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We report that the photovoltaic (PV) effect in nanoscale monocrystalline lithium niobate (LN) films
originates from the Schottky barrier formed at the electrode-LN interface, different from the bulk PV
effect reported previously in the bulk crystal. The Schottky barrier height and the depletion layer width at
the Cr-LN interface was measured to be 1.15 eV and 16 nm, respectively. The open-circuit voltage and
the power conversion efficiency of the PV devices based on LN films were determined to be 0.8 V and
0.1%, respectively, at 325 nm. It was found the PV properties are film-thickness-dependent, mainly due
to the increasing contribution of the polarization-induced asymmetric conduction from the bulk layer with
the increase of LN film thickness. Furthermore, direct tunneling of electrons was observed to become the
dominant conduction mechanism in ultrathin LN films (much less than 16 nm). These results could be
useful for developing integrated optoelectronic devices, such as PV devices and photodetectors based on

LN films.
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I. INTRODUCTION

Ferroelectrics, as a competitive material candidate for
photovoltaic (PV) devices, has attracted much attention
due to its intrinsic asymmetric potential and being free
from the Shockley-Queisser limit [1]. In the early 1950s,
the PV effect was detected in ferroelectrics [2], mani-
fested as the generation of a steady photocurrent in a
uniform crystal under a homogeneous illumination, and
was explained as being due to the noncentrosymmetric
lattice potential-induced asymmetric momentum distribu-
tion of the photogenerated charge carriers [3]. In order
to distinguish it from the traditional PV effect, it was
named as the anomalous PV effect or bulk PV effect
(BPVE). In addition, the strengthened depolarization field
(Egp) in ferroelectric thin film [4], the potential step at
the domain wall [5], or the Schottky barrier arising from
the band alignment at the contact interface [6] can also
induce an effective space-charge field to separate the pho-
togenerated charge carriers. In recent decades, many stir-
ring breakthroughs have been discovered in ferroelectric
PV devices, including above-band-gap photovoltage [5],
switchable photoresponse [7,8], and tuned low-band-gap
ferroelectrics with high PV conversion efficiency [9,10]. In
consequence, promising applications such as nonvolatile
memory [11,12], solar-energy harvester [13], self-powered
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photodetector [14,15], and reconfigurable photosensor [16]
were demonstrated.

Lithium niobate (LN), an excellent uniaxial ferroelec-
tric material with a large spontaneous polarization Pg
along the crystalline ¢ axis at temperature below the Curie
temperature (7, &~ 1210°C) [17], is of large nonlinear opti-
cal (d33 = 25.2 pm/V) [18] and electro-optic coefficients
(r33 = 30.8 pm/V) [19], which ensure that LN is an excel-
lent material platform for nonlinear optical and electro-
optic applications. The BPVE in LN was observed in the
1960s [20], and was found to be enhanced greatly in iron-
doped LN [21,22]. Nevertheless, suffering from its large
band gap (approximately 4.0 eV) [23], and the associ-
ated low mobility, short lifetime, and short diffusion length
of the photogenerated charge carriers, the energy conver-
sion efficiency is extremely low, usually in the range of
107104, With the advancement of thin-film fabrication
techniques, the photocurrent density of iron-doped LN thin
films with a preferred c-axis orientation, prepared using
pulsed-laser deposition, has shown a 500-fold enhance-
ment as compared to that of the bulk crystal obtained
by Festl et al. [22,24]. In fact, it reached 50 wA/cm?
under an 1-W/cm? illumination (photon energy 3.11 eV)
[24]. Recently, the successful preparation of monocrys-
talline LN thin film by crystal-ion-slicing technology
opens up the exploration of LN at the nanoscale thickness
and forges ahead for the development of optoelectronics,
yielding domain or domain-wall-based memristor [25,26],
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domain-wall p-n junction [27], vibrational energy har-
vester [28], and high-sensitive photodetector [29,30].

