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2D van der Waals (vdW) materials with exceptional electronic and optical properties have emerged as a
hotspot of materials science research. Over the last few years, substantial growth has been observed in
the engineering of these materials for the bulk photovoltaic effect (BPVE). BPVE is the conversion of
electricity from light via an entirely distinct mechanism from the p—n junction photovoltaic device. The
tunable crystal structures of 2D vdW materials, their ability to maintain clean interfaces, and the ease of
forming heterostructures and heterojunctions facilitate the manipulation of crystal symmetry, electronic
polarization, light—matter interactions, thereby providing an efficient platform for engineering the BPVE.
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Herein, we present a critical discussion of the fundamentals of engineering the BPVE using different
material systems and innovative strategies based on previous scientific reports. The key challenges that
DOI: 10.1039/d6nh00127k can hinder device efficiency are also covered. The potential for a next-generation, self-powered,

energy-efficient, flexible, and lightweight device utilizing the BPVE of 2D vdW materials is highlighted in
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1. Introduction

Photovoltaics is one of the most valuable energy technologies in
the world, enabling the direct conversion of light energy into
electrical energy. The most successful category of photovoltaic
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technology is silicon p-n-junction solar cells, where a built-in
electric field at the junction of two differently doped materials
facilitates the separation of generated electron-hole pairs
upon the absorption of photons with energy higher than the
material’s band gap." Unlike p-n junction photovoltaics, the
bulk photovoltaic effect (BPVE) converts light energy into
electricity without any built-in electric field.> The band gap
does not limit the maximum open-circuit voltage (Voc) in the
BPVE due to its quantum mechanical origin.? Theoretically, it
can exceed the Shockley-Queisser limit on power conversion
efficiency, a major constraint in traditional p-n junction
photovoltaics.*
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The origin of the BPVE is widely attributed to the nonlinear
interaction of light with polarized materials, particularly those
with asymmetric crystal structures. The current generated by
the BPVE mainly consists of two contributions: the shift current
or linear photo galvanic effect (LPGE), which depends on
linearly polarized light,” and the circular photo galvanic effect
(CPGE), which depends on the helicity of light and becomes
zero under linearly polarized illumination.® Another mecha-
nism mentioned in the literature is the depolarization (DEP)
field between two electrodes.”

The BPVE was first observed in perovskite material and has
been extensively explored in the last few decades. It was
probably first observed by A. G. Chynoweth in 1956 in barium
titanate, which produces pyroelectric current without the appli-
cation of an electric field.® Consecutive works by F. S. Chen, A.
M. Glass et al, and others reported this current in similar
categories of crystal systems. Subsequently, this effect was
named the BPVE.” "' Bulk perovskites have been widely inves-
tigated for the BPVE; however, the wide band gap restricts the
absorption of low-energy photons in these perovskite materials,
and this phenomenon is essentially limited to low-wavelength
light.">™*°

In recent years, the BPVE has emerged as a compelling topic
in the field of 2D van der Waals (vdW) material research. Due to
their tunable atomic-scale dimensions, adjustable crystal sym-
metry, and versatile electronic and optical properties, 2D vdW
materials offer a unique platform for exploring and enhancing
the BPVE."” " This growing interest is driven by the potential
to develop highly efficient BPVE-based devices for real-world
applications and deepen our understanding of the fundamen-
tal mechanisms behind the effect. 2D vdW materials offer
distinct advantages for specialized applications, including
advanced optoelectronic devices, high-density synaptic devices
for in-memory computing, and high-power-density flexible
nanogenerators, key technologies that support the widespread
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adoption of the Internet of Things (IoT). For the first time,
significant photocurrent generation without p—n junctions was
observed in layered vdW GeS by Kushnir et al in 2017.%°
Since then, the BPVE in vdW layered materials has been
extensively studied in various systems, such as 3R-MoS,, 1T’-
ReS,, CulnP,S, (CIPS), In,Se;, and many more.>'>* Although
broken inversion symmetry or a noncentrosymmetric crystal
structure is the key requirement of the BPVE, it can also be
artificially induced in symmetric 2D materials through the
reduction of symmetry in the system via strain engineering,
defect introduction, and other methods.?*?® Due to their
atomic thickness, 2D vdW materials are feasible for manipulat-
ing crystal symmetry, possess defect-free surface states, exhibit
good charge carrier mobility, and feature a spectrum of band
gaps ranging from a few meV to a few eV. Additionally, an easy
fabrication procedure, along with a reduced requirement for
expensive and high-maintenance instruments, supports the
investigation possibility on different systems and in various
device architectures.

In recent review articles on the BPVE in vdW materials,
although symmetry and crystal structures are intriguingly dis-
cussed, the systematic discussion of the fundamental mechan-
isms underlying the effect and its limitations in these materials
remains lacking. In a review paper, only the BPVE effect in
TMDCs is considered; however, it also occurs in monochalco-
genides and Weyl semimetals. Therefore, this review addresses
the fundamental causes, limitations, carefully categorized
material systems (those that require external stimulation and
those that do not), technical advancements, key challenges, and
the most valuable applications. Previous reviews focused on the
possibility of surpassing the Schottky-Queisser (SQ) limit by the
BPVE; however, the BPVE is also constrained by other critical
issues covered in this article.

After the introduction, a brief explanation of the fundamen-
tal mechanisms and measurement procedures is provided. A

Prof. Taesung Kim received a
Master of Science and a PhD
degree in Mechanical Engi-
neering from the University of
Minnesota in the United States
in 1998 and 2002, respectively.
Dr. Kim is currently a professor in
the Department of Mechanical
Engineering at Sungkyunkwan
University in Suwon, South
Korea, and serves as an adjunct
professor  at  the  SKKU
Nanotechnology Research Insti-
tute and the Department of
Semiconductor Convergence Engineering. His research areas
include nanoparticle synthesis, development of technologies for
bioaerosol applications, chemical-mechanical polishing (CMP),
and thin-film synthesis.

Taesung Kim

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6nh00127k

Open Access Article. Published on 14 May 2026. Downloaded on 6/5/2026 5:37:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Horizons

comprehensive discussion of various reported BPVE-active
materials and engineering strategies is then presented, mainly
categorized into the following sections. (i) The BPVE in intrin-
sically asymmetric materials: this covers only the materials that
generate the BPVE without any external influence. (ii) Strain-
induced BPVE: this involves artificially breaking the symmetry.
(iii) Other strategies. The key challenges that can hinder device
efficiency are subsequently addressed. Finally, the conclusion
and outlook section contains the future directions and recom-
mendations for utilizing this novel energy conversion mecha-
nism. The historical evolution of notable discoveries of the
BPVE in 2D vdW materials is presented in Fig. 1(a). A schematic
representation of the BPVE observed in different materials
using various techniques, which are also covered in this article,
is depicted in Fig. 1(b).

