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ABSTRACT 

To investigate the photoresponse of metal-ferroelectric-metal (MFM) devices, we sandwich polycrystalline bismuth ferrite 
between two electrodes of similar work function. We use calcium-substitution on the A-site to tailor the properties of bismuth 
ferrite Bi1-x Cax FeO3- δ from ferroelectric ( x < 0.2) to nonferroelectric ( x > 0.2). Devices with nonferroelectric Bi1-x Cax FeO3- δ

show symmetric current density-voltage ( J–V ) curves and no photoresponse, resembling their symmetric electronic properties 
that originate from two opposing Schottky junctions at the symmetric electrodes. In contrast, the J–V curves of ferroelectric 
Bi1-x Cax FeO3- δ are governed by the polarization direction, introducing directionality through modification of the Schottky barriers. 
Under illumination, the polarization induced modulation of the Schottky barriers promotes directionality of the photogenerated 
charge carriers and leverages enhanced photocurrents. 
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 Introduction 

fter more than a decade of flourishing research on perovskite
olar cells, the field started to target less toxic and more long-term
table compounds with similar properties, examples of which
nclude halides, sulfites and oxides [ 1–3 ]. In particular oxides
ppear an interesting class of materials when the research is
uided by long-term stability. Many of the semiconducting oxides
ith perovskite structure are of ferroelectric nature which may
r may not govern their optoelectronic properties, in particular
harge carrier separation and collection at the electrodes [ 3, 4 ]. 

arious studies in the literature have explored the photocurrent
nd the photovoltaic effect of ferroelectric thin-film devices with
etal/ferroelectric/metal (MFM) architectures [ 3, 5–7 ]. Typical
hotocurrent densities range from nA cm− 2 to µA cm− 2 , which is
argely attributed to low charge carrier mobilities and low charge
arrier densities in ferroelectric oxides [ 7–9 ]. Different theoretic
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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models have been proposed to explain charge carrier separation
and the origin of current directionality in MFM devices. In
single crystal oxides, the bulk-photovoltaic effect, the domain
wall conduction model, and the depolarization field model are
often discussed [ 10–15 ]. In semiconducting polycrystalline MFM
devices, an extended Schottky barrier model prevails, where
the difference between the work function of the metal and
the electrochemical potential of the ferroelectric induces space
charges at the interface [ 8, 16–18 ]. 

In this work, we investigate the modulation of ferroelectric/metal
interfaces upon ferroelectric poling and their influence on
the photovoltaic properties of MFM devices. For this purpose,
we utilize polycrystalline, ferroelectric bismuth ferrite (BiFeO3 )
sandwiched between a fluorine-doped tin oxide (FTO) and a
silver electrode. BiFeO3 exhibits a large polarization at room
temperature (2Pr = 110 µC cm− 2 ) [ 19 ] and semiconducting
properties (band gap Eg = 2.7 eV) [ 20–22 ]. Partial substitution
se, which permits use, distribution and reproduction in any medium, provided the 
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FIGURE 1 (a) XRD pattern of Bi1-x Cax FeO3- δ thin films (x = 0, 0.05, 0.1, 0.2, 0.3) grown on FTO-coated glass substrates, recorded at room 

temperature. The right panel shows details of the XRD peaks at 2 θ = 22.4◦ (012), 31.7◦ (104) and 32◦ (110). For reference, the peak positions of the 
rhombohedral BiFeO3 crystal phase (R3c, ICSD 8823) are indicated in orange and the peak positions of the tetragonal crystal phase (I4/mcm, ICSD 

165905) are indicated in blue. (b) Weight percentage of R3c and I4/mcm phases in dependence of the amount of calcium inclusion. 
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f bismuth with calcium changes the ferroelectric R3c phase
f BiFeO3 to the nonferroelectric I4/mcm phase which allows
s the direct comparison of the interfaces of ferroelectric and
onferroelectric BiFeO3 with the electrodes. 

