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Abstract Non-centrosymmetric material systems can generate spontaneous photocurrent without a p-n junction under uniform
illumination, which is known as the bulk photovoltaic effect (BPVE). It has garnered significant attention for its application
potential in the fields of energy harvesting and photoelectric detection. In this study, we report the BPVE observed in two-
dimensional ferroelectric a-InsSes multilayer flakes. The reversal in spontaneous photocurrent polarity is observed and associated
with the out-of-plane ferroelectric polarization direction. The spontaneous photocurrent originating from the shift current is
also polarization-sensitive. The amplitude of spontaneous photocurrent is further increased by one order of magnitude through
vacuum annealing. Our results provide a further application potential for new-generation photodetectors based on BPVE with
low power consumption and multi-dimensional optoelectronic detection.
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1 Introduction

The bulk photovoltaic effect (BPVE) is a second-order nonlinear optical phenomenon observed in non-
centrosymmetric materials. In contrast to the conventional photovoltaic effect, which relies on the built-in
electric field of a p-n junction or Schottky junction to separate photoexcited carriers, BPVE operates
without the need for a junction. This unique characteristic allows homogeneous material to generate
spontaneous current under uniform illumination, enabling zero-bias operation. Furthermore, BPVE of-
fers the potential to surpass the Shockley-Queisser limit in photoelectric conversion efficiency, as it is
not constrained by the bandgap of optical absorption semiconductors [1,2]. In addition, BPVE usually
exhibits sensitivity to the polarization of incident light, making it a valuable tool for polarization detec-
tion [3-6]. Devices based on BPVE have attracted extensive attention in energy collection and pho-
toelectric detection, because they have the advantages of simple device fabrication and high quantum
efficiency [7,8].

The BPVE was first discovered in BaTiOj3 crystals [3], and subsequently observed in other traditional
ferroelectric materials with non-central symmetry, such as BiFeOg3 [9] and LuMnOj [10]. Due to their low
conductivity, these materials typically exhibit low short-circuit current (Iy.) and high open-circuit voltage
(Voe). Recently, enhanced BPVE has been reported in two-dimensional (2D) materials, such as Culn-
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P2Se [11], WSe2-BP heterostructure [12], and 3R-stacked MoS, [8,13]. Compared to methods involving
stress regulation and van der Waals heterointerface design, the introduction of 2D ferroelectrics presents a
non-destructive and controllable approach to manipulate the symmetry of 2D materials. Moreover, it was
theoretically predicted that 2D ferroelectrics are natural candidates for materials that produce large shift
current, which is a component of photocurrent in BPVE [14]. The shift current originates from the Berry
phase differences accrued during interband transition, which is a steady dc current in non-centrosymmetric
crystals even in the absence of an external electric field [15]. The 2D layered semiconductor a-InsSes is
a kind of 2D ferroelectric materials, characterized by stable locked out-of-plane and in-plane polarization
at room temperature [16,17]. Multilayer a-InySes possesses a direct bandgap (~1.4 eV), ensuring strong
light absorption and photoelectric response [18]. This property is advantageous for the research and
application of BPVE. While a-InsSes has been extensively investigated in various applications, including
photoelectric detection [19-24], optoelectronic synapses [25-27], and nonvolatile memory [28-32], direct
experimental studies on the BPVE in a-InySes remain missing. Furthermore, the majority of these
studies have focused on horizontal structures, which are hardly able to meet the requirements of the
high-integration optoelectronic devices.

Here, we demonstrate the BPVE in 2D ferroelectric a-InaSes. The multilayer graphene/a-InaSes /multi-
layer graphene (MLG) van der Waals heterojunction was designed and fabricated. The MLG layers were
employed to modulate the polarization direction of the ferroelectric layer and to collect photocurrent gen-
erated under laser illumination. Due to the distinct alignment of energy bands associated with different
out-of-plane polarization states of a-InySes, the amplitude and direction of spontaneous photocurrent
vary with changes in polarization direction. It has been proven that the zero-bias photocurrent primarily
arises from the shift current by changing the incident laser power density. Additionally, polarization
sensitivity is confirmed at zero bias voltage, benefiting from the intrinsic properties of a-InsSes and the
BPVE. These results show the application potential of 2D ferroelectric a-InsSes in the realm of low power
consumption and multi-dimensional optoelectronic detection.