2. Mechanism of the BPVE

Before exploring the advancements of the BPVE in 2D vdW
materials, it is important to briefly understand the mechanisms
behind its three distinct origins and their significant limita-
tions. This section aims to provide readers with a clear and
concise overview of this effect.

(a) LPGE: shift current

Quantum mechanically, the electron wave packet acquires a
geometrical phase shift as it moves through the k-space of a
solid; this is known as the Berry phase.”” In noncentrosym-
metric materials, the lack of inversion symmetry gives rise to
distinct Berry connections (a Berry connection is a mathema-
tical quantity that defines the change in a quantum state as it
moves through the k-space, and its integral in a closed loop
quantifies the Berry phase) in the conduction and valence
bands.?®* When electrons are optically excited across the band
gap, this difference produces a real-space displacement of the
electron wave packet because of the distinct Berry connection of
the energy bands, known as the shift vector, during the inter-
band transition, as depicted in Fig. 2(a).*®*° The resulting
spatial separation of photoexcited carriers after multiple suc-
cessive ballistic transport events causes the carrier to reach the
electrode, as shown at the bottom of Fig. 2(a). It generates a
finite photocurrent under continuous illumination, referred to
as the shift current.*® These carriers are non-thermalized due to
the extremely fast transit of photogenerated carriers to the
electrodes,® making them immune to the Shockley-Queisser
efficiency limit of p-n junction solar cells, offering the possi-
bility of surpassing it.

Since the Berry connection depends on the polarization
angle of the incident light, it leads to a polarization-
dependent shift current, as shown in Fig. 2(d).**** The sponta-
neous electrical polarization of the crystal is fundamentally
linked to the shift current; however, strong polarization does
not always generate a large shift current.’ In crystals, electrical
polarization involves both ion displacement and an electronic
contribution (the asymmetry of covalent bond wave functions),

This journal is © The Royal Society of Chemistry 2026
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which is associated with the Berry phase, as per the modern
theory of polarization.** Thus, the shift vector is also associated
with the electronic polarization of the material, and materials
with strong electronic polarization could be compelling for
shift current generation.*>*® The large spontaneous polariza-
tion in 2D vdW materials can be dominated by ionic displace-
ments driven by anharmonic lattice modes, where ionic
positions undergo substantial shifts, whereas the Wannier
centers (center of charge localization) move slightly relative to
the ions.>” If Wannier centers are pinned to bonds, and the
system has small Born effective charges (Z*), it results in weak
Berry-phase redistribution and a limited shift current. In con-
trast, materials that exhibit large Z* and enhanced Berry
curvature near the band edges can support strong shift-
current responses, even when the net polarization is
moderate.*® Therefore, the Z*, Berry curvature, and Wannier
center could be predictive descriptors for selecting the material
system, rather than the system’s net polarization. This
quantum-coherent mechanism, which can also be described
as the motion of dipoles in momentum space driven by photon
momentum transfer, provides a pathway toward next-
generation photovoltaic and optoelectronic devices with effi-
ciencies beyond conventional limits. In 2D vdW ferroelectrics,
because of the intrinsic polarization axis that guides the trans-
port of carriers after Berry phase-driven separation, the shift
current tensors, which play a crucial role in generating photo-
currents, retain non-zero components even when exposed to
unpolarized light. As a result, these materials can achieve
asymmetric excitation even in unpolarized light. In contrast,
nonpolar materials, even if they are noncentrosymmetric, do
not exhibit spontaneous polarization and thus lack inherent
directionality. For these materials, the shift-current response
relies completely on the polarization of the incoming light to
create symmetry breaking in the excitation process. Conse-
quently, unpolarized light, which effectively averages over
multiple directions, does not lead to a net shift current in
these nonpolar materials.”®*%*° Hence, materials lacking sym-
metry, although nonpolar, exhibit the shift current only when
interacting with polarized light. In contrast, ferroelectric mate-
rials that possess crystal asymmetry, as well as a spontaneous
polarization state, exhibit the shift current even with unpolar-
ized light.’

(b) CPGE

CPGE can be illustrated using the example of the crystal
symmetry of the most famous 2D vdW material, MoS,. A
material with broken inversion symmetry, such as monolayer
MoS,, possesses valley-contrasting spin splitting in the valence
band maxima caused by strong spin-orbit coupling, and the
conduction band minima and valence band maxima are
located at the same K point, as depicted at the top of
Fig. 2(b).** The K-valley is coupled to positive electronic spin,
and the —K(K')-valley is coupled to negative electronic spin
[bottom of Fig. 2(b)], known as spin-valley locking. Because of
these fundamental characteristics, optical transitions occur
selectively under the application of circular polarized light;
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Fig. 1 (a) Historical evolution of the BPVE in 2D vdW materials. (b) Schematic of the BPVE observed in different materials and related techniques.

right-handed circular polarized light (RCP) or positive helicity imbalance in the electron population between the two valleys.
excites the electron in K', and left-handed circular polarized Now, broken inversion symmetry in MoS, leads to nonzero
light (LCP) or negative helicity excites the electron in K~.**> Berry curvature (the Berry curvature is the curl of the Berry
Therefore, applying light with a specific helicity generates an connection), and time reversal symmetry ensures the equal but

Nanoscale Horiz. This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Mechanism and characterization of the BPVE. (a) Top: Schematic of shift current generation across the band gap; bottom: the average shift of the
charges (electrons and holes) per absorption event of the incoming light (green arrows) is denoted as R. (b) Top: Schematic of the band structure at the
band edges located at the K points; bottom: schematics of the process of inter-band transition circular polarized excitation, carriers at the K (K’) valley can
only be excited by LCP/RCP light, which is represented by the red (pink) curves. (c) Top: Schematic of the device architecture and DEP field-induced FPVE
in an In,Ses device; bottom: band diagram of the In,Ses/graphene heterostructure. (d) Dependence of Jsc on the light polarization angle, ¢, in h-LuMnOs
ferroelectric crystal. | CPGE current as a function of the applied gate voltage. (f) DEP field-induced BPVE in the Pb(Zrg »Tip )O3 films. (g) Conditions for the
shift current generation with polarized and unpolarized light. (h) A simple schematic diagram of a polarization-dependent photocurrent measurement
setup. (i) AFM topographic image of an SnS device with two-linked crystals measured before the application of h-BN encapsulation and Al film.
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(j) Unbiased photocurrent obtained from the drain electrode along the black dotted line shown in (i). (k) Angular-dependent photocurrent induced by
linearly polarized light measured at the electrode region covered by Al film, whose position is indicated by the white rectangle in (i). () Angular-dependent
photocurrents induced by linearly polarized light measured at spots 1-4. The green arrow indicates the predicted spontaneous polarization direction.
Bottom panel (a) reproduced from the ref. 30, copyright 2023 American Physical Society; top panel (b) reproduced from the ref. 41, copyright 2012
American Physical Society; bottom panels (b) and (e) reproduced from ref. 6, copyright 2017 American Physical Society. Panel (c) reproduced from the
ref. 24, copyright 2024 the American Chemical Society; panel (d) reproduced from the ref. 33, copyright 2022 AIP Publishing; panel (f) reproduced from
the ref. 45, copyright 2019 Springer Nature; and panels (i) to () reproduced from the ref. 48, copyright 2023 Wiley-VCH GmbH.

