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The bulk photovoltaic (BPVE) effect in crystals lacking inversion symmetry offers great potential
for optoelectronic applications due to its unique properties, such as above-band-gap photovoltage and
switchable photocurrent. Because of their large spontaneous polarizations, ferroelectric materials are ideal
platforms for studying the BPVE. However, identifying the origin of an experimentally observed photo-
voltaic response is often challenging due to the entanglement between bulk and interface effects, leading
to much debate in the field. This issue is particularly pronounced in vertical heterostructures, where the
two effects are comparable. Here, we report crossover between bulk- and interface-dominant responses
in vertical BiFeO3 heterostructures when changing the photon energy. We show that well-above-band-
gap excitation leads to a bulk photovoltaic response, but band-edge excitation requires interface band
bending to separate the photocarriers. Our findings not only help to clarify contradicting reports in the
literature, but also lay the foundation for a deeper understanding of the ferroelectric photovoltaic effect
and its applications in various devices.
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I. INTRODUCTION

The bulk photovoltaic effect (BPVE), which occurs
in noncentrosymmetric crystals, such as ferroelectrics,
is one of the most striking manifestations of nonlinear
optical phenomena [1]. Under uniform illumination, a
photocurrent (or photovoltage) is induced in otherwise
spatially homogeneous crystals by taking advantage of
the crystal asymmetry to separate photoexcited electron-
hole (e-h) pairs [Fig. 1(a)] [2–4]. The photocurrent is
generated throughout the active layer and an above-band-
gap photovoltage can be achieved, unlike in conventional
junction-based photovoltaics [5–7]. Thus, solar cells based
on the BPVE are promising alternatives to overcome
the Shockley-Queisser (SQ) efficiency limit [8]. How-
ever, it is generally accepted that Schottky barriers at
the ferroelectric-metal interfaces can also lead to charge
separation [Figs. 1(b) and 1(c)] [9–11]. In both cases, pho-
tovoltaic responses in ferroelectric based cells are bidirec-
tional, following polarization reversal [Fig. 1(d)] [12–15].
Furthermore, it is argued that ferroelectric domain walls
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(DWs) may act as photoelectromotive sources to separate
(e-h) pairs [5,16,17] or introduce an additional conduction
path [18,19].

One fingerprint of the BPVE is the angular dependence
of photovoltaic response on light polarization [4,20]. This
property, in turn, is exploited to distinguish the BPVE from
the conventional one. To date, most of the studies are
carried out on ferroelectrics in either single-crystal form
[2,21,22] or thin films with coplanar electrodes [17,23–
25]. In these geometries, the active-layer size is very large,
diminishing the impact of the interface Schottky barrier
on the total photovoltaic output. However, vertical het-
erostructures are much more relevant to applications. In
this case, the interface depletion region would be compara-
ble in dimensions to the ferroelectric layer thickness. There
is a large volume of studies concluding that photovoltaic
response in vertical heterostructures is dominated by inter-
face band bending [12,14,26–28], and tuning the interface
properties controls the overall photovoltaic response in
some cases [29,30]. However, there also exists a number
of reports on the BPVE in vertical heterostructures com-
prising BiFeO3 [31], BaTiO3 [32,33], and BiVO4 [34],
where contributions from interfaces or the tensorial nature
of the BPVE are not thoroughly examined. Therefore, clar-
ifying the dominating photovoltaic mechanism in vertical
ferroelectric heterostructures is of crucial importance for
both fundamental studies and practical applications.
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FIG. 1. Photovoltaic effects in ferroelectric materials and characteristics of the BiFeO3 films used in this study. (a) Photogenerated
electron-hole pairs in noncentrosymmetric crystals are separated in the homogeneous bulk, yielding the bulk photovoltaic effect.
However, bringing metallic electrodes (gray and black layers) in contact with the ferroelectric material creates Schottky barriers.
Switching the ferroelectric polarization, �P, from (b) up state to (c) down state modulates the Schottky barrier heights at the top
and bottom interfaces. Electronic band structure is depicted on the left-hand side of the device (dashed line represents Fermi level).
Photoexcited charge carriers are separated at the interface. (d) Reversal of ferroelectric polarization flips the photocurrent between
negative and positive directions. (e) Piezoresponse-force-microscopy phase image overlaid on the topography of BiFeO3 film with
as-grown and switched areas. (f) Polarization-voltage and switching-current curves of the Pt/BiFeO3/La0.7Sr0.3MnO3 capacitor. (g)
Measured absorption coefficient of BiFeO3, revealing the weak dipole-forbidden charge-transfer (CT) transition with onset at 2.2 eV
and the strong dipole-allowed CT transition above the nominal band gap of 2.7 eV. Purple and green arrows point to the laser energies
used in this study.