 Crystal Structure 

lemental substitution is often employed to tailor the optical,
lectrical or ferroic properties of oxide perovskites. In this
ork, BiFeO3 thin films are modified by partial substitution of
ismuth with calcium on the A-site to tailor the strength of the
erroelectric polarization from ferroelectric to non-ferroelectric.
o this end, we deposited the BiFeO3 thin films from a solute of
ismuth(III) nitrate pentahydrate (Bi(NO3 )3 ⋅5 H2 O) and iron(III)
itrate nonahydrate (Fe(NO3 )3 ⋅9 H2 O) precursors, followed by
re-pyrolysis and sintering. For substitution with calcium, we
dded calcium(II) nitrate hydrate (Ca(NO3 )2 ⋅H2 O) in suitable
mounts to the precursor mixture. Figure 1a shows the x-ray
iffraction (XRD) patterns of Bi1-x Cax FeO3- δ polycrystalline thin
ilms (thickness: 200 nm) grown on fluorine-doped tin oxide
FTO) coated glass substrates where x = 0, 0.05, 0.1, 0.2, 0.3
escribes the percentage of substitution with calcium. Pure
iFeO3 thin films ( x = 0) show a rhombohedrally distorted
erovskite structure R3c (ICSD 8823) with one characteristic peak
t 2 θ = 22.4◦ (012) as well as a double peak at 2 θ = 31.7◦ (104) and
2◦ (110), without any secondary crystalline phases present. For
ncreasing calcium substitution ( x > 0.1), the double peak merges
nto a single peak which shifts toward higher 2 θ angles. At x = 0.3,
his peak emerges at 2 θ = 32.4◦ (200), which is indicative of
he tetragonal BiFeO3 phase I4/mcm (ICSD 165905). Quantitative
hase analysis was performed by refining the scale factors of
he individual crystalline phases. The Rietveld refinement results
f all measurements are summarized in Table S1 (Supporting
nformation) and a representative refinement is shown in Figure
1 . Figure 1b quantifies the phase composition of Bi1-x Cax FeO3- δ
xtracted from the XRD patterns in dependence of the calcium
ontent x , showing a phase transition from R3c to I4/mcm for
ncreasing x, with the major phase change occurring at x = 0.2. We
ttribute the change to lattice contraction and hence a decrease
of 8
of the unit cell volume which may originate from the smaller
ionic radius of calcium (100 pm) compared to the ionic radius of
bismuth (117 pm). This agrees with an earlier study of Troyanchuk
et al. who also observed this phase transition at x = 0.2 [ 23 ].
We note that, in Bragg-Brentano reflection mode, the reflections
from the BiFeO3 thin films are overlaid by the signature of the
FTO/glass underneath which, for reference, is also shown in
Figure 1a . 
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The aliovalent substitution of Bi3 + with Ca2 + requires charge com-
pensation as denoted in Equation 1 and 2 (Kröger-Vink notation)
[ 24–26 ]. The substitution creates negative point charges which
can be compensated by expulsion of oxygen, leading to oxygen
vacancies [ 27 ]. According to equation 1 , one oxygen vacancy can
compensate two negative point charges and, thus, we expect an
increasing number of oxygen vacancies toward stronger calcium
substitution. This increase of oxygen vacancies can contribute
to the unit cell volume reduction described above [ 28 ]. Yet, the
negative point charges can also be compensated by the creation
of positive free charge carriers (equation 2 ). This would result in a
p-type semiconductor with enhanced hole conductivity. Indeed,
the electrical conductivity of Bi1-x Cax FeO3- δ thin films enhances
toward increasing calcium substitution x as depicted in Figure 2a .
For this measurement, we utilize the FTO-electrode underneath
the Bi1-x Cax FeO3- δ and completed the MFM devices by thermal
evaporation of silver (Ag) electrodes on top (Figure 2a , inset). In
agreement with the literature [ 29, 30 ], the conductivity increases
by four orders of magnitude, from σ= (2.44 ± 2.00) × 10− 11 S cm− 1 