opposite Berry curvature in two valleys.** Nonzero Berry curva-
ture induces anomalous velocity in the generated photoelectron
transverse to the electric field. Therefore, circularly polarized
light with a finite net current creates an imbalance of electrons
in two valleys, even though the Berry curvature simulates the
generated photoelectron in the opposite direction. With varying
chirality of the light, a periodic variation of the CPGE effect
induces a photocurrent produced with the highest/lowest for
right-circular/left circular polarization because of the selective
excitation of the carrier in the material with broken spatial
inversion symmetry, as shown in Fig. 2(e). In comparison, on
applying unpolarized and linearly polarized light, both valleys
are populated with a similar number of electrons, which is
canceled out by the opposite flow of carriers dictated by the
equal but opposite Berry curvature in the two valleys.®*'
Although the circular photocurrent is also generated in the
Weyl semimetal via a subtly different process, the fundamental
mechanism is similar to that discussed above. The detailed
mechanism of the CPGE in the Weyl semimetal will be
addressed in the BPVE in the Weyl semimetal section.

(c) DEP field-induced BPVE

The DEP field-induced self-bias photocurrent is observed in
materials with spontaneous polarization. For example, as pre-
sented at the top of Fig. 2(c), o-In,Se; with down polarization,
bound charges are induced at the graphene interface as indi-
cated by the black + and — at the bottom and top graphene
electrode, respectively, and these bound charges induce oppo-
site image charges in the graphene, as shown by the white +
and — signs. Incomplete screening of the bound charges leads
to a DEP field that originates from the low carrier density of
graphene and is often reduced in the case of a thick metal
electrode, which generates a current flow antiparallel to the
polarization.>* In the bottom of Fig. 2(c), a band diagram of the
device under this DEP field is depicted. The slope is induced by
the presence of the DEP field acting against the direction of the
polarization force, which causes the drifting of photogenerated
electrons and holes toward opposite electrodes, thereby produ-
cing the photocurrent.** Unlike the shift current, the maximum
Voc in the DEP field-induced photovoltaic effect is not immune
to the band gap of the active layer, according to the following
relationship:**

E,
Voc = f — HEpgp

where E, is the band gap of the active layer, H is the thickness,
and Epgp is the DEP field. The V¢ will always be smaller than
the band gap of the active layer, as the DEP field-induced

Nanoscale Horiz.

photovoltaic effect follows a similar process to that of a p-n
junction; as shown in Fig. 2(f) for DEP field-induced photo-
current in Pb(Zry,Tio)03,"> it sometimes exhibits similar
characteristics to those of a p-n junction solar cell. However,
if the shift current substantially influences the device perfor-
mance, it may surpass this limitation in some cases. It is worth
noting that no vdW photovoltaic device has approached the
band-gap limit of V¢ to date, as contact resistance and bulk
leakage keep Voc well below the material’s band gap. For
instance, in the In,Se; device, the V¢ is far below the band
gap and increases at lower temperatures as the bulk resistance
increases.® High contact resistance is often induced by inter-
face defects and Fermi-level pinning; for instance, in edge
contacts with a Bi semimetal on 3R-MoS,, this increased the
device’s Voc and short-circuit current.*” Therefore, more stu-
dies on contact engineering and bulk-resistance optimization
in 2D vdW photovoltaics would be a valuable addition to the
literature. A comparison of the different mechanisms of the
BPVE is presented in Table 1.

3. How to characterize the BPVE

BPVE devices can be fabricated in a lateral or vertical configu-
ration. As discussed in the previous subsection, for lateral
devices, the Berry phase or Berry curvature-induced current
often dominates. In contrast, in the case of vertical devices, the
DEP field-induced photovoltaic effect prevails, especially for 2D
vdW materials. Two identical metal electrodes are placed over
the active material in the lateral configuration. In a vertical
configuration, the active material is sandwiched between two
electrodes; however, special measures must be taken to inhibit
unintentional contact between the top and bottom electrodes
when working with these ultra-thin 2D materials. The
unwanted Schottky barrier at the electrode-material junction
often skews the BPVE characteristics. Apart from the LPGE and
CPGE, Schottky barriers introduce a built-in potential that can
drive photocurrent, either in the same direction as the BPV
current or in the opposite direction, and may create an elusive
mixed-response state that complicates characterization. There-
fore, it is important to minimize the influence of this Schottky
barrier as much as possible for proper investigation. Previously,
the author reported the adoption of a reflective Al layer to shade
the electrode junction so that its effect could be ruled out, as
shown in Fig. 2(i).** However, for application purposes, it
generates a potential-driven photocurrent in the same direction
as the shift current, so it is unnecessary to eliminate the

This journal is © The Royal Society of Chemistry 2026
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Table 1 Comparison of the LPGE, CPGE, and DEP field-induced BPVE
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LPGE CPGE

DEP field-induced

Real-space displacement of the electron
wave packet facilitated by the distinct
Berry connection of the energy bands

Physical origin

field

Material system
requirement

Non-centrosymmetric crystal structure
with/without spontaneous polarization

Monochalcogenides, TMDCs, post-
transition metal chalcogenides

Device structure Typically lateral

Constraint of V¢
exceed the SQ limit; however, the fill
factor is limited to 25%

Direction control ~ Possible to smoothly control by varying

the polarization angle

Key limitation Current direction and magnitude

depend heavily on the crystal symmetry
and orientation of the light polarization
relative to crystal axes

Focused application Bias-free polarization-sensitive photo-
zone detector for secure communication and
biomedical imaging

detection

impact; rather, exploiting the Schottky barrier-induced current
will improve conversion efficiency.