Bismuth ferrite (BiFeO3) offers an ideal platform to
investigate the ferroelectric photovoltaic effect. It crys-
tallizes in the rhombohedral space group R3c [pseudocu-
bic (PC) lattice parameters aPC= 3.965 Å, αPC= 89.4°]
and possesses spontaneous polarization along the [111]PC
direction (remnant polarization, Pr, ∼ 100 μC cm−2) [35].
In this study, we aim to clarify the dominating mechanism
of the photovoltaic response in vertical BiFeO3 capaci-
tors by exploiting linearly polarized light. It is shown that
BiFeO3 exhibits uniaxial optical anisotropy, which coin-
cides with the polar axis, i.e., [111]PC. In other words, lin-
early polarized light would undergo anisotropic absorption
in BiFeO3 [36–38], which will be taken into consideration.
Furthermore, single-domain BiFeO3 thin films are used to
exclude the impact of domain walls.

II. EXPERIMENTS

A. Heterostructure preparation

Our device consists of a 500-nm (001)PC-oriented
BiFeO3 film sandwiched between La0.7Sr0.3MnO3 (10 nm,

bottom electrode) and Pt (10 nm, top electrode). BiFeO3
and La0.7Sr0.3MnO3 are epitaxially grown using the pulsed
laser deposition technique. To obtain a single-domain
state, the films are deposited on (001)-oriented SrTiO3
substrates with a 4° miscut towards the 〈110〉PC direction
[39]. For the absorption measurements, two-side-polished
SrTiO3 substrates are used. Stoichiometric targets are
ablated by a KrF excimer laser (248 nm). The growth
parameters are summarized in Table I. Following depo-
sition, arrays of 40 × 40-μm2 Pt electrodes are sputtered
on top of BiFeO3 films through a shadow mask at room
temperature.

B. Device characterization

A ferroelectric tester (Precision Multiferroic, Radiant
Technologies) is used to measure the ferroelectric hys-
teresis loop at 1 kHz. Local polarization mapping and
switching are performed using a piezoelectric force micro-
scope (Asylum Research MFP-3D) with Pt/Ir-coated tips.
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TABLE I. Growth conditions for BiFeO3 and La0.7Sr0.3MnO3.

Thin film Substrate temperature (°C) Oxygen pressure (mTorr) Repetition rate (Hz) Fluence (J cm−2) Thickness (nm)

BiFeO3 650 50 10 1.2 500
La0.7Sr0.3MnO3 800 200 3 2 10

The I -V data are collected by using a pA-meter–direct-
current (dc) voltage source (Hewlett Package 4140B) on
a low-noise probe station. To illuminate the cell, lasers
with wavelengths of 405 nm (approximately 0.65 W cm−2)
and 520 nm (approximately 0.19 W cm−2) are used. White
light is provided by a halogen lamp with an intensity of
about 0.05 W cm−2. A Glan-Thomson calcite polarizer is
placed between the objective lens and the light source to
obtain linearly polarized light.

C. Linear dichroism in BiFeO3

The optical absorption of BiFeO3 films is determined
using a Perkin Elmer Lambda 950 ultraviolet-to-visible
(UV-vis) spectrophotometer. BiFeO3 films (170 nm) are
directly grown on two-side-polished SrTiO3 substrates to
ensure transparency. All curves are collected for wave-
lengths between 400 and 600 nm at room temperature.
It should be noted that accurate data for wavelengths
shorter than 400 nm cannot be obtained due to substrate
absorption. Data are deduced from absorbance spectra
after removing contributions from the SrTiO3 substrate. To
study the absorption of BiFeO3 films for linearly polarized
light, the spectrometer is equipped with a Glan-Thomson
calcite polarizer (resembling the one used to measure
the photovoltaic performance). Moreover, the sample is
mounted on a rotatable stand to enable rotation between
−90° and +90° while ensuring a constant light intensity.