of pure BiFeO3 to σ = (2.83 ± 0.98) × 10− 7 S cm− 1 at x = 0.3. 
Advanced Physics Research, 2026
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FIGURE 2 (a) Electrical conductivity σ of Bi1-x Cax FeO3- δ thin films in MFM devices as a function of x. The conductivity improves by four orders 
of magnitude toward larger x. Inset: device architecture. (b) Ferroelectric hysteresis loops (polarization vs. electrical field, P-E) of Bi1-x Cax FeO3- δ thin 
films (x = 0, 0.05, 0.1, 0.3), measured at room temperature with a triangle waveform of the electric field at a frequency of 1 Hz. 

3

P  

t  

x  

o  

f  

M  

B  

a  

E  

w  

i  

t  

T  

c  

c  

W  

c  

o  

p  

T  

s  

f  

o  

t  

c  

s  

l  

t  

d  

t  

t  

c  

b  

d  

t  

t  

f  

t  

s

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

 27511200, 2026, 9, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/apxr.70166 by K

arlsruher Institut Fur T
echnologie, W

iley O
nline L

ibrary on [15/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable
 Ferroelectric Properties 

ure BiFeO3 in its R3c phase is a known ferroelectric whereas
he calcium-substituted Bi1-x Cax FeO3- δ in its I4/mcm phase ( i.e.
 > 0.2) does not exhibit ferroelectricity due to an inversion center
f the centrosymmetric tetragonal structure. In order to study the
erroelectric properties of the Bi1-x Cax FeO3- δ series, we utilized the
FM devices described above. The ferroelectric polarization of
i1-x Cax FeO3- δ thin films was measured in a Sawyer-Tower circuit
t room temperature. The resulting polarization-electric field ( P-
 ) hysteresis loops are depicted in Figure 2b . In pure BiFeO3 ,
e observed open hysteresis loops and a saturation of the polar-
zation. The magnitude of the remnant polarization compares
o previous studies using similar fabrication techniques [ 31–33 ].
he open hysteresis loop and thus the ferroelectric nature of the
ompounds are very well in agreement with the predominant R3c
rystal phase, that was observed in the XRD analysis in Figure 1b .
e found the same remnant polarizations at substitutions with
alcium of x = 0.05 and x = 0.1, but the enhanced conductivity
f the sample (Figure 2a ) impeded saturation of the polarization,
otentially amplified by the uncompensated Sawyer-Tower setup.
o differentiate between the contributions from ferroelectric
witching, ion migration and leakage currents, we performed
requency-dependent P-E hysteresis measurements in the range
f 1 Hz – 1 kHz. Although we found some frequency dispersion in
he P-E loops, which we attribute to ion migration and leakage
urrents, the observed hysteresis is dominated by ferroelectric
witching (Figure S2 ). In contrast, at x = 0.3, no open hysteresis
oop is detected, consistent with its nonferroelectric I4/mcm crys-
al structure. We note that, at x = 0.2, the P-E loop measurements
id not yield any reproducible results, which indicates once again
hat x = 0.2 is very close to the ferroelectric-nonferroelectric
ransition. This result agrees with the mixed R3c and I4/mcm
rystal structure shown in Figure 1b . It also agrees with reports
y Troyanchuk et al. and Yang et al. who investigated the phase
iagram of calcium-substituted BiFeO3 and who concluded that
he piezoelectric effect disappears at substitutions of x > 0.2 due
o the formation of a centrosymmetric space group [ 23, 34 ]. Since
erroelectric materials are a subgroup of piezoelectric materials,
heir loss of piezoelectricity is in direct agreement with the
uppression of the ferroelectric properties in this work. 
dvanced Physics Research, 2026
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4 Photoresponse 