II. RESULTS AND DISCUSSIONS

The PV effect of monocrystalline nanoscale LN films
was studied under the illumination of light at 325 nm. The
structure of the PV device was composed of a z-cut nomi-
nally pure congruent monocrystalline LN thin film (the top
surface was the +z surface), a 100-nm Cr layer serving as
the bottom electrode, a 2-pum silica layer, and a 500-pum
LN substrate that were bonded one another in sequence,
as shown schematically in Fig. 1(a). The PV devices with
different LN film thickness were prepared by polishing the
top 100-nm LN film down to the desired film thickness
using chemical-mechanical polishing (CMP) technique.
To study the PV effect, an additional Cr electrode was
deposited on the top surface of the LN film. More details
about the device fabrication and characterization can be
found in Appendix A. Figure 1(b) illustrates the depen-
dence of the absolute value of the short-circuit current
density (Js.) and the open-circuit voltage (V,.) on the LN
film thickness d. Here we defined the current density Jg. to
be positive when the current flows from the top electrode
to the bottom electrode in the PV devices. The power den-
sity of the incident light Py, on the top surface of the LN
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FIG. 1. (a) Schematic structure of the PV device. (b) The

dependence of | Ji | and V. on the LN film thickness d. The
curves are guided by eyes.

film was 135 mW /cm?. One sees that, as the LN film thick-
ness decreases, | Jy | increases rapidly up to a maximum
of 0.377 mA /cm? at around d = 16 nm, then followed by
a sharp decrease. It was also found that Jg. is parallel to
the polarization P of the LN film, which is very different
from that of the BPVE observed in bulk LN crystals where
the PV current is antiparallel to the spontaneous polariza-
tion P [20]. On the other hand, with the decrease of d, V.
remains at approximately 0.8 V at first and then decreases
sharply when d is less than 16 nm. This is also very dif-
ferent from the BPVE, indicating that the BPVE is not the
underlying mechanism for the observed PV effect in our
devices. In fact, it was experimentally measured that the
field induced by BPVE in LN is only around 500 V/cm
when the excitation wavelength is in the ultraviolet [31],
therefore, one can estimate that the PV voltage induced by
BPVE is approximately 8.0 x 10~* V fora 16-nm LN film,
which is 3 orders of magnitude smaller than the observed
PV voltage of 0.8 V in our LN films, indicating that the
contribution from the BPVE is negligible.

We also studied the dependence of the photoinduced
current density J on the externally applied voltage V, i.e.,
the J-V curves of the PV devices of different LN film
thickness. Typical results are shown in Fig. 2 under an
illumination of light at 325 nm of 135 mW/cm? and with
d larger than 16 nm (the results for the cases with d less
than 16 nm will be discussed separately in the following).
One sees that two different behaviors of the J-V curves
were observed, one is J shaped and the other is S shaped,
as shown in Figs. 2(a) and 2(b), respectively. With the
increase of d, the J-shaped J-V curves were transferred
to the S-shaped ones. Note that the PV response due to
BPVE is usually dependent on the light polarization, as
those observed in BiFeOs [32]. While in our configuration
the PV response is independent of the light polarization,
which also indicates that the contribution from the BPVE
is negligible.

The nominally congruent LN is an n-type ferroelectrics
with electrons being the majority carriers. The electron
affinity of LN was reported to be 1.5 eV [33], and the work
function of LN is lower than that of Cr (4.5 V) [34], there-
fore a band bending may occur at the Cr-LN interfaces,
leading to a Schottky barrier, which can induce a build-in
field (£y;) in the depletion region. The build-in field Ey;
will separate photogenerated electron-hole pairs, resulting
in the PV current [35]. To confirm the existence of the
Schottky barrier, we measured the J-V curves in dark (see
Appendix B), which shows a diodelike behavior resem-
bling a single p-n junction, indicating the presence of a
Schottky contact at the top Cr-LN interface and a flattened
energy-band alignment at the bottom LN-Cr interface. This
is feasible because of the polarization-dependent interface
properties of LN, such as compensating charge polarity,
interface states, and surface electron affinity [33,35,36],
which may lead to an increase in the band bending at
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FIG. 2. The J-V curves of the PV devices with different LN
film thickness. (a) Cases with LN film thicknesses of 16, 24, 29,
and 35 nm, respectively. All J-V curves are J shaped. (b) Cases
with LN film thicknesses of 42, 46, 66, and 100 nm, respectively.
All J-V curves are S shaped. In all cases, the power density
Pi, incident on the top LN film was 135 mW /cm? at 325 nm.
The solid curves are the theoretical fits using Eq. (2) for (a) and
Eq. (6) for (b), respectively.