III. RESULTS

A. Characterizing ferroelectric and optical properties

Prior to the photovoltaic measurements, we first assess
the basic ferroelectric and optical properties of the BiFeO3
active layer. BiFeO3 exhibits a single-ferroelectric-domain
structure, which is confirmed by piezoelectric force
microscopy, as shown in Fig. 1(e). The BiFeO3 is single
phase with a c-axis lattice constant of 3.978 Å. Figure
1(f) presents the ferroelectric hysteresis loop and transient-
current curve. The rectangular shape of the loop reflects the
intrinsic and monodomain ferroelectricity of the BiFeO3
film with a remnant polarization of Pr = 65 μC cm−2 along
the [001]PC direction. The optical absorption spectrum of
the BiFeO3 film [Fig. 1(g)] shows a direct gap at about
2.7 eV (approximately 460 nm), as plotted in Fig. S1
within the Supplemental Material [40], which is attributed
to the t2u(π) → t2g(π

∗) dipole-allowed O 2p to Fe 3d CT
transition [36,41–43]. It also displays a weak yet distinct

absorption peak with the onset at about 2.2 eV (approxi-
mately 560 nm), which is usually assigned to the t1g(π) →
t2g(π

∗) dipole-forbidden CT transition. This low-lying
electronic structure is widely reported in BiFeO3 samples
in various forms and by different synthesis methods, and
it appears to be a common feature of CT ferrite insulators
with low-symmetry FeO6 octahedra distortions, signifying
the intrinsic nature of this transition [43]. Furthermore, due
to the strong electron-phonon coupling, the sub-band-gap
transition results in local lattice deformation, and thus, the
formation of self-trapped excitonic states [44,45], which
also underlies the previously reported ultrafast photostric-
tion [46,47] and broadband photoluminescence emission
[48] of BiFeO3.

B. Light-polarization-angle-dependent photocurrents

Photovoltaic measurements are performed on Pt/
BiFeO3/La0.7Sr0.3MnO3 devices using linearly polarized
light. Here, 405-nm (approximately 3.1-eV) and 520-nm
(approximately 2.4-eV) lasers with maximum intensities
of 0.65 and 0.19 W cm−2, respectively, and a halogen
lamp (maximum intensity of 0.05 W cm−2) are used as
the light sources. The sample is first poled into up- or
down-state polarization. The sample is illuminated through
the top electrode (the thin Pt electrode allows 37%, 32%,
and 23% of the 405 nm, 520 nm, and white light, respec-
tively, to pass through). As plotted in Fig. 2(a), light
polarization makes an angle θ relative to the in-plane
ferroelectric polarization (PIP) of BiFeO3, i.e., [110]PC.
Hence, θ = 0° indicates light polarization that is parallel
to the in-plane ferroelectric polarization. The out-of-plane
photovoltaic behavior is measured for different azimuthal
angles of light polarization (from −90° to +90°). The
short-circuit (SC) currents in both polarization-up and -
down states are shown in Figs. 2(b) and 2(c) (more data
and further discussion can be found in the Supplemental
Material [40]).

Interestingly, modulation of the photocurrents with
respect to θ is observed for both 405-nm (in purple) and
520-nm (in green) light, but in completely opposite man-
ners. Under 405-nm illumination, the photocurrent exhibits
sinusoidal behavior with its maximum at θ = 0° and min-
imum at θ = ±90°, which even flips its direction to the
up state. In contrast, when illuminating the device with
a 520-nm laser, the photocurrent direction remains neg-
ative for the up state and positive for the down state
across all angles, and contrarily, the sinusoidal photocur-
rent is maximized at θ =±90°. Unlike 405-nm excitation,
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(a) (b) (c)

(d) (e)

FIG. 2. Light-polarization-dependent photovoltaic response of vertical Pt/BiFeO3/La0.7Sr0.3MnO3 capacitors. (a) Schematic dia-
gram of the experimental setup (upper panel). Light-polarization angle θ is defined with respect to the in-plane ferroelectric polarization
of the sample (i.e., [110]PC). In our device, applying voltage above coercivity switches the polarization by 180°, which means that θ

remains the same with respect to the in-plane ferroelectric component (bottom panel). Modulation of photocurrents in polarization-up
and -down states collected under (b) 405-nm (approximately 3.1-eV) and (c) 520-nm (approximately 2.4-eV) excitations. Calculated
IBPVE under (d) 405-nm (approximately 3.1-eV) and (e) 520-nm (approximately 2.4-eV) excitations using Eq. (1).

the 520-nm case shows an almost symmetrical photocur-
rent response for opposite polarization states. The results
suggest that (i) there is a strong correlation between the
photovoltaic response and angle θ , and (ii) different pho-
tovoltaic mechanisms may be at work for different photon
energies.