To investigate how the ferroelectric polarization in Bi1-x Cax FeO3- δ
influences the photoresponse of the corresponding MFM device,
we again sandwiched the Bi1-x Cax FeO3- δ layers between FTO and
Ag electrodes, both of which were deliberately chosen for their
allegedly similar work function ( ΦFTO = 4.4 eV [ 35 ], ΦAg = 4.33 eV
[ 36 ]). The relevant transport energies of the individual materials
(before contact) are illustrated in Figure S3 . We further chose
Bi1-x Cax FeO3- δ compositions representative of both phases: x = 0.1
for the ferroelectric R3c phase and x = 0.3 for the nonferroelectric
I4/mcm phase. Prior to the J–V sweeps, a DC poling voltage
of 2 V was applied to set the polarization state (up, down) of
the ferroelectric samples (for consistency, the nonferroelectric
samples were subjected to the same “poling” process). The
applied poling voltage was maintained until the polarization
response saturated. The J–V curves were recorded using voltage
sweep rates below 100 mV s− 1 to ensure quasi-static current
responses. 

4.1 MFM Devices in the Dark 

4.1.1 Nonferroelectric Devices 

Figure 3a shows the dark current response ( J–V curve) of the
nonferroelectric sample ( x = 0.3). In absence of ferroelectricity,
the current-voltage characteristics can be described using the
classical metal-semiconductor-metal (MSM) model, consisting
of two opposing Schottky junctions at the metal-semiconductor
interfaces. The corresponding simplified equivalent circuit is
depicted in the inset of Figure 3a . Figure 3b illustrates the
corresponding band diagram under bias voltage. The Schottky
barrier height at each interface is determined by the difference of
the work function of the metal electrode and the electrochemical
potential of the semiconductor. In contact, the semiconductor is
depleted close to the interface with the metal electrode, leaving
behind immobile ionized acceptors. These acceptors create a
built-in field that bends the bands and opposes further charge
carrier diffusion [ 37 ]. Both electrodes (FTO, Ag) form barriers
of almost identical heights and thus depletion regions of similar
3 of 8
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FIGURE 3 (a) J–V response of the nonferroelectric sample ( x = 0.3) in the dark. The inset shows the simplified equivalent circuit of two opposing 
Schottky junctions. (b) Schematic band diagram with two Schottky junctions at the opposing electrode interfaces under bias voltage. The application of 
a bias voltage affects the width of their depletion region as illustrated in panels I, II, and III, representing negative bias voltage, zero bias voltage, and 
positive bias voltage, respectively. (c) J–V response of the ferroelectric sample ( x = 0.1) in the dark. The inset shows the simplified equivalent circuit 
for the up and down polarization configuration, the sizes of the symbols represent the barrier heights. (d) Schematic band diagram with two Schottky 
junctions at the opposing electrode interfaces. In the up (down) polarization configuration, panels II (V) show the increased Schottky barrier height 
resulting from the accumulation of positive polarization charges under zero bias voltage. Panels I and III (IV and VI) illustrate how negative and positive 
bias voltages influence the width of the depletion region in the up (down) configuration. 
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idths, resulting in the almost symmetric band structure shown
n Figure 3b (regime II). Under an external bias voltage, each
epletion region adjusts to balance the applied field, expanding
nder reverse bias voltage or contracting under forward bias
oltages. Because the device contains two opposite Schottky
unctions, one of the two depletion regions expands while the
ther contracts, depending on the polarity of the applied voltage.
he application of a positive bias voltage forward-biases the
chottky junction at the Ag electrode, reducing its depletion
idth and enabling current injection through this interface.
t the same time, the opposite junction at the FTO electrode
ecomes reverse ‑biased, increasing its depletion width and thus
imiting the device current. The corresponding modification
f the band diagram is illustrated in Figure 3b (regime III).
onversely, the application of a negative bias voltage inverts the
oles of the two junctions, but effectively produces the same J–
 behavior. The respective band diagram under negative bias
oltage is depicted in Figure 3b (regime I). Yet, the small asym-
etry of the electrode work functions results in slightly different
agnitudes of the barrier height and thus the device current.
of 8
We noted a minor difference in the J–V curves depending on
the “poling” direction, up or down. In absence of ferroelectricity,
we attribute this difference to minor ion migration (oxygen
vacancies) and its influence on the electronic interface states at
the metal-semiconductor contact [ 38, 39 ]. 