the 4z interface and a decrease in that at the —z inter-
face [37]. Besides, the fabrication process of the electrodes
can also influence the barrier height, even if they are
made from the same material [38]. One notes that, in most
cases, the higher Schottky barrier is usually formed at
the tail of the spontaneous polarization Py in BiFeO; and
Pb(Zry,Tigg)O;5 (PZT) [6,39,40]. Occasionally, there are
also reports that the higher Schottky barrier forms at the
head of the ferroelectric polarization Py in BiFeOs, PZT,
BigpgLagFeOs, and so on [41—43]. This is probably due
to the different surface defect states and different screening
mechanism between LN and BiFeOs and PZT [44,45]. The
Schottky emission conduction mechanism of the devices
was further confirmed by the temperature-dependent J-V

characteristics in dark (see Appendix B), which can be
well described by the Schottky-Simmons equation [46],
and the Schottky barrier height at the top Cr-LN interface
was estimated to be approximately 1.15 eV. Accordingly,
Fig. 3(a) depicts the schematic band diagram of our PV
devices when the LN film thickness d is larger than the
depletion layer width w at the top Cr-LN interface, where
the build-in field Ey; is pointing towards the top Cr elec-
trode, leading to a PV current parallel to the polarization
P, of the LN film.

In the case when the LN film thickness d is close to
(but larger than) the depletion layer width w, the J-V char-
acteristics is mainly determined by the Schottky barrier,
and the effect due to the recombination and trapping pro-
cess in the bulk layer is negligible. The equivalent circuit,
consisting of an ideal diode D;, a constant photoinduced
current source Jpy, a series resistance Ry, and a shunt resis-
tance Ry, 1s illustrated in Fig. 3(b). It is generally accepted
that Ry primarily stems from the contact resistance and
the bulk resistance introduced in the devices. On the other
hand, Ry, reflects the extent of current loss attributed to the
recombination and trapping of charge carriers mainly in
the depletion layer [47,48]. Based on the Schottky equation
[35], the J-V relationship can be described as

q(V—JRsA)
J =Jy (e nkgT 1) +

where Jy; is the reverse saturation current density, ¢ is the
elementary charge, n; is the ideality factor, kg is the Boltz-
mann constant, 7 is the temperature in kelvins, and 4 is the
electrode area. Equation (1) can be solved by employing
the Lambert W function [49], giving

V —JRA

g e

V= (JRS + (J +Jph +J01) Rsh)A

J+J, J RS A
_ ”lkBTW qu1RshAe‘1(*gyl+)h o
q i’llkBT

The solid curves in Fig. 2(a) are the fitted ones using
Eq. (2), which are in good agreement with the experimental
data, affirming the validity of the proposed model [46].
With the increase of the LN film thickness d, one has to
take the effect of the bulk layer into consideration, and the
PV effect of the devices is the result of a combination of a
Schottky diode and a bulk layer. One notes that the open-
circuit voltage V. is thickness independent, indicating the
BPVE is negligible. On the other hand, the presence of the
polarization Py in the bulk layer would establish an asym-
metric potential barrier, which favors the movement of
electrons towards the +z surface of the LN film. Therefore,
the charge-carrier transport in the bulk layer is asymmet-
ric, akin to a diode but operating in the opposite direction
with respect to the Schottky diode in the depletion layer.
Accordingly, the equivalent circuit of the PV devices is
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FIG. 3.

Physical models of the PV effect in the cases with d ~ w or d > w. (a) Schematic band diagram of the PV devices based

on the Schottky barrier model. The red and green arrows represent the transport direction of the photogenerated electrons and holes,
respectively, driven by the build-in field Ev;. The processes of volume recombination and trapping of the photogenerated charge carriers
in the bulk layer are illustrated. Ey, E., and E, represent the Fermi level, the conduction band, and the valence band of LN. (b),(c) The
equivalent circuits exhibiting the J-shaped and the S-shaped J-V curves, respectively.

shown in Fig. 3(c), where the charge-carrier transport in
the bulk layer is mimicked by a diode D, connected in par-
allel with a resistance R, representing the blocking effect
induced by the charge-carrier loss due to the recombina-
tion and trapping in the bulk layer. Therefore, the terminal
voltage of the circuit is given by

V="Vi+"V,, 3)

with V| and ¥, being acquired from the following equa-

tions:
Iy a(n ;JRTSA) . Vi — JRA J 4
= n1AB — - -
o1 |e + Rod ohs  (4)
_ 4 Vs
J = —J mkpT — e 5
02 (e ) + RoA (5

where Jy; and »; are the reverse saturation current density
and the ideality factor of diode D; (i = 1 or 2), respectively.
Similarly, Egs. (4) and (5) can be solved by employing the
Lambert W function, giving

V= (JRS + (J +Jph +J01)Rsh + (J - J02) RP)A
_ nlkBTW<quRshAeW)

q

1
I’llkBT

6
q I’lszT ( )
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The fitted curves exhibit a good agreement with the exper-
imental data, as demonstrated by the solid curves in
Fig. 2(b).