It is established that BPVE is described by a tensor of
third order [4]. In particular, when illuminating (001)PC-
oriented BiFeO3 crystal, the bulk photocurrent is given by
(details in Sec. II)

J hυ
[001](θ) = Iopt

3
√

3

[
A + B sin

(
2θ + π

2

)]
, (1)

where J hυ
bulk is the photocurrent density along the [001]PC

direction under hυ illumination, Iopt is the light intensity, A
and B are functions of photovoltaic tensor β ij of BiFeO3,
and θ is the angle between light polarization and PIP of
BiFeO3. We then calculate I 405 nm

[001] and I 520 nm
[001] , in which β ij

values are extracted from experimental work on BiFeO3
thin films with coplanar configurations, i.e., from measured
bulk photocurrents, as listed in Table II in the Appendix
(taken from Ref. [25]). Apparently, the calculated bulk
photocurrent under 405-nm light [Fig. 2(d)] reveals a
trend (sinusoidal shape) and magnitude coinciding with the

experimental result shown in Fig. 2(b), although a large
vertical shift is evident for the polarization-down state. In
contrast, the photocurrent under a 520-nm laser reveals a
trend totally opposite to that described by Eq. (1), and the
I SC value is orders of magnitude larger than that calcu-
lated for the BPVE. However, it can nonetheless be fitted
by a sinusoidal function. Furthermore, linearly polarized
white light (generated by a halogen lamp) yields similar
behavior to that of 520-nm laser (Supplemental Material
[40]).

The apparent opposite behavior suggests that the gov-
erning photovoltaic mechanisms for 405- and 520-nm
light are likely to be different. While 405-nm light likely

TABLE II. Bulk photovoltaic tensor elements of BiFeO3 at
405 nm (3.1 eV) and 520 nm (2.4 eV). Taken from Ref. [25].

Light
source
(nm)

β15
(V−1)

β22
(V−1)

β31
(V−1)

β33
(V−1)

405 8.1 × 10−5 −1.1 × 10−5 6.4 × 10−5 −1.1 × 10−4

(3.1 eV)
520 3.0 × 10−6 −4.4 × 10−7 1.6 × 10−6 −4.4 × 10−6

(2.4 eV)
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(a) (b) (c)

(e)(d) (f)

FIG. 3. Angle-dependent polarized-light absorption spectra of BiFeO3 on SrTiO3. (a) Schematic of the measurement setup.
(b) Polarized-light absorption spectra collected from 0° to +90°. (c) Photon-energy-dependent absorbance variation, [A(90◦) −
A(0◦)/A(90◦)]%, between two orthogonal light polarizations. Extracted angle-dependent absorption at (d) 405 nm and (e) 520 nm,
and (f) total integrated area under the absorption curves representing linear dichroism for white light.

generates the BPVE, what is causing the sinusoidal pho-
tocurrent under 520-nm illumination? One possibility is
the anisotropic light absorption of BiFeO3 [49]. We thus
measure the light-polarization-dependent absorption of
monodomain BiFeO3 films using a UV-vis spectropho-
tometer to evaluate the absorption anisotropy quantita-
tively.

C. Optical linear dichroism of BiFeO3 films

Figure 3 displays the light-polarization-dependent
absorption of a BiFeO3 film for 0° < θ < 90°. As
shown in Fig. 3(c), the percentage of variation between
the minimum and maximum absorptions, given by
[A(90◦) − A(0◦)/A(90◦)]%, exhibits a positive value over
the whole energy range. This indicates that the absorp-
tion reaches a maximum when the light and ferroelectric
polarizations are orthogonal, and a minimum when they
are parallel. To correlate the anisotropic absorption with
the photovoltaic response, the angle-dependent absorp-
tions at 405 nm and 520 nm are extracted [Figs. 3(d) and
3(e)], which reveal angular modulation of around 33% and
36%, respectively. Furthermore, the angle-dependent inte-
grated area under the absorption curves is also plotted in
Fig. 3(f), representing white-light-absorption anisotropy in
BiFeO3 (percentage of modulation approximately 29%).

The light-polarization dependence can be fitted by

absorption = a + bsin
(

2θ − π

2
+ ϕ

)
, (2)

where a and b are positive constants and ϕ accounts for
experimental error in the rotation angle.

It is shown that, when light polarization is set along
the [110]PC direction of (001)PC-oriented BiFeO3, the opti-
cal absorption is at its minimum. The optical excitation
increases as the rotation angle increases, and the strongest
absorption occurs at light polarization perpendicular to the
[110]PC direction. The absorption anisotropy is consistent
with the band structure of BiFeO3 (R3c) [50,51] and is
attributed to the highly distorted FeO6 octahedra.