2 Materials and methods

Material preparation and device fabrication. Bulk single crystal graphite and a-InaSes used in the
study were purchased from HQ Graphene Inc. a-InsSes and graphene flakes were mechanically exfoliated
onto the polydimethylsiloxane/glass and p-doped silicon substrate covered with 285 nm silicon oxide,
respectively. Then the a-InsSes flake was aligned and transferred onto the bottom graphene flake under
the guidance of a microscope. The graphene flakes used as the top electrodes were patterned by electron
beam lithography (EBL) and etched by oxygen plasma. The etched graphene flake was picked up by
water-soluble poly(vinyl alcohol) film, and then transferred onto the a-InySes/graphene heterostructure.
To prepare the device for testing, metal electrodes were defined by EBL and Cr/Au (15 nm/45 nm)
were deposited by thermal evaporation. The device was annealed at 150°C for 1.5 h in the vacuum after
fabrication to achieve better contacts.

Material characterization. A Lab Ram HR800 from HORIBA spectrometer and an Olympus x 100
objective lens was used for Raman measurements illuminated with a 514.5 nm wavelength laser. In second-
harmonic generation (SHG) measurement, the mode-lock picosecond pulsed laser at the wavelength of
1064 nm was used as the fundamental pump in s-in/s-out configuration. Atomic force microscope (AFM)
and piezoresponse force microscopy (PFM) measurements were performed using PFM mode by Cypher
S from Asylum Research.

Electrical and optoelectronic characterization. All electrical and optoelectronic measurements
were performed under ambient conditions and at room temperature. All the optoelectronic measurements
were taken by an MStarter 200 optoelectronic measurement system from Maita Optoelectronic Technology
Co., LTD, except for the output I-V tests that were measured by a Keithley 4200-SCS semiconductor
analyzer with a Lake Shore probe station. During the polarized light response measurements, the linearly
polarized incident light had a fixed angle ¢ with respect to the normal of the sample plane (Figure S5).

3 Results and discussion

Figure 1(a) displays two oppositely polarized atom structures of one quintuple layer (QL) a-InaSes, with
indium atoms and selenium atoms in yellow and blue, respectively. Each QL of 3R a-InySes (R3m
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Figure 1 (Color online) Van der Waals heterostructure and ferroelectric property of a-InaSes. (a) Side-view models of atom
structures of one QL a-InaSes in two opposite polarizations, with indium atoms and selenium atoms in yellow and blue, respectively.
The direction of spontaneous out-of-plane electric polarization is indicated by black arrows. (b) Polar plots of the polarization-
resolved SHG intensity of a-InsSes in connection with the underlying crystal geometry. The blue curve is fit to Ia, 0052(39).
(c) Out-of-plane phase and amplitude hysteresis loop of a-InpSes using PFM. (d) Schematic illustration of the Graphene/a-
InySes/Graphene heterostructure with graphene as electrodes, the photocurrent is measured through graphene electrodes. (e) The
SHG spectra were collected from a-InsSes, graphene, and a-InaSes/Graphene heterostructure regions. Inset is the corresponding
optical image of the as-stacked van der Waals heterostructure device. Top multilayer graphene (topG), bottom multilayer graphene
(botG), and a-InySez flake are indicated with dashed lines. The scale bar is 10 pm. (f) Raman spectra of a-InsSes, graphene, and
their heterostructure regions with 514.5 nm laser excitation. The Raman peaks corresponding to the vibration modes are marked
with dashed lines.