4.1.2 Ferroelectric Devices 

In contrast, the ferroelectric sample ( x = 0.1) produces a polar-
ization dependent asymmetry in the J–V curves, Figure 3c
(in the dark). While the nonferroelectric MSM device can be
modeled using two opposing Schottky junctions, the ferroelectric
MFM device requires accounting of the effect of ferroelectric
polarization on the Schottky junctions: 

In the up-polarization configuration, positive bound polariza-
tion charges accumulate at the interface to the Ag electrode,
adding to the negative space charges within the depletion region.
This results in a larger (dominant) Schottky barrier height and
Advanced Physics Research, 2026
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ider depletion region. At the opposing Schottky junction, at
he FTO interface, the barrier height and the width of the
epletion region is reduced due to the accumulation of negative
olarization charges [ 17 ]. This leads to the equivalent circuit for
he up-polarization configuration depicted in red in the inset of
igure 3c . The corresponding modification of the band structure
s illustrated in Figure 3d (regime II). This up-polarization
nduced asymmetry results in an increased Schottky barrier
eight at the Ag electrode, which in turn results in an increased
orward voltage under positive bias voltage, Figure 3d (regime
II). Under negative bias voltages, Figure 3d (regime I), the
nhanced Schottky junction at the Ag interface is reverse-biased
nd blocks the device current. 

n the down-polarization configuration, the enhanced Schottky
unction is located at the FTO interface and the reduced Schottky
unction at the Ag interface, effectively inverting the device and
he J–V curve. The corresponding band diagrams are shown in
igure 3b (IV, V, VI) . Because of the principal minor difference
n work function of the electrodes, we observed differences in
orward voltages and absolute current densities. 

e note that the lower conductivity of the ferroelectric sample
eads to a much lower overall current density at a given bias
ompared to the non-ferroelectric sample. 

.2 MFM Devices Under Illumination 

he implementation of MFM architectures into solar cells in
he past has prompted us to investigate the interplay of the
pposing Schottky barriers under illumination. For this purpose,
e characterized the devices by recording J–V curves under
llumination ( λ = 400 nm) through the glass substrate and the
ransparent FTO electrode. We note that calcium substitution has
nly a minor influence on the absorption of the Bi1-x Cax FeO3- δ
hin films and hence their band gap (Figure S4 ). 

.2.1 Nonferroelectric Devices 

he J–V curves of the nonferroelectric samples in Figure 4a are
oint symmetric and effectively show no photocurrent, indepen-
ent of the direction of previously applied voltage (“poling”). The
ost notable effect was a minor change in the slope of the J–V
urves compared to the dark J–V curves which we attribute to
ome photoconductivity of BiFeO3 as reported earlier [ 40 ]. The
ymmetry of the J–V curves of the nonferroelectric device hints
t a lack in directionality and separation of the photo-generated
harge carriers which agrees well with the previously discussed
ymmetric band diagram in Figure 3b (regime II). 

.2.2 Ferroelectric Devices 

n stark contrast, the ferroelectric device exhibits a pronounced
olarization-dependent photocurrent response. 

n the up-polarization configuration, Figure 4b , the ferroelectric
evice shows a typical solar cell photocurrent response: the J–V
urve resembles the shape of a photodiode with a photovoltage of
dvanced Physics Research, 2026
V = + 594 mV at J = 0 mA cm− 2 which is a remarkable potential
difference when two electrodes with similar work functions are
used and clearly shows the effect of the ferroelectric polarization
on the photoresponse. The photocurrent was J = -974 µA cm− 2 at
V = 0 V. 

