the band edges
and drives a direct to indirect bandgap transition. The reduction in the
direct bandgap increases the optical absorption; on the other hand, the
reduction in the indirect bandgap minimizes the radiative recombination of thermalized photogenerated carriers, thus improving the PV
effect. Though the bandgaps show a decreasing trend with further La
doping (x > 0.25), the system turns into a paraelectric state, hence preventing it from showing any PV effect. The structural instability also
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enhances the polarization, thereby emphasizing the correlation
between bandgaps, polarization, and MPB. Therefore, the large increment in the PV response in the compositions near MPB could be associated with the combined effects of structural instability, decrease in
direct and indirect bandgaps, and improved polarization characteristics at MPB upon La substitution.
In summary, the photovoltaic studies on a series of Bi1xLaxFeO3
(x ¼ 0.0, 0.05, 0.1, 0.15, 0.20, 0.25, and 0.30) polycrystalline ﬁlms fabricated on Pt(111)/TiO/SiO2/Si(100) substrates revealed an enhanced
PV effect for 0.10 < x < 0.30 compositions. The structural studies
unveil the coexistence of rhombohedral and orthorhombic phases in
this composition range. Interestingly, the ﬁlm with x ¼ 0.25, which is
the MPB composition (beyond which the system changes to the anti-/
nonpolar orthorhombic phase), shows the maximum polarization and
VOC. It is noteworthy to mention that all samples show both direct
and indirect bandgaps, but their values are found to decrease with the
increase in x. The augmentation of the optical absorption range and
the reduction in the recombination rate associated with the direct
and indirect bandgaps reductions along with improved ferroelectric
properties observed in La-doped BFO ﬁlms are responsible for the
enhanced PV characteristics. This work will provide an insight into
the ferroelectric PV effect observed at the MPB composition which
can be extended to other systems so as to exhibit PV properties
suitable for device applications.
See supplementary material for the enlarged portion of the
deconvoluted diffraction patterns near the 2h angles 31 –33 , Raman
spectra, detailed analysis of absorption peaks observed in BFO, Tauc’s
plots for the BLFO ﬁlms of x ¼ 0.05, 0.10, 0.15, 0.20, 0.25, and 0.30
compositions, domain evolution and domain switching patterns for all
ﬁlms, J–V plots for x ¼ 0.05, 0.10, 0.15, and 0.20 compositions in poled
and unpoled states, and the effect of multiple poling reversal on the
PV effect of BFO ﬁlms.
The authors acknowledge Dr. N. V. Giridharan and Mr. D.
Dhayanithi, Department of Physics, National Institute of Technology,
Tiruchirappalli 620015, India, for P-E loop measurements.
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