space group) consists of five atomic layers covalently bonded in the sequence of Se-In-Se-In-Se, which is
stacked in ABC type via weak van der Waals interactions. While a-InsSes in hexagonal (P63/mmc space
group) structure adopts an AB-type stacking order with the same QL. The asymmetric position of the
intermediate Se atomic layer leads to spontaneous out-of-plane and in-plane polarization locking. The
direction of out-of-plane electric polarization (indicated by black arrows in Figure 1(a)) can be reversed
through an applied electric field. This process is accompanied by the breaking and formation of the In-Se
covalent bonds, ensuring polarization stability [16,17]. To explore the symmetry of exfoliated 3R a-InsSes
nanoflakes, polarization-resolved optical SHG measurements were performed using a picosecond pulsed
laser at a wavelength of 1064 nm as the fundamental pump. The SHG intensity results, as depicted in
Figure 1(b), align with the expression I, o cos?(360), where 6 represents the angle between the armchair
direction of a-InySes and the polarization of the pump laser [33]. The six-fold symmetry observed in the
SHG signal is indicative of C5 rotational symmetry inherent in 3R a-InsSes, consistent with its R3m space
group [34,35]. It is worth noting that the stronger SHG intensity along the 150° direction indicates the Cj
rotational symmetry breaking and the presence of in-plane spontaneous polarization [13]. Because of the
locking between out-of-plane dipoles and in-plane lattice asymmetry in a-InsSes [17], it also means the
existence of out-of-plane polarization. Besides, the maximum of each lobe coincides with the In-Se bond
direction, which is also the armchair direction of the a-InsSeg lattice [17]. To provide further confirmation
of the ferroelectricity of 3R a-InsSesz, PFM measurements were conducted. The a-InsSes nanoflake with
a thickness of ~16 nm was mechanically exfoliated and transferred onto a gold substrate. As shown in
Figure 1(c), the nearly 180° phase difference and the butterfly-like amplitude loop observed with varying
the tip voltage clearly demonstrate the switchable ferroelectric polarization characteristic of a-InsSes. It
is worth noting that the coercive field is asymmetric, exhibiting a larger coercive field in the negative
region, which may be associated with the downward spontaneous polarization in a-InsSes. As shown in
Figure S1, the coercive voltage tends to increase with the increased thickness of a-InySes. Moreover, this
asymmetry could also be affected by extrinsic factors, such as the Schottky barrier difference between
the upper (a-IngSes/Ir tip) and lower (a-InaSes/Au substrate) surfaces of the sample or the presence of
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adsorbates on the surface [34].

Given that the in-plane polarization of 3R a-InsSes contributes negligibly to the BPVE when the
thickness exceeds three layers [36], we designed a vertical device structure of MLG/a-InaSez /MLG. Two
MLG layers with similar thickness were employed as transparent top and bottom electrodes to investigate
switchable ferroelectric polarization and the BPVE within a-InsSes (Figure 1(d)). As shown in the inset
of Figure 1(e), each mechanically exfoliated flake was stacked using an all-dry transfer technique to
ensure high interface quality. To assess the impact of the transfer process on the structural integrity of
3R a-InySes, SHG and Raman spectra were performed to characterize the individual materials as well
as the a-InaSes/MLG junction region after the transfer operation. The SHG spectra are shown in Fig-
ure 1(e), from the region of MLG, there is no SHG signal due to its symmetrical structure. In contrast,
a sharp peak at 532 nm is observed in the a-InySe;/MLG or a-InsSes region, indicating that interlayer
coupling between a-InsSesz and MLG does not affect the symmetry and nonlinear optical properties of
a-InySes [33]. Figure 1(f) displays typical Raman peaks of o phase InaSes, located at 90, 103, 181, and
201 cm~t. These peaks correspond to the E symmetry mode, A;(LO+TO), A;(LO), and A;(TO) phonon
modes, respectively [27,34,37,38]. Notably, the presence of A;(LO) and A;(TO) phonon modes, resulting
from LO-TO splitting, indicates that a-InsSes possesses a non-centrosymmetric structure aligning with
the R3m space group [37]. As for multilayer graphene, G and 2D Raman modes can be identified at
about 1581 and 2717 cm~!. Compared with the Raman peaks in as-exfoliated a-In,Ses, the same signal
characteristics in the junction region demonstrate that the device fabrication process exerts no adverse
effects on the lattice structure.