Usually, photocurrent mapping is an efficient tool that
allows the estimation of photocurrent at each point in the
active material. Another way to confirm the BPVE effect of the
device is to study the polarization-dependent photocurrent. The
Schottky barrier is not responsive to polarized light, and the
photocurrent would be the same for all polarization directions.
In contrast, as the shift current strictly depends on the angle of
polarization with respect to the crystal orientation of the active
material, a distinct polarization-dependent current would be a
feasible route to ensure the observed photovoltaic effect. The
net generated photocurrent in BPV devices can be mathemati-
cally expressed as follows:***°

Ji = Gfl-keje,f, + iG§ lee”],

where the former component is a linear bulk photovoltaic
current, and the latter is a circular photovoltaic current, I
represents the intensity of the light, and the components of
the light-polarization vector in the x and y directions are
denoted as e; and ¢, respectively. ilee*] signifies the level of
circular polarization, and the tensor components ijk and Gy
are linear and circular BPV coefficients, respectively. If a
linearly polarized light beam is applied to the device, the
second part vanishes. The first part involves the vector multi-
plication of ¢; and e;. Therefore, by changing the polarization

This journal is © The Royal Society of Chemistry 2026

Non-zero berry curvature induces
anomalous velocity in the generated
photoelectron transverse to the electric

Non-centrosymmetric crystal structure,
along with strong spin-orbit coupling

Monolayer TMDC and topological
Weyl’s semimetals are strong candidates chalcogenides
Typically lateral

Theoretically, Vo is not limited and can Similar to LPGE

Possible to smoothly control by varying
the helicity of the light

Requires a high-quality chiral system,
which often suppresses the signal

Low-energy chiral photodetection.
Highly promising for low-cost, energy-
efficient microwave and terahertz

Incomplete screening of bound charges
induces the DEP field

Material with spontaneous polarization.
Low carrier density graphene as an elec-
trode to ensure incomplete screening of
bound charge.

TMDC, post-transition metal

Only vertical

Voc is limited by the material’s band gap
and the induced DEP field. It cannot
exceed the SQ limit

Polarization independent

Limited by the bound-charge screening
effects and highly dependent on the
electrode material

Energy-efficient, high-density photo-
detector enabled by vertical and self-bias
operation

Energy-efficient optoelectronic synaptic
device

Solar energy harvesting

direction, we obtain a variable current, and from there, linear
photocurrent coefficients can be determined. By adjusting the
intensity of the applied light, it is also possible to measure the
coefficient. The values of the components of the tensor ele-
ments depend on the crystal system."’

A systematic identification of the shift current has been
performed in SnS crystals by measuring photocurrent specifi-
cally at different positions, as reported by Chang et al*® As
shown in Fig. 2(i), the photocurrent was measured at spots 1
to 4 of the SnS crystal, where 1 and 4 are located near the
electrodes, and the black square spot is located deep inside the
electrode. The photocurrent under the electrode (the black
square spot) is independent of polarization angle, while spots
1 to 4 are highly dependent on the polarization angle. There-
fore, the photocurrent under the electrode is purely a Schottky
barrier-induced current, as shown in Fig. 2(k). The polarization
angle depends on the photocurrent at spots 1 and 4, which are
completely different from spots 2 and 3, located deep inside the
channel (Fig. 2(1)). The direction of the strong polarized photo-
current is along the armchair direction of the crystal when the
polarization vector of light is parallel to the zigzag direction of
the crystal, which is in good agreement with the theoretical
calculation of the shift current vector. The abnormally strong
polarized photocurrent direction at spots 1 and 4, which is
mostly perpendicular to the measured current at spots 2 and 3,
could be due to the combined effect of the Schottky junction
current and shift current. For example, the photocurrent at spot
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4, possibly the shift current, is negative, and the Schottky
junction current is positive. When these two are superimposed,
they could generate a pattern if the magnitudes of these two
currents are on a similar scale. However, this change in photo-
current direction could also be caused by local strain induced
by the metal electrode. A few theoretical studies on GeSe
and SnS have reported that, under strain, the shift current
may change direction due to the alteration of the non-
centrosymmetric atom arrangement.’®”" Therefore, this type
of measurement strategy is crucial for a better understanding of
the fundamental origin of the observed photocurrent, thereby
improving the device architecture.

The DEP field-induced current is independent of the polar-
ization of light and often appears illusory in comparison to the
Schottky barrier-induced current; however, it has a few key
differences. Most importantly, the direction of the photocur-
rent is easily alterable by flipping the polarization state of the
ferroelectric material, as observed in the case of ReS,. The
depletion width and built-in field for Schottky junctions remain
constant with variations in thickness, resulting in a constant
Voc across all thicknesses.*® In contrast, the DEP field exhibits
a significant increase in Voc with increased thickness. In
Schottky-junction and p-n-junction photovoltaic devices, Voc
saturates at high power due to series resistance; however, in a
DEP field, there are substantial variations in Vo, even at high
light intensities. Apart from these, the effect of the Schottky
junction is generally reduced by using similar characteristics of
the junction in both regions.

4. BPVE in intrinsically non-
centrosymmetric 2D vdW without
spontaneous polarization

The primary requirement for the BPVE is that the material have a
noncentrosymmetric crystal structure; however, as discussed in the
BPVE mechanism section, materials that lack an intrinsic polariza-
tion direction exhibit the BPVE only under polarized light. The
monolayer 2H-phase TMDCs, such as WS,, MoS,, WSe,, and
MoSe,, lack inversion symmetry; however, because they lack intrin-
sic polarization, they generate shift current only under polarized
light. The first principle studies have confirmed the existence of a
finite shift current in monolayer MoS,.>* Similarly, ultrafast shift
dynamics of the shift current in monolayer WS, have also been
theoretically demonstrated in the literature.>® These materials also
exhibit CPGE due to strong spin-valley locking, supported by
broken inversion symmetry and strong SOC, as discussed in the
section on the mechanism of CPGE.

5. BPVE in intrinsically
non-centrosymmetric 2D vdW
with spontaneous polarization

This section will cover 2D vdW materials that are non-
centrosymmetric, possess spontaneous electrical polarization,
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and can generate photocurrent under both unpolarized and
polarized light.