In the down polarization configuration, Figure 4c , we found an
inverted photocurrent response, with a negative photovoltage of
V = -210 mV at J = 0 mA cm− 2 and a positive photocurrent of
J = + 6.3 µA cm− 2 at V = 0 V. 

In Schottky junctions, the built-in electric field within the
depletion region drives electrons and holes in opposite directions,
enabling separation and collection of the photogenerated charge
carriers. If the sample exhibits a net ferroelectric polarization, the
interface between the metal and the ferroelectric is modified, and
so is the Schottky barrier height and its adjacent depletion region.
Under illumination, the built-in field drives the photocurrent
against the polarization direction. For zero applied bias voltage
( V = 0 V) the resulting asymmetry in Schottky barrier heights
and depletion widths directly determines the magnitude and
direction of the photocurrent. As in the dark case, the overall
current under illumination remains limited by the reverse-biased
junction. The absolute difference in photocurrent between the
up- and down-polarization configuration may also arise from
the distinct properties of the two electrodes. Ag is an ideal
metal with an effectively infinite density of screening charges,
producing a depletion zone that extends far into the ferroelec-
tric layer. In contrast, FTO possesses a lower concentration of
free ‑electrons, approximately seven orders of magnitude lower,
causing a portion of the depletion region to extend into the
electrode [ 41 ]. This reduces the width of the depletion region
within the ferroelectric layer, which in turn results in a smaller
photocurrent response when the FTO side acts as the dominant
junction. 

We note that ion migration may produce similar J–V hysteresis
and thus can be misinterpreted as a ferroelectric response. Yet, a
J–V hysteresis is only produced by the ferroelectric device with
lower calcium substitution and hence an allegedly lower density
of oxygen vacancies, i.e. ions (Figure 4a,b ). Thus, we conclude
that ion migration plays only a minor role for the effects observed
in the MFM device here. 

5 Conclusion 

In this study, we explored the effect of ferroelectricity on the
photoresponse of MFM devices. The devices are governed by two
opposite Schottky junctions at the interfaces to the electrodes.
With two electrodes of similar work function, the electronic
structure and the electronic response of nonferroelectric devices
in the dark and under illumination are symmetric. Directionality
can be introduced by ferroelectric polarization which enhances
or reduces both the barrier height and the width of the depletion
region. These findings provide criteria for future MFM device
optimization: to enhance the performance of solar cells compris-
ing semiconducting ferroelectrics for light harvesting, such as
Bi1-x Cax FeO3- δ, tailoring both the barrier height and the width of
the depletion region by ferroelectric polarization will be essential.
Ideally, the reverse Schottky junction will be eliminated to not
5 of 8
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FIGURE 4 (a) The J–V curve of the nonferroelectric sample (x = 0.3) under illumination ( λ = 400 nm) exhibits no photocurrent and no 
directionality regardless of the previously applied “poling” voltage. The simplified equivalent circuit is displayed in the inset. (b) In contrast, the 
ferroelectric sample (x = 0.1) exhibits directionality induced by the ferroelectric polarization. Its photovoltaic response depends on the polarization 
direction. (c) Magnified J–V response of the ferroelectric sample in the down-polarization configuration. 
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 Experimental Section/Methods 

.1 Sol Preparation 

he precursors bismuth(III) nitrate pentahydrate
Bi(NO3 )3 ⋅5 H2 O, 98%, Sigma-Aldrich) and iron(III) nitrate
onahydrate (Fe(NO3 )3 ⋅9 H2 O, 98%, Merck) were used to
ynthesize BiFeO3 . For calcium substituted BiFeO3, calcium(II)
itrate hydrate (Ca(NO3 )2 ⋅H2 O, 99.995%, Thermo Fisher
cientific) was used to partially replace bismuth according to
he nominal Bi1-x Cax FeO3- δ composition. A saturated Fe(NO3 )3
olution (1.5 g mL− 1 ) was prepared in deionized water and stirred
50◦C, 2 min). Bi(NO3 )3 was dissolved in citric acid (C6 H8 O7 ,
erck, 1 M, 1.4 g mL− 1 ) and stirred (50◦C, 2 min). The iron nitrate
olution was then added to the bismuth nitrate solution and
of 8
stirred until fully mixed (at least 5 min). The resulting sol was
aged overnight before further processing. 