Also, one can extract parameters such as parasitic resis-
tances Rs, R, and R, based on the proposed model. The
dependence of these parameters on the LN film thickness is
shown in Fig. 4(a). One sees that both Ry, and R, increase

monotonically with the increase of d, while R; becomes
more pronounced in devices with thicker LN films. By
applying a linear fit to Rp, the intersection point with the
horizontal axis is estimated at 36 nm [see Fig. 4(a)]. This
proves that, when d is less than 36 nm, the photogener-
ated charge carriers in the depletion layer can be collected
efficiently by the Cr electrodes, indicating that the block-
ing effect on the drift carrier in the bulk layer is negligible.
Therefore, the equivalent circuit is effectively simplified
from Figs. 3(c) to 3(b), and the S-shaped J-V curves are
transferred to the J-shaped ones with the decrease of d,
as confirmed by the experimental results in Fig. 2. These
results offer valuable insights into the influence of parasitic
resistances on the overall PV performance and highlight
the impact of the LN film thickness on the PV performance
of our devices.

Figures 4(b) and 4(c) depict the dependence of | J,. | and
Voe on the incident power density Py, for devices featur-
ing three typical LN film thicknesses. The corresponding
J-V curves are shown in Appendix C. As expected, the
| Jsc | increases with increasing Pj,, following a power-law
relationship | Jy. |oc Pj; [50]. Here, the power exponent o
decreases with the increase of d and varies within [0, 1].
In the case with a LN film thickness comparable to or less
than the depletion width of the Schottky barrier, the series
resistance Ry is small, and the photogenerated charge car-
riers are collected efficiently by the electrodes, then the
short-circuit current Jy. is proportional to the photoinduced
current Jy, according to Eq. (1), therefore, is proportional
to the incident light power density Pj,, and o will approach
to unity. With the increase of LN film thickness, the pho-
togenerated charge carriers are not fully collected by the
electrodes due to the recombination and trapping processes
in the bulk layer [51,52], therefore the charge-collection
efficiency decreases, and the resistances R, R,, and Ry,
increase, as shown in Fig. 4(b), leading to the decrease
of . Note that contributions from BPVE could be neg-
ligible in our case. Similar behavior was also observed
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FIG. 4. (a) Parasitic resistances R, Ry, and R;, as a function of

the LN film thickness d. (b),(c) The dependence of | Jy | and V.,
respectively, on the power density P;, for three typical devices
with d = 16, 42, and 100 nm. The lines in (a),(b) are the linear
fits to the experimental data.

in other heterojunction devices and following the same
power law [50,51,53,54]. On the other hand, V. increases
with increasing Py, due to the increase of the photoinduced

107" ¢
S
= 1072F
10—3 P T T S RS R
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FIG. 5. The dependence of the power-conversion efficiency n

on the LN film thickness d with P;, = 135 mW/cm2 at 325 nm.

current Jp, but finally tends to be saturated at the build-
in Schottky potential for the cases with thinner LN films,
according to Eq. (1). However, for the cases with thicker
LN film and under open-circuit condition, the photogener-
ated charge carriers are mainly consumed in the bulk layer
through recombination and trapping at the defect centers,
therefore, V, is mainly determined by the build-in Schot-
tky potential and is almost independent of Pj,, as shown in
Fig. 4(c).

A crucial criterion in evaluating the potential of a mate-
rial for PV devices is the power-conversion efficiency 7,
which is calculated as n = (J X V)max/Pin- The depen-
dence of 1 on the LN film thickness d is shown in Fig. 5.
One sees that, with the decrease of d, the power conver-
sion efficiency 7 increases first up to a maximum of 0.1%
at d = 16 nm and then drops quickly. It is known that, for
PV devices based on the Schottky effect,  is maximized
when the film is fully depleted and the photogenerated
charge carriers are collected efficiently by the electrodes.
Therefore, the depletion-layer width w at the top Cr-LN
interface can be estimated to be approximately 16 nm.
Although 1 of our PV devices is not ideal at present (see
Table I in Appendix D), various strategies, such as doping
[55-57], introducing semiconductor layers [58—60],
adjusting dielectric film thickness [6,61,62], and altering
electrode materials [63], could be explored to improve 7.