(a) Monochalcogenides

In 2015, it was theoretically predicted that Group IV vdwW
monochalcogenide monolayers, such as GeS, SnS, GeSe, and
SnSe, exhibit strong in-plane ferroelectric properties because of
a puckered C,, symmetric crystal structure, where elastic dis-
tortion happens as the top and bottom atoms in the armchair
direction spontaneously shift in either the x or y direction, as
depicted in Fig. 3(a) for GeS.>*>> These systems also possess
moderate band gaps (1.8-2.3 eV in the monolayer);*® alto-
gether, these properties signal the possibility of a strong BPVE.
Later, in 2017, experimental evidence of the shift current in GeS
was observed, even in few-layer GeS, due to spontaneous sur-
face polarization by the top-most layer.>® Terahertz wave gen-
eration and a linearly dependent shift current have been
achieved in GeS nanosheets through photoexcitation with
400 nm light at normal incidence and at terahertz (THz)
frequencies [Fig. 3(b)]. Few-layer SnS can have different crystal
structures, in which there are two types of layer arrangement, as
shown in Fig. 3(c); in the anti-ferroelectric arrangement
o(AB,pg), polarization in adjacent layers vanishes. In contrast,
in the case of the ferroelectric B'(ACgg) phase, spontaneous
polarization is observed. These two phases coexist in the SnS
crystal in different layers, as depicted in Fig. 3(d). Because of
the spontaneous polarization from the p'(ACgg) phase, a strong
polarization-dependent photocurrent was observed in this non-
centrosymmetric material;*® this indicates its promising
potential as a third-generation photovoltaic device. It could
also position it as a high-frequency photodetector due to its
ultra-low shift carrier lifetime.

(b) Dichalcogenides

2D transition metal dichalcogenides (TMDCs), particularly
MoS,, WS,, and ReS,, as well as their selenide counterparts,
have been studied by a large number of laboratories due to
their superior light absorption capabilities, which are attribu-
ted to their high exciton binding energy, remaining effective
even at room temperature.®” > The role of excitons in the BPVE
is also theoretically calculated in monolayer GeS and MoS,.*° As
discussed in the section on the mechanism of the BPVE, the
crystal symmetry of the material plays a pivotal role in this
phenomenon. TMDC materials can exist in various crystal
symmetries, such as 1H, 2H, 3R, and 1T. Among these, 1H is
a monolayer semiconducting material that is stable at room
temperature, and inversion symmetry is broken. In compari-
son, the 1T phase is metallic and metastable and can undergo
phase transition to other metastable phases 1T’, 1T”, and 1T""".
Bulk 1T is highly symmetric, but because of the lattice distor-
tion, it often breaks symmetry, and depending on the strength
of asymmetry, these are classified as 1T/, 1T”, and 1T’". It has
been predicted that because of the narrow band gap of the 1T'"
phase, with a highly asymmetric crystal structure that induces
spontaneous polarization, it can generate a strong BPVE in a
broad spectrum extending to near-infrared wavelengths.®!
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The 2H phase corresponds to the stacking of 1H layers, and it In contrast, the rhombohedrally stacked 3R-MoS, has bro-
has a highly symmetric crystal structure, which makes it ken inversion and mirror symmetry due to the sliding of one
inactive for the BPVE. layer with respect to another and possesses spontaneous
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Fig. 3 Transition metal chalcogenides. (a) Top view of the structure of the GeS monolayer exhibiting spontaneous distortion in the x-direction and a
schematic of an in-plane shift current due to an ultrafast transfer of electron density along the S—Ge bond. (b) THz pulse peak as a function of linear
polarization of the pump. (c) Schematics of crystal structures in the o and B’ phases of SnS in the x (armchair) and y (zigzag) directions. (d) Transition area
between the B’ and o phases of SnS. (e) Side view of different TMDC systems: (1) bilayer 2H-MoS,, (II) bilayer 3R-Mos,, (III) bilayer 1T’-ReS,, and (IV) WS,
nanotube rolled in the zig-zag direction, bottom showing broken mirror symmetry in the z-direction. (f) Autocorrelation signals of the BL region of 3R-
MoS, measured at RT. The dotted lines are from experimental measurements, and the black lines are exponential fittings to extract the time constants.
(g9) Schematic of two possible stacking domains (AB and BA) of a 3R bilayer MoS, (left). The top layer (solid) shifts towards the left (AB) and right (BA)
relative to the bottom layer (translucent). A scanning PC map of the device demonstrates that the positive and negative photoresponse areas correspond
to the AB and BA domains. (h) Gate voltage-dependent PC in the AB and BA domains. The inset shows a schematic of the charge transfer between 3R-
MoS, and graphene. Electrons are partially layer polarized, whereas holes are equally distributed between the two layers. (i) Polar plot of /sc with respect
to the polarization of the pump laser measured from the tetralayer ReS, vertical PV device. (j) Simplified three-dimensional device scheme of graphene-
contacted ReS; showing the different vdW layers composing the system. (k) Angular dependence of the short-circuit current measured along the b-axis
of ReS; as a function of the linear polarization of the incoming light. (1) Structure of the Janus MoSSe monolayer with intrinsic polarization (P). Panels (a)
and (b) are reproduced from ref. 20, copyright 2017 the American Chemical Society; panels (c) and (d) reproduced from ref. 48; copyright 2023 Wiley-
VCH GmbH; panels (g) and (h) reproduced from ref. 21, copyright 2022 Springer Nature; panels (e)-1lI, (j), and (k) reproduced from ref. 22, copyright 2024
the American Chemical Society; panel (e)-IV reproduced from ref. 66, copyright 2022 Springer Nature. Panel (f) reproduced from the ref. 7, copyright
2022 the American Association for the Advancement of Science; panel (i) reproduced from ref. 64, copyright 2024 the Royal Society of Chemistry; and
panel (1) reproduced from ref. 68, copyright 2025 Springer Nature.
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polarization in the out-of-plane direction, known as sliding
ferroelectricity, as shown in Fig. 3(e)-I and IL.°* Various scien-
tific groups have utilized the out-of-plane polarization of 3R-
MoS, to generate a DEP field-induced BPVE. For example,
devices with 2 and 4 layers of 3R-MoS, sandwiched between
two graphene electrodes demonstrated a self-biased photocur-
rent on the picosecond timescale as depicted in Fig. 3(f).”
Notably, the 2L 3R-MoS, device exhibits a recovery time as
short as 17 ps, which is significantly slower than the charge
transfer time observed at the MoS,/graphene interface. In
contrast, the recovery time for the four-layer device is markedly
longer, suggesting contributions from slower components in
thicker regions. This difference may be due to the presence of
larger defects in 2D materials or additional MoS,-MoS, inter-
faces within the four-layer structure. The thermal relaxation
during this slowdown may also result from charge transfer
dynamics at the MoS,/graphene interface, as evidenced by the
stability of the recovery time in response to an external bias,
similar to the behavior observed in the Gr/3L-WSe,/Gr ultra-fast
photodetector.®® Around the same time, studies on 3R-MoS,
revealed that photocurrent generation is independent of light
polarization, suggesting that shift-current phenomena do not
dominate the photocurrent response; instead, the dominant
mechanism is attributed to the DEP field.”’ There are two
possible stacking domains in a 3R bilayer MoS, (Fig. 3(g)): in
the AB domain, the molybdenum atom in the top layer is above
the sulfur atom in the bottom layer, whereas in the BA domain,
the same amount of shift happens along the opposite direction,
rendering an in-plane mirror image. Furthermore, in both
domains, the photocurrent decreased with increasing positive
gate voltage, while for a negative gate voltage, it decreased
slowly, as depicted in Fig. 3(h), demonstrating that the photo-
current originates from the doping of graphene. The sponta-
neous polarization direction and PC polarity are opposite in
these two domains.*!