Coming back to the photovoltaic response, it is now
necessary to take the anisotropic absorption into consid-
eration. To handle this, the modulated photocurrent is
normalized (divided) by the anisotropic absorption. In
Fig. 4(f), the photocurrents under a 520-nm laser become
almost constant with respect to the light-polarization angle
once normalized by the light absorption anisotropy. Simi-
lar behavior is also found for white-light illumination (see
Fig. S3 within the Supplemental Material [40]). It suggests
that, in these two cases, the photocurrents originate mainly
from the interface effect, instead of the BPVE. As for 405-
nm excitation, experimental data are only well fitted if an
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(a) (b) (c)

(e)(d) (f)

FIG. 4. Crossover between bulk and interface photovoltaic mechanisms. (a) 405-nm laser preferentially generates bulk photovoltaic
effects in polarization-up state with negligible current contribution from the interface effect. (b) In the down state, the interface con-
tribution becomes considerable since the top interface is activated and directly exposed to illuminating light. (c) Angle-dependent
measured I SC (triangular dots) under 405-nm light fitted by considering combined bulk and interface effects (solid lines). Illumination
by 520-nm laser in (d) polarization-up and (e) polarization-down states generate self-trapped excitons in the bulk of BiFeO3; those
around the interface are separated by an interfacial built-in field and produce the photocurrent. (f) Angle-dependent I SC (triangular
dots) under 520-nm light is almost constant after being normalized by anisotropic absorption.

absorption-modulated interfacial term, Iinterface, is added to
the BPVE current calculated based on Eq. (1). Hence, the
total photocurrent under 405 nm light is given by

I 405nm
total (θ) = ±Iinterface ± 0.15Iinterface sin

(
2θ − π

2

)

± 10−10
[
0.93 + 2.66 sin

(
2θ + π

2

)]
, (3)

where the second term accounts for modulation due to
absorption anisotropy, and the negative and positive signs
corresponds to polarization-up and -down states, respec-
tively.

The fitted results are shown in Fig. 4(c), where we obtain
IInterface values of −50 pA and +0.44 nA for up and down
states, respectively. This means the contribution from the
interface effect is negligible in the polarization-up state, but
becomes considerable in the down state, as indicated by the
larger vertical shift of the photocurrent curve to the posi-
tive direction. The different interface contribution can be
understood by the small absorption depth (approximately
35 nm) at this wavelength (see Fig. S4 within the Sup-
plemental Material [40]). In the polarization-down state,
the top interface (Pt/BiFeO3) is activated and directly
exposed to light, which allows a strong interface effect

[Fig. 4(b)]. In the polarization-up state, the bottom inter-
face (BiFeO3/La0.7Sr0.3MnO3) is activated, but with lit-
tle light traveling through the whole film thickness [52],
greatly reducing its contribution to the total photocurrent
[Fig. 4(a)].

IV. DISCUSSION

The model we propose is consistent with our current
understanding on the microscopic origins of the BPVE in
noncentrosymmetric materials, namely, ballistic and shift
currents. The ballistic photovoltaic current originates from
the asymmetric distribution of hot photocarrier momenta in
the reciprocal space [53]. By definition, high-energy exci-
tation (405-nm excitation in our case) is needed to provide
excess kinetic energy to the photocarriers. The shift cur-
rent is associated with the shift of electron wave functions
in asymmetric media under persistent illumination [54].
First-principles calculations show that transitions involv-
ing localized d orbitals exhibit small shift currents [55].
Since the bottom edge of the BiFeO3 conduction band is
dominated by the Fe 3d states [56,57], band-edge exci-
tation generates self-trapped excitonic states, which are
unfavorable for the shift current. Hence, in both mech-
anisms, 520-nm excitation is unfavorable for producing
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a large BPVE current. Nevertheless, the polarization-
modulated band-bending field at the interface is efficient in
dissociating the self-trapped excitons and results in a siz-
able photocurrent, which also shows angular modulation
due to absorption anisotropy.