Interestingly, for the PV devices with an ultrathin LN
film much less than the depletion-layer width w, the J-V
curves were found to be symmetric and increased almost
linearly, no matter for the dark and the light illuminated
cases, as typically shown in Fig. 6(a) with d = 6 nm. The
differential conductance d//dV in dark shows a parabolic
characteristics [see Fig. 6(b)], which is a clear signature
of direct tunneling of charge carriers through the Schottky
barriers as the dominant conduction mechanism [64—67].
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(@ 600 to the presence of the polarization Py should be taken into
—e— Dark account, and the J-V curves are transferred to the S-shaped
400 —o— Tlluminated ones. The open-circuit voltage and the power conversion
‘ efficiency were measured to be 0.8 V and approximately
200} 0.1%, respectively, which could be potentially improved
= ; further on. Interestingly, when the LN film thickness is
fz O f---mmmemmmmme g (e much less than the depletion-layer width, direct tunneling
= : of electrons becomes the dominant conduction mechanism.
™ 200f These results should be useful for design and optimization
of integrated optoelectronic devices, such as PV devices
—400 and photodetectors based on LN films.
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Q.
20F °°° ° The pristine 3-in. sample used in our experiments had a
layered structure composed of a 100-nm z-cut nominally
2.8 ! ‘ ‘ ‘ ‘ pure congruent monocrystalline LN thin film (the top sur-
-0.6 -04 0200 02 04 06 face was the +z surface), a 100-nm Cr layer serving as the
Voltage (V) bottom electrode, a 2-wm silica layer, and a 500-um LN
FIG. 6. (a) The J-V curves of the PV device with an ultrathin substrate that were bonded one another in sequence, and

LN film in dark and under the light illumination of 135 mW /cm?
at 325 nm. (b) The differential conductance of the PV device in
dark. The LN film thickness was 6 nm in all cases.

Note that, due to the negligible BPVE in our case, the con-
tribution from the ballistic or shift conduction like those in
BiFeO; and CulnP, S [68,69] may be negligible.

III. CONCLUSIONS

In conclusion, we studied the PV effect of monocrys-
talline LN thin films with nanoscale thickness. It is found
that the PV effect of the monocrystalline LN thin films
is mainly originated from the Schottky barrier formed at
the Cr-LN interface, which is totally different from the
BPVE previously found in the bulk LN crystals. The
Schottky barrier height is approximately 1.15 eV and an
associated build-in field Ey; separates the photogenerated
charge carriers, generating a steady-state PV current. The
depletion-layer width of the Schottky barrier is about 16
nm and the J-V curves are typically J shaped when the
LN film thickness is close to the depletion-layer width so
that the conduction contribution from the bulk layer is neg-
ligible. With the increase of the LN film thickness, the
asymmetric charge-carrier transport in the bulk layer due

it was sliced into pieces, each with an area of 5 x 5 mm?
(commercially provided by NANOLN, Jinan, China). The
LN films with different thicknesses were prepared by
employing chemical-mechanical polishing (CMP) tech-
nique to mill the pristine films with different polishing time
while keeping other parameters, such as the mechanical
pressure on the pristine films, the concentration of the pol-
ishing solution (MasterMet, available from Buehler), and
the rotation speed (30 rpm), the same. Prior to film charac-
terization and device fabrication, all films were cleaned in
the piranha solution (7:3 98% H;S04:30% H,0,;) at 75°C
for 2 min, rinsed with distilled water, and finally dried in a
stream of nitrogen.

The surface topography of the CMP-milled thin films
was examined in both two dimensions (2D) and three
dimensions (3D) by AFM in a contact mode, as shown in
Figs. 7(a) and 7(b), and the surface roughness was mea-
sured to be 0.3 nm. The thickness of the LN films could
be extracted from the cross-section images measured with
SEM for relatively thick films or TEM for ultrathin films.
Typical results are shown in Fig. 8, where the LN film
thicknesses were measured to be 100 and 66 nm for cases
in Figs. 8(a) and 8(b), respectively, based on the SEM
images, and 16 and 6 nm for cases in Figs. 8(c) and 8(d),
respectively, based on the TEM images.