As a ferroelectric material, a-InySes exhibits a spontaneous polarization orientation that can be flipped
through the application of an external electric field. This polarization reversal has an impact on the energy
band structure of a-InsSes, subsequently influencing the motion of charge carriers. In order to explore
the relationship between the polarization direction and the direction of photocurrent in the BPVE, we
conducted measurements of the output current-voltage (I-V') characteristics of a-InaSes based devices
under homogeneous laser irradiation at fresh, downward, and upward poled states. As depicted in Fig-
ure 2(a), under dark conditions, a linear I-V curve that intersected the origin was observed. Furthermore,
when laser illumination with a wavelength of 637 nm and a power density of 5.1 W/cm? was applied,
linear output I-V curves and evident Iy, or spontaneous photocurrent at zero bias were observed at
different polarization states. These observations align with the typical characteristics of the output I-V
curve of BPVE. Note that there are some fluctuations in the I(V) data of light & Paown in Figure 2(a).
This is because the small current level in the device may be sensitive to external factors. However, the
current values are clearly distinguished, so these fluctuations do not affect the qualitative analysis of the
relationship between spontaneous photocurrent and polarization of a-InySes. It is noteworthy that a
zero-bias photocurrent is present in the fresh state, indicating the existence of spontaneous downward
polarization in a-InsSes. This observation is consistent with the SHG measurement results and accounts
for the asymmetry of the PFM loop. Besides, when a-InsSes is polarized downward by applying a +2 V
voltage, a negative spontaneous photocurrent is observed. Conversely, with a —2 V poling voltage, the
photocurrent is modulated to a positive value. The I-V characteristics of this device during the ferro-
electric polarization switching are shown in Figure S2. It can be observed that the values of the I, are
different in the two oppositely polarized configurations, namely —66.7 and 23.5 pA. The decrease ampli-
tude of spontaneous photocurrent in upward polarization can be attributed to the screening effects caused
by charge transfer between the graphene and a-InsSes layers, which leads to the reduction of the electric
dipoles in a-IngSez [16]. In order to increase the current level, the incident light power density and the
photoresponse area can be increased. Methods such as improving the interface contact between the elec-
trodes and the ferroelectric layer through annealing and refining the device fabrication process to increase
the current level can also be considered. The V,. for a-InsSes in different polarization states is —23 and
31 mV, respectively. In contrast, the V. observed in BPVE devices based on traditional ferroelectrics
is larger, primarily due to their low optical conductivity [39,40]. Because of the symmetric graphene
contacts, photocurrent generated by the Schottky photovoltaic effect at the graphene/a-InsSes interface
occurs in opposite directions and cancels each other out. Consequently, the dominant mechanism in our
devices is not the Schottky photovoltaic effect but the BPVE, and the spontaneous photocurrent primar-
ily arises from BPVE. Furthermore, it is worth noting that the BPVE of a-InsSes can be controllable
through applying an external electric field, and the direction of the spontaneous photocurrent can change
with the direction of polarization, which has also been reported in other ferroelectric materials [11,41-44].

To comprehend the underlying physical mechanism of the ferroelectric-modulated BPVE, the switch-
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Figure 2 (Color online) Switchable photocurrent direction in a-InzSes thin layer based on BPVE. (a) The I-V characteristic
curves of the MLG/a-InzSe3 /MLG van der Waals heterostructure device at dark (black line) and bright (color lines) conditions. The
blue, green, and red lines represent the upward, fresh, and downward polarized states, respectively. The inset is the optical image
of an as-fabricated device with topG, botG, and a-InsSes flakes (~35 nm) indicated with dashed lines. The top three graphene
electrodes are denoted as t1, t2, and t3. The scale bar is 4 pm. The poling voltage is applied to the to graphene electrode and sweeps
from 0 to +2 V (or —2 V) and then backward to 0 V. The reading bias is set to be within +0.2 V. A laser with the wavelength of
637 nm is used as the excitation light source. (b) The band diagram for the MLG/«a-InzSe3/MLG heterostructure with the
ferroelectric a-In>Sez at upward and downward polarization states. The top and bottom graphene electrodes are represented
in gray color on the top (or left) and bottom (or right) sides of a-Inp»Ses. The direction of spontanecous out-of-plane electric
polarization and short-circuit photocurrent (Is.) are indicated by black arrows and color arrows, respectively. The photoexcited
holes and electrons are marked with “+” and “—” symbols, respectively.