While bulk ReS, is centrosymmetric, a few layers of ReS, can
readily exhibit broken symmetry due to varying stacking orders
of the 1T’ crystal structure (Fig. 3(e)-III). It maintains a strong
excitonic feature even in a multilayer. In vertical configurations,
the intrinsic symmetry of ReS, facilitates photovoltaic current
generation through the dominant DEP field. However, the
contribution of the shift current is also notable in the polarized
photocurrent illustrated in Fig. 3(i).°* Conversely, investiga-
tions of lateral few-layer ReS, devices with graphene contacts
(Fig. 3(j)) have demonstrated strong shift-current production,
outperforming conventional lateral 2H- and 3R-MoS, devices
due to reduced contact resistance with graphene.’”?%® In
contrast to bulk TMDC monolayers, which belong to the non-
centrosymmetric D3, point group with broken inversion sym-
metry and can generate self-biased photocurrent only under
polarized light, WS, nanotubes present a unique case. Their
curved surface introduces intrinsic strain (Fig. 3(e)-IV), result-
ing in broken mirror symmetry in the transverse direction
(when the WS, nanosheet is rolled in a zig-zag direction) that
enables polarization and, thereby, BPVE generation, even under
unpolarized light, whether in single-wall or multi-wall
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configurations.*>*® Additionally, Janus TMDCs, characterized
by different chalcogens on opposing sides of the transition
metal, can exist solely as single layers. This composition,
exemplified in Fig. 3(1) for MoSSe, S, and Se, creates mirror
asymmetry in the out-of-plane direction. The differing electro-
negativities of these chalcogens induce spontaneous polariza-
tion perpendicular to the layers.®”®® Experimental observations
have confirmed ultra-fast and high self-biased photocurrents
arising from these out-of-plane intrinsic polarizations.®®
Furthermore, the BPVE has been theoretically predicted in
various Janus crystal structures composed of diverse transition
metals combined with sulfur, selenium, and telluride.®®”°
Overall, TMDC is a popular platform for studying the BPVE
because of the diverse symmetry that stems from the different
phases.

(c) Other vdW ferroelectrics: In,Se;, CulnP,Ss, and SnP,Ses

The BPVE has also been increasingly discovered in 2D vdW
ternary and quaternary materials, such as CIPS and SnP,Seg, as
well as in binary compounds like In,Se;, due to their strong
intrinsic polarization supported by post-transition metals,
which could enrich the field of the BPVE. CIPS and SnP,Seq
produce ferroelectricity from the ionic displacement in each
layer; on the other hand, In,Se; produces ferroelectricity from
the displacement of the atoms with respect to different
layers. Cu atoms can exist in multiple stable positions, as
demonstrated in Fig. 4(a), which generates spontaneous
polarization.** For SnP,Ses, octahedral coordinated Sn-Se
bonds lack hybridization, and the Sn-Se bonds are almost
entirely ionic. The strong electron-withdrawing effect of the
Se atoms gives rise to Se?”*~, which remains displaced between
the layers, thereby maintaining the integrity of SnP,Ses and
producing intrinsic polarization (Fig. 4(b)).”" As shown in
Fig. 4(c), the In,Se; crystal structure features a central Se atom
displaced from the centrosymmetric position, resulting in both
in-plane and out-of-plane polarization.*® Most reports on In,Se;
and CIPS present the vertical device with top and bottom
contacts, which is possibly due to the higher intrinsic polariza-
tion of the materials in the out-of-plane direction. As shown in
Fig. 4(d), for an In,Se;-based vertical device, the signs of the
short-circuit current and open-circuit voltage can be easily
altered by applying a DC bias and flipping the material’s
polarization before measurement.”>”> The effect of the thick-
ness of the active layer on the DEP field is also evident in the
efficiency of the In,Se; device depicted in Fig. 4(e).** The
efficiency decreases with increasing thickness, due to a reduced
DEP field; similar characteristics were also observed for the
CIPS.** In contrast, the increased efficiency in 3R-MoS, in a
vertical configuration with elevated thickness (within 10 nm)
has been observed; this behavior may mainly arise from the
increase in photon absorption in the material with increasing
thickness and overshadows the effect of the DEP field.”* There-
fore, the material’s thickness plays an important role in
photocurrent generation. With increasing thickness of vdw
materials, optical absorption generally increases; however,
interlayer carrier recombination after generation increases at
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Fig. 4 Post-transition metal-based vdW ferroelectrics. (a)—(c) Side views of CIPS, SnP,Seg, and In,Ses crystal structures demonstrating the positions of
different atoms that induce spontaneous polarization. (d) J-V characteristics of a-In,Ses along the out-of-plane direction under the conditions of dark
and light illumination; red and blue plots correspond to the downward and upward directions of spontaneous electric polarization, respectively. (e)
Efficiency vs. thickness of the In,Ses vertical device. (f) Temperature dependence of the short circuit current Isc (dark circles) and open circuit voltage Voc
(red squares) for a vertical In,Ses device. (g) Top: Side-view schematic of a bottom-contacted SnP,Seg device on a quartz substrate under
photoexcitation and bottom: top-view schematic of the SnP,Seg device; (h) transient photocurrent in the SnP,Seg device demonstrating ps response.
(i) Responsivity of a SnP,Seg phototransistor at Vy = —1 V and Vg = 0 V as a function of wavelength. (j) Angle-resolved Isc of the SnP,Seg device.
(k) Qualitative phase diagram of the thickness-dependent BPVE in 2D vdW materials. Panel (a) reproduced from the ref. 23, copyright 2024 American
Physical Society; panel (b) reproduced from ref. 71, copyright 2025 Wiley-VCH GmbH; panels (c) and (f) reproduced from ref. 46, copyright 2025 the
Royal Society of Chemistry; panel (d) reproduced from ref. 72, copyright 2024 AIP Publishing; panel (e) reproduced from ref. 24, copyright 2024 the
American Chemical Society; and panels (g) to (j) reproduced from ref. 49, copyright 2024 the American Association for the Advancement of Science.