054009-6



THICKNESS-DEPENDENT PHOTOVOLTAIC EFFECT

PHYS. REV. APPLIED 21, 054009 (2024)

(a) (b)

5nm

10 um

FIG. 7. The 2D (a) and 3D (b) surface topography of the CMP-
milled LN thin films measured by AFM.

For characterization of the PV performance of the LN
films, a semitransparent Cr electrode with a thickness of
70 nm was deposited at room temperature on the top +z
surface of the LN film by means of the UV photolithogra-
phy, magnetron sputtering, and lift-off technique. A typical
top Cr electrode was composed of a circular Cr film with
a radius of 80 wm and a square Cr film with a side length
of 50 wm, which were connected by a rectangular Cr film
with a length of 17 um and a width of 32 pm. A 325-nm
linearly polarized He-Cd laser beam (KIMMON IK3301R-
G) was expanded by a beam expander, and then passed
through an adjustable attenuator (AA), a small pinhole and
a mirror in succession, and was finally launched normally
onto the top surface of the sample with a beam radius of
375 pm. The power of the incident light was adjusted by
AA and was measured with an optical power meter, and
then the light power density was calculated by dividing the
measured light power over the beam spot area. The trans-
mittance of the top Cr electrode was measured to be 17%
at 325 nm. By multiplying the transmittance of the top Cr
electrode, the light power density Pj, transmitted through

tilt = 52°

tilt = 52°

¢
100 nm 66 nm

(c) _ (d)

lGﬁlﬂ

FIG. 8. Cross-section SEM images [(a),(b)] and TEM images
[(c),(d)] of the device structure, from which the LN film thick-
nesses were determined to be 100 nm (a), 66 nm (b), 16 nm (c),
and 6 nm (d), respectively.

the top Cr electrode and launched onto the underneath LN
film was obtained. For most measurements in this paper,
the light power density P;, was set to be 135 mW/cm?
except for those specifically pointed out, for example, in
the case when studying the Py, dependence of the J-V
characteristics.

During the measurement, the top Cr electrode was con-
nected to a voltage source provided by a Keithley ammeter
(Keithley 6517B) using a probe head equipped with a
flexible tungsten needle (GGB Industries, T-4-35), while
the bottom Cr electrode was connected to the ammeter
through a probe head equipped with a hard tungsten nee-
dle (GGB Industries, ST-20-10), which was then drawn
out with conductive silver paste and grounded. With this
configuration, the J-V characteristics were measured, and
the current density was defined as positive when it flows
from the top electrode to the bottom electrode, and vice
versa. Moreover, all experiments were performed at room
temperature (298 K, except for the temperature-dependent
experiments) and under the same ambient conditions.

APPENDIX B: TEMPERATURE-DEPENDENT J-V
CHARACTERISTICS IN DARK

In materials with low charge-carrier mobility, the
characteristics of the leakage current are typically ana-
lyzed in the frame of the interface-controlled and bulk-
limited Schottky-Simmons emission [46]. The forward-
bias current of the Schottky barrier typically exhibits a
temperature-dependent behavior as follows [35,46]:

3
2 kgT\ 2 _4a%80 [ _qV_
J~2q(”mh#> jEe” FBT (enZBT—1>. (B1)

Here, g is the elementary charge, m.g is the effective mass,
kg is the Boltzmann constant, 7" is the temperature in
kelvins, % is the Planck constant, u is the charge-carrier
mobility in LN, £ is the electric field, gggg is the barrier
height at zero bias, and # is the ideality factor. Note that
the associated parasitic resistances R, Rqn, and R, are all
omitted in Eq. (B1) for simplicity. This is justified by the
fact that R and R, are relatively small, while Ry, is large
in dark, and therefore they do not affect significantly the
overall trend of the Schottky-Simmons emission.

At a fixed voltage and under the condition that
e@V/mksD) 5, 1, Eq. (B1) is modified as

3
J 2ﬂmefka 2 qPapp
In( =) ~n(2g( 28 puE ) — L2
“(ﬁ) “(q( 2 )“) keT

where ¢, is the apparent potential barrier and can be
expressed as

(B2)

Papp = ¥B0 — —- (B3)
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FIG. 9.

(a),(d),(g) The J-V characteristics of the PV devices in dark with different LN film thicknesses d at different temperatures.

(b),(e),(h) The plots of In(J /T3/?) ~ 1/T applied with different voltages and their linear fits based on Eq. (B2) with different LN film
thickness. (c),(f),(i) The ¢.p, ~ V dependence and their linear fits based on Eq. (B3) with different LN film thickness. The results in
the first (a)<(c), second (d)—f), and third (g)(i) rows are for the PV devices with different LN film thickness of 35, 49, and 88 nm,

respectively.