V. CONCLUSION

The dominating photovoltaic mechanism in mon-
odomain BiFeO3-based vertical heterostructures depends
on the nature of optical excitation. Under high-energy
excitation, the (e-h) pair separation is dominated by the
crystal asymmetry of BiFeO3, i.e., the BPVE, in which the
interface band-bending-driven photovoltaic effect is still
present (which interface matters more depends on the fer-
roelectric polarization direction, as shown in Fig. 4). On
the other hand, the optical structure of BiFeO3 is also
characterized by self-trapped p-d charge-transfer exci-
tons near the absorption edge. These strongly coupled
excitons require a strong external field, i.e., band bend-
ing at the BiFeO3-metal interface in our devices, to
dissociate. Therefore, band-edge excitation leads to an
interface-driven photovoltaic response. In this case, the
light-polarization-dependent absorption also modulates the
photocurrents. Both bulk and interface-driven photovoltaic
effects give rise to a sinusoidal dependence on the angle
between light polarization and ferroelectric polarization of
the sample, but with 90° phase difference, which allows
us to distinguish the two effects. These findings help to
disentangle the bulk and interface effects and significantly
advance our understanding of ferroelectric photovoltaic
effects in practical devices.
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APPENDIX: CALCULATION OF THE
PHOTOCURRENT INDUCED BY THE BULK

PHOTOVOLTAIC EFFECT

When linearly polarized light is incident on a noncen-
trosymmetric crystal, the BPVE-generated photocurrent is

given by

Ji = Ioptβijkej ek, (A1)

where Iopt is the light intensity (see the Supplemental
Material [40] for details), βijk is a third-rank bulk photo-
voltaic tensor, and ej and ek are projections of the light-
polarization vector. In this work, light propagates along z
axis to the surface of a monodomain (001)PC-BiFeO3 thin
film (space group of R3c), giving rise to a photocurrent:

Ji = Io

⎛
⎝

0 0 0
−β22 β22 0
β31 β31 β33

0 β15 −β22
β15 0 0
0 0 0

⎞
⎠

×

⎛
⎜⎜⎜⎜⎜⎝

e2
1

e2
2

0
0
0

2e1e2

⎞
⎟⎟⎟⎟⎟⎠

. (A2)

To be consistent with experimental measurements, the in-
plane ferroelectric polarization is taken as a reference.
Therefore, the out-of-plane photocurrent can be written as

J hυ
[001](θ) = Iopt

3
√

3

[
−2β15 −

√
2β22 + 2β31 + β33

]

+ Iopt

3
√

3

[
−2β15 + 2

√
2β22 − β31 + β33

]

sin
(

2θ + π

2

)
, (A3)

Similarly, BPVE-induced photocurrents along the [110]PC
and [1̄10]PC directions can be written as

J hυ
[110](θ) = Iopt

3
√

3

[√
2β15 + β22 + 2

√
2β31 +

√
2β33

]

+ Iopt

3
√

3

[√
2β15 − 2β22 −

√
2β31 +

√
2β33

]

sin
(

2θ + π

2

)
, (A4)

J hυ

[1̄10](θ) = Iopt

[
2√
6
β15 + 1√

3
β22

]
sin(2θ), (A5)

where θ is the angle between light polarization and
in-plane ferroelectric polarization, i.e., [110]PC. J hυ

[001](θ)

shows a sin[2θ + (π/2)] dependence. Moreover, βijk val-
ues are wavelength dependent (Table II).

Experimentally, photocurrents in the (001)PC-BiFeO3
material can be measured along the in-plane polariza-
tion direction ([110]PC) and its perpendicular direction
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([1̄10]PC) by employing a planar configuration. Matsuo
et al. performed such measurements and obtained the
β15, β22, β31, and β33 values for 405- and 520-nm lasers
[25].

In the vertical configuration and by incorporating the
experimental values of β15, β22, β31, and β33 (derived
from a planar-configuration experiment) into Eq. (A3), the
out-of-plane BPVE photocurrents under 405-nm (3.1-eV)
and 520-nm (2.4-eV) light are as follows:

I 405 nm
[001] (θ) = −Iopt10−10

[
3.952 + 11.296 sin

(
2θ + π

2

)]
,

(A6)

I 520 nm
[001] (θ) = −Iopt10−11

[
2.025 + 4.06 sin

(
2θ + π

2

)]
.

(A7)

In polarization-up state, I SC is negative at θ = 0◦ and
flips polarity when light polarization is perpendicular to the
in-plane ferroelectric polarization. Both 405- and 520-nm-
light-induced BPVE photocurrents follow the same trend,
but I 405 nm

[001] is 1 order of magnitude larger than that of I 520 nm
[001]

for the same light intensity. Furthermore, switching the fer-
roelectric polarization to the down state changes the sign of
β ij and the polarity of the photocurrent.
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