higher thickness, while the DEP field decreases with increasing
thickness and vanishes after a few layers. A qualitative phase
diagram of the thickness dependence of the BPVE is presented
in Fig. 4(k). In a report on In,Se; with a similar vertical
structure, the temperature-dependent Ve decreased with

increasing temperature (Fig. 4(f)), revealing the influence of
bulk resistance and contact resistance on the DEP field-
dependent photovoltaic effect.*® In the 2D SnP,Ses with a
lateral configuration, a large first photocurrent in the ps range
was observed through a shift current-generating mechanism, as
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confirmed in polarized photodetection, as shown in Fig. 4(h)
and (j).* A broad band photocurrent response (Fig. 4(i)) was
also observed in SnP,Ses because of the low band gap of 1.32-
1.44 eV compared to the CIPS of 2.4-2.6 eV. Therefore, SnP,Se,
could be a more compelling material for the BPVE.*’

6. BPVE in topological vdW Weyl
Semimetals

Nearly a century ago, H. Weyl proposed the existence of mass-
less fermions characterized by definite chirality.”* While such
fundamental particles have not been detected in high-energy
physics, condensed matter systems have recently provided
analogs in the form of Weyl semimetals (WSMs). Energy-level
intersections at isolated points in momentum space exist in
this material (Fig. 5(a) for PtBi, bulk crystals), known as
a Weyl node, where low-energy excitations behave like Weyl
fermions.”® Each node carries a chirality (y = &1), determined
by the alignment of its spin with its momentum. Unlike Dirac
semimetals, in which linear band crossing can be gapped out
through the introduction of an extra mass term in the Hamil-
tonian, Weyl nodes are topologically protected, and it is not
allowed to introduce any gap at the node by external means.”®””
Instead, in momentum space, Weyl nodes behave as mono-
poles of Berry curvature, and the topological charge of the
monopole is chirality.

The singular Berry curvature near Weyl nodes also drives
unconventional nonlinear optical phenomena. Among these,
the CPGE has emerged as a powerful probe of chirality. CPGE
arises because circularly polarized light couples selectively to
Weyl nodes of a given chirality: for example, as shown in
Fig. 5(b), RCP light propagating along the K axis induces
optical transitions only on the y = +1 node at the +K  side,
while LCP light excites the — K, side to maintain the angular
momentum conservation.”® According to the characteristics of
the Weyl cone, WSMs are subdivided into two categories: type-I
and type-IL. In type-I WSM, the upper cone and lower cone of
the Weyl node meet the Fermi level only at a single point on the
Fermi surface. Cones are tilted with respect to the Fermi sur-
face in the case of a type-II Weyl, which leads to two sides of the
Weyl node being asymmetric and helps the asymmetric excita-
tion of the electrons, in contrast to type-I, where the symmetric
excitation of charge carriers between two Weyl nodes results in
zero net current. A net photocurrent is produced if contribu-
tions from different nodes do not perfectly cancel. In WSMs
with broken inversion symmetry, such as WTe,, MoTe,,
TalrTe,, and TaAs, this interplay yields strong, nonvanishing
CPGE responses over a broad spectral range.”>*® In WSM, the
linear dispersion relation is limited near the node. It fades away
from the node, and thus, the CPGE effect is only possible for
low-energy photons, which can only excite the carrier in the
linear dispersion zone. If the Fermi level is far from the node, it
is not possible to generate the CPGE because the Pauli exclu-
sion principle prohibits the existence of empty states and the
associated transition, known as the Pauli blockade. For
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instance, as shown in experimental evidence in Fig. 5(d), an
anisotropic photocurrent measurement of the Tyq-TalrTe, crys-
tal revealed that the anisotropy in the photocurrent is very low,
for a lower wavelength of 633 nm, and induces charges far away
from the Weyl node. In contrast, large anisotropies are
observed for the 4 and 10.6 pm wavelengths due to the presence
of a similar gap in the Weyl node;®' therefore, having the Fermi
level near the node is always better.®> However, even in inver-
sion symmetry-breaking WSM, the photocurrent vanishes if the
perpendicular incidence of light still preserves the in-plane
inversion symmetry.

Disorder in the system also plays a significant role; it
introduces finite broadening of the energy bands, making them
less sharp. This disorder broadening competes with the Pauli
blockade and might reduce its effect; however, charge-carrier
scattering becomes substantial at room temperature and dom-
inates the reduced Pauli blockade effect, thereby weakening the
overall photo response.®® If optical energy is comparable to the
disorder broadening, multiple Weyl nodes contribute to the
photocurrent, thereby modifying the practical lower bound for
chiral-selective optical detection. In a clean sample, only one
Weyl node contributes at a given photon energy. It generates
the quantized CPGE, which can be destroyed or less pro-
nounced due to disorder broadening.®*

In WTe,, MoTe, type-Il WSMs in crystal point group C,, do
not show a second-order nonlinear shift current response
under light incident along the crystallographic c-axis, as shown
in Fig. 5(c).*>®® These properties make WSMs an exciting
material platform. Their gapless, linearly dispersed bands
enable broadband optoelectronic responses extending from
the infrared to the terahertz regime. At the same time, their
topological character enhances nonlinear effects near the
Weyl nodes. In addition to CPGE, other nonlinear responses,
such as second-harmonic generation and shift currents, are
strongly influenced by the Berry curvature distribution and
crystal symmetries. Together, these effects deepen our under-
standing of topological matter and open routes toward next-
generation optoelectronic devices that exploit topology-driven
robust photocurrents and light-matter interactions at the
quantum level.