According to Eq. (B2), the plot of In(J/T%/?) ~1/T
should be a straight line at a given voltage, allowing for
the estimation of @,,, from its slope. Then, based on
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Eq. (B3), @app should have a linear relationship on V,
with the intercept on the vertical axis providing the value

FIG. 10. The J-V charac-
teristics under the 325-nm
light illumination with vari-
ous P;, for devices with dif-
ferent LN film thickness of
16 (a), 42 (b), and 100 nm
(c), respectively.
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TABLE 1.

Summary of PV performances with various materials and structures. A, incident light wavelength; d, ferroelectric-

dielectric layer thickness. FTO, fluorine-doped tin oxide; SRO, SrRuO;3; BFO, BiFeO;; BCaFO, BijysCay,FeOs_5; BCaFTiO,
BiggCag,FesTip203_s; BFTO, BisFeTizO;5; NSTO, Nb-doped SrTiO5; ITO, indium tin oxide; PZT, Pb(Zr, Ti)O3; BTO, BaTiOs;

AM 1.5G, air mass 1.5 global illumination. x, This work.

Device structure A (nm) Pin (mW /cm?) d (nm) Ji (mA/cm?) Voe (V) n (%) Refs.
FTO/BFO/Au AM 1.5G 100 500 3x 1074 0.35~3 5x 107 [56]
FTO/BCaFO/Au 32 0.3 0.22
FTO/BCaFTiO/Au 0.4 0.5 0.12
Ag/BFTO/NSTO 405 200 200 4.5 x 1072 0.46 3% 1073 [59]
Ag/ZnO/BFTO/NSTO 100/200 2.2 0.15 0.045
ITO/PZT/Pt AM 1.5G 100 270 4 %1072 0.56 8 x 1073 [58]
ITO/PZT/Cu,0/Pt 270/150 4.8 0.42 0.57
Pt/PZT/SRO 365 170 300 0.69 0.91 0.13 [6]

180 1.55 0.91 0.28

120 2.28 0.9 0.51

223 12 1.94 0.84 2.49

Pt/BTO/Pt 360 750 50 7.5 %1073 0.65 [61]

20 45x%x 1073 0.6
ITO/PZT/Pt AM 1.5G 100 300 0.11 0.67 0.027 [63]
ITO/PZT/Au 0.29 0.76 0.075
ITO/PZT/Ag 1.34 0.82 0.42
Cr/LN/Cr 325 135 16 0.377 0.8 0.1 *

Here, we measured the J-V curves in dark for devices
with different LN film thickness of 35, 49, and 88 nm, as
shown in Figs. 9(a), 9(d) and 9(g), respectively, at various
temperatures. The plots of In(J /7°/?) ~ 1/T with different
voltages are presented in Figs. 9(b), 9(e), and 9(h), together
with their linear fits based on Eq. (B2). The @, ~ V
dependence and their linear fits according to Eq. (B3) are
shown in Figs. 9(c), 9(f), and 9(i), and from the intercepts
on the vertical axis, ggpo is estimated to be 1.18, 1.13, and
1.16 eV for devices with different LN film thickness of 35,
49, and 88 nm, respectively.

APPENDIX C: THE J-V CHARACTERISTICS
UNDER LIGHT ILLUMINATION

Figure 10 shows the measured J-V curves under the 325-
nm light illumination with various power density Py, for
three PV devices with typical LN film thickness of 16 nm
[Fig. 10(a)], 42 nm [Fig. 10(b)], and 100 nm [Fig. 10(c)],
respectively. Note that the corresponding Pj,-dependent
| Jse | and V. for these three devices are given in Figs. 4(b)
and 4(c), respectively, in the main text. We also tried to
study the PV response when the spontaneous polarization
P, of LN crystal is reversed. However, we failed to do so
because we failed to reverse completely the spontaneous
polarization Py of LN films, probably due to the large
leakage current, which makes it a challenge to achieve
a complete reversal of the spontaneous polarization Ps.
We will try to solve this polarization reversal issue in
the future and study the switchability of the photovoltaic
response.

APPENDIX D: PV PERFORMANCES WITH
DIFFERENT MATERIALS AND STRUCTURES

The PV performances with different materials and struc-
tures are listed in Table I for comparison.
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