6.2 Fabrication of Bi1-x Cax FeO3- δ Thin-Films and 

Devices 

Fluorine doped tin oxide (FTO) coated glass substrates (TCO-
13-15, Solaronix) were laser-patterned and cleaned sequentially
in ultrasonic baths of acetone and isopropanol (10 min each),
followed by drying in a flow of nitrogen. To improve sol wetting,
the FTO surface was treated with oxygen plasma (200 W, 0.6 mbar,
2.5 min, Atto system Diener Electronics). The Bi1-x Cax FeO3- δ sol
was spin-coated (3000 rpm, 60 s, 60 µL), dried, and subjected to
pre-pyrolysis on a hotplate (320◦C, 3 K ⋅min− 1 , 30 min hold time
every 30◦C), followed by sintering in a muffle furnace (500◦C, 3 K
min− 1 , 270 min hold time). The Bi1-x Cax FeO3- δ layer was applied
in two coating cycles, yielding 200 nm ± 20 nm thick films. The
film thickness was determined using a stylus profiler (Bruker,
Advanced Physics Research, 2026
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ektakXT) Finally, silver electrodes were thermally evaporated
10− 6 mbar base pressure, 10 nm at 1 Å s− 1 , 90 nm at 2–2.5 Å s− 1 )
o complete the device. The overlap of both electrodes yielded a
hotoactive area of 0.105 cm2 . 

.3 Characterization 

-ray diffraction experiments were conducted at room tem-
erature in Bragg-Brentano geometry using Cu K α radiation
Diffraction angles 2 θ = 5◦ to 95◦, step size = 0.01◦, Bruker
8 Advance diffractometer). The crystallographic database
ntries for BiFeO3 were retrieved from the inorganic crystal
tructure database (ICSD) ( https://icsd.products.fiz-karlsruhe.
e/ , FIZ Karlsruhe—Leibnitz Institute for Information Infras-
ructure) with the ICSD collection code 8823 (R3c—BiFeO3 )
nd 165905 (I4/mcm—(Bi1-x Cax FeO3- δ). Phase quantity analysis
as performed by Rietveld refinement of scaling factors using
rofex/BGMN software (Version 5.2.9) [ 42 ]. 

 Sawyer-Tower circuit was employed to measure polarization-
lectric f ield ( P-E ) hysteresis loops at room temperature. The
etup consisted of a function generator, a reference capacitor,
nd an oscilloscope. A triangular voltage signal (1 Hz, 6 Vpp )
as applied across the sample using a function generator.
he sample was connected in series with a known reference
apacitance (0.1 µF), forming a voltage divider. The voltage
cross the reference capacitor, which is proportional to the
harge displacement in the sample, was monitored using one
hannel of the oscilloscope. Simultaneously, the voltage across
he sample was measured using a second channel. The two
hannels of the oscilloscope produced the XY coordinates of
he resulting P-E plot, where the horizontal axis represents the
oltage across the sample (proportional to the electric field),
nd the vertical axis represents the voltage across the reference
apacitor (proportional to polarization). 

–V curves were recorded in dark and under UV-irradiation
 λ = 400 nm, 100 mW cm− 2 , DELOLUX 20 / 400 Lamp,
ELO-UNIPRO Light) with a source meter unit (Keithley 2400).
urther information on the spectral output of the UV lamp and
he intensity calibration are provided in Figure S5 . Electrical
onductivities σwere obtained from the slope of the ohmic regime
f the J–V curves, using the linear fit. 
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