able energy band diagrams within the MLG/a-InaSes/MLG heterostructure are illustrated in Fig-
ure 2(b). When the polarization of a-InaSes is poled by applying a voltage to the top MLG, the off-center
displacement of Se atoms induces an out-of-plane polarization with a direction opposite to its built-in
electric field (Eyi). The existence of out-of-plane polarization brings about variations in the vacuum levels
on both sides of a-InsSes, consequently leading to the tilting of its energy bands. Simultaneously, this
out-of-plane polarization induces equal amounts of charge with opposite polarities in the top and bottom
MLG electrodes, thus modifying the chemical potential of graphene [8]. Moreover, in the presence of
graphite electrodes, the Ey; within the ferroelectric a-InsSes layer, induced by polarization, still main-
tains [16]. As a result, when the device is irradiated with light, the photo-generated electron and hole
pairs are separated by Ey;, and drift to the interface to be collected by graphene electrodes, resulting in
a significant Is.. Notably, the direction of I, can be switched in accordance with the direction of electric
polarization.

To further substantiate the existence of BPVE in a-InySes, we conducted a spatial distribution map
of Iy by scanning the device presented in Figure 3(a) under a focused 520 nm laser beam. The photo-
generated current mapping image (Figure 3(b)) reveals non-zero I exclusively within the overlapping
region of the top MLG and bottom MLG electrodes, as compared with the region corresponding to the
dashed box in Figure 3(a). As demonstrated in Figure 3(b), all I, values exhibit a negative polarity, sig-
nifying the downward orientation of spontaneous polarization within a-InsSes. In addition, the uniform
generation of Iy, throughout the entire overlapping area implies a uniform occurrence of the BPVE. On
the contrary, at the interface between bottom MLG and a-InsSes outside the overlap region, Iy is negli-
gible, effectively excluding the contribution of Schottky photovoltaic effect to the photocurrent. Similar
results have also been observed in another 2D ferroelectric material CulnP2Sg [11,44]. For compari-
son, a-InsSes distinguishes itself from CulnP2Sg through its unique ferroelectric properties, including
the presence of locked in-plane and out-of-plane polarization, enhanced polarization stability, and the
ability to maintain a single-domain state even in ultra-thin films [45]. These characteristics, coupled with
a-InsSes’s lower coercive field [38], higher Curie temperature [30], and broader light response spectrum
due to its smaller bandgap, position a-InsSes as a superior material for low-power photodetection devices
and high-temperature applications. Subsequently, we sought to investigate the origin of the photocurrent
by studying its dependence on laser power density (P). A focused 520 nm laser beam with a diameter
of ~1 pum was employed to illuminate the center of the overlapping section (as shown in the inset of Fig-
ure 3(c)). Spontaneous photocurrent (I,,) was obtained by averaging the photocurrent extracted from
the I-t curves measured at zero bias under chopping laser irradiation. The photoresponse mechanism
of the photodetector can be deduced from the power function I, o< P*. The power dependence, visu-
alized with a log-log plot in Figure 3(c), indicates a characteristic crossover from linear to square-root
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Figure 3 (Color online) Characteristics of the BPVE in a-InsSes. (a) The optical image of the device. Scale bar, 4 pum.
(b) Normalized short-circuit photocurrent mapping of the device corresponding to the overlapping area around the top graphene
electrode ¢; and bottom graphene contact indicated with orange dashed line in (a). (¢) Dependence of the spontaneous photocurrent
on the incident laser power density for wavelength of 520 nm. Dashed lines serve as guidelines for linear and square-root dependence.
Inset is the optical diagram of the device being tested. The green dot in the inset represents the laser spot position. Scale bar,
4 pm. (d) Laser polarization dependence of the Iy, of the device in the inset of (¢). The excitation laser wavelength is 520 nm
with the power density of 273.6 W/cm2. Dots are experimental results and the solid line is the fitting curve fitted by the cosine
function [49]. @ is the angle between light polarization and the armchair direction of a-InzSes.

dependence at around 102 W-cm 2. This feature once again suggests that the spontaneous photocurrent
does not originate from the conventional Schottky photovoltaic effect but rather from the BPVE driven
by the shift current mechanism [12]. The part where the amplitudes of the spontaneous photocurrent
increase linearly signifies its origin from the second-order optoelectronic response to the electric field E
of light (Ipn o< |E|? oc P) [46]. While the nonlinear behavior observed with increasing the intensity of
monochromatic light is attributed to the effect of carrier saturation excitation, a phenomenon predicted
by the shift current mechanism (I, o |E| o< P%%) [47]. In contrast, horizontally structured devices
based on a-InsSes do not exhibit such power density dependence, implying the absence of BPVE in these
structures [21,48].

On the basis of the BPVE and the anisotropic structure of a-InsSes, the MLG/a-InaSes /MLG device
is able to achieve polarization-resolved photodetection with zero bias. In order to enhance the interface
contact, the device underwent vacuum annealing prior to the polarization test. The dependence of
Is. on the linear polarization direction of the incident laser beam was measured, as illustrated in Fig-
ure 3(d) [49], with a wavelength of 520 nm and power density of 273.6 W/cm?. Notably, the photocurrent
of the device after annealing displayed about one-order-of-magnitude increase compared to the current
before annealing under the same optical power density (Figure S4). This enhancement suggests an
improved interface contact between a-InySez and MLG [12,48]. Considering that 2D materials usually
dissociate along the zigzag direction [50], the armchair direction of a-InpSes is assigned along the red
arrow (0°), as depicted in the inset of Figure 3(c). Along the direction of the red arrow, the polarization-
resolved SHG reaches its maximum, which proves that this direction is the armchair direction of a-InsSes
(Figure S3). The photoresponse reaches its maximum amplitude when the laser polarization aligns with
the armchair (polar) direction of a-InsSes, while it reaches the minimum photocurrent along the zigzag
direction [24]. In addition, the cosine variation of the linear light polarization aligns well with the BPVE
theoretical analysis based on the C3 point symmetry group (see Supplementary Note). The dependence
of I on laser polarization also supports the shift current model as the origin of the photocurrent.
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4 Conclusion

In conclusion, we report the observation of the BPVE in 2D ferroelectric a-InySes and explore the origin
of spontaneous photocurrent within this material. Through structural design, electrode matching, and
interface treatments, the BPVE linked to the out-of-plane ferroelectricity is observed in the MLG/a-
InySe3 /MLG van der Waals heterostructure. The direction of spontaneous photocurrent in BPVE is
switchable by manipulating the polarization orientation of a-InsSes through the application of an external
electric field. Besides, we demonstrate that the origin of the spontaneous photovoltaic effect is the shift
current, according to the crossover of zero-bias photocurrent from a linear to square-root dependence
with the increase of laser power density. Our device has also achieved zero-bias linear polarization
detection, leveraging the intrinsic anisotropic structure and the BPVE of a-InsSes. The amplitude of the
spontaneous current has been further increased by one order of magnitude through a vacuum annealing
process. Our results not only shed light on the mechanism of the BPVE in 2D ferroelectrics but also
promote the future application of 2D ferroelectric materials in energy-efficient photodetection. Devices
based on 2D ferroelectric semiconductors have a bright future in the realms of nonlinear optics and
multi-dimensional light detection.

Supporting information Figures S1-S5 and Supplementary Note. The supporting information is available online at info.
scichina.com and link.springer.com. The supporting materials are published as submitted, without typesetting or editing. The
responsibility for scientific accuracy and content remains entirely with the authors.
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