For the first time, mid-infrared photon detection was
demonstrated using the Weyl semimetal concept in type-I
(TaAs) and type-II (TalrTe,) Weyl semimetals.®™*>*” Although
it was previously discussed that in the case of type-I1 WSM, the
photocurrent vanished, the Fermi level or the chemical
potential is never present at the node at room temperature,
which produces a certain amount of asymmetry of photo
excitation between the two sides of the node, and utilizing this
effect, circular polarized infrared light detection for 10.6 um
was demonstrated in type-I TaAs. In type-II TalrTe, with a tilted
Weyl cone, together with a built-in electric field at the electrode
junction, modify the band structure at the Weyl node and
facilitates further imbalance of charge carriers. A high photo-
responsivity of 130.2 mA W' at 4 um has been demonstrated,
which is competitive to low temperature operated state-of-the-
art MCT(HgCdTe) photodetector. Thus, these discoveries have
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Fig. 5 Weyl semimetal. (a) Full-relativistic GGA band structure of bulk PtBi, showing a Weyl node. (b) Chirality selection rule: Right-handed circularly
polarized (RCP) light along +k excites the +k, side of the y = +1 Weyl node, whereas the left-handed circularly polarized (LCP) light excites the -k, side.
The chirality selection rule is independent of the tilt of the WFs. (c) Light obliquely incident in the x—z plane at an angle of 40° and normal incident, and the
corresponding generated photocurrent with changing polarization direction. (d) Left: Crystal structures of TalrTe, in the T4 phase; middle: broadband
photo responses; and right: anisotropic PC response for the linear polarized excitation at 633 nm, 4 um, and 10.6 pm. (e) Schematic of the scanning
photocurrent measurement of a WTe, field effect device; (f) scanning photocurrent response of a typical 6 nm thick WTe, device demonstrating the
edge photocurrent response in WTe,. (g) Band diagram near the H point of Te, considering spin—orbit interactions. The blue, cyan, and yellow arrows
denote transitions induced by 10.6 pm, 4.0 um, and 4.5 um excitations, respectively. W1, W2, and W3 mark three Weyl nodes near the H point. The energy
bands forming W1 and W3 are marked 1-4. The inset shows the Brillouin zone with L, H, and L, points. Panel (a) reproduced from the ref. 75, copyright
2024 American Physical Society; panels (b) reproduced from the ref. 78, copyright 2021 Springer Nature; panel (c) reproduced from the ref. 86, copyright
2018 American Physical Society; panel (d) reproduced from the ref. 81, copyright 2024 the American Chemical Society; panels (e) and (f) reproduced
from the ref. 88, copyright 2019 Springer Nature; and panel (g) reproduced from the ref. 89, copyright 2019 Springer Nature.
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the potential to replace the large and costly traditional infrared
detectors. In type-Il WTe,, a robust photo response was
observed at some specific edges of the material where the C,,
symmetry was broken because of fractures along some crystal-
lographic directions, as depicted in Fig. 5(f).%% It was further
reported that the observed photoresponses possibly relate to
the Fermi-arc type surface, even though the direction of the
fracture solely determines the survival of the generated photo-
carriers. Type-II WTe, also exhibits significant photoresponses
at large wavelengths of 4 and 10 pm. Due to strong spin-orbit
interaction, the spin splitting in Te causes the crossing of non-
degenerate bands from multiple Weyl cones in both the con-
duction and valence bands, resulting in a different chirality
selection rule. Recently, a systematic demonstration of
wavelength-dependent photocurrent in Te was reported, as
shown in Fig. 5(g).%° For 4 um, the wavelength-dependent
photocurrent originated from the optical transition between
two Weyl nodes at the valence band and conduction band,
where the sensitivity for LCP light is higher as the right side of
the node band is far away from the Fermi level. Stronger RCP
light sensitivity at a wavelength of ~10.6 is observed, and an
intra-band transition in the valence band, where only the left
side is allowed for optical transition, because on the right side,
both bands are buried deep under the Fermi level. On the
contrary, the wavelength dependence of helicity at 4.5 pm was
significantly reduced due to the non-matching of the required
energy for band-to-band transitions; nonetheless, a high photo-
current was observed, which may be attributed to thermal
effects or anisotropy in the material.

7. Strain-induced BPVE

Artificially altering the symmetry of a material by strain can
significantly enhance the shift current in noncentrosymmetric
materials and can even generate the shift current in centrosym-
metric materials.>®®> According to the properties of applied
strain, this phenomenon is known as piezo-photovoltaic for
uniform strain and flexo-photovoltaic for gradient strain.®>**
Uniform strain can improve the asymmetry in polar or intrin-
sically asymmetric materials and enhance the BPVE. Unlike
piezoelectricity, flexoelectricity is also observable in the sym-
metric crystal. Polar materials are converted to nonpolar mate-
rials by applying a strain gradient. The induced polarization for
strain gradient in the absence of an external electric field,
expressed as a flexoelectric coefficient, is as follows:

OP;

Hitm =
a77[11111

where (1 = 0m,/0x; is the strain), uy,, is a fourth rank tensor,
and the flexoelectric effect is symmetry-allowed in any material.
From a microscopic view, flexoelectricity includes two contri-
butions: a lattice contribution due to internal atomic displace-
ments based on a rigid-ion model, and an electronic
contribution due to charge-density redistributions induced by
atomic displacements. In illustrating the microscopic mecha-
nism of flexoelectricity, ionic pictures are commonly
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considered where rigid ions shift relative to each other and
lead to polarization under a strain gradient, as depicted in
Fig. 6(a).”>*® Therefore, inversion symmetry can be lifted by
strain gradient; the BPV effect can also be observed in centro-
symmetric materials when coupled with the flexoelectric effect,
termed the Flexo-PV (FPV) effect. A qualitative comparison of
the relationships among ferroelectricity, piezoelectricity, and
flexoelectricity is shown in Fig. 6(b). Analogous to the fact that
all ferroelectric materials exhibit piezoelectricity, while the
converse is not true due to the absence of spontaneous polar-
ization in many piezoelectric materials, all piezoelectric mate-
rials inherently exhibit flexoelectricity. However, only those
materials belonging to crystal classes that break inversion
symmetry can exhibit piezoelectric behavior. In the case of bulk
crystal materials, the applicable strain gradient via bending is
very low; thus, the flexoelectric effect is very difficult to realize.
However, 2D materials are inherently flexible and can be easily
bent, allowing for a large strain gradient to be achieved. Over
the last few years, flexoelectric effects have been explored in
these 2D materials by creating different mechanisms to gen-
erate strain.

Monolayer 1H-MoS,, which is noncentrosymmetric, has
been shown to exhibit a substantial improvement in shift
current when strain is applied in the y-direction in theoretical
studies (Fig. 6(c)).®” Experimentally, the generation of shift
current can be enhanced by inducing in-plane strain in MoS,
by placing the film over pre-patterned gold electrodes, as
illustrated in Fig. 6(e), which utilizes a microtrench to create
uniform strain over the area where MoS, contacts the substrate.
When strain is introduced into 3R-MoS,, researchers have
observed a 2-4 order of magnitude increase in the photovoltaic
(PV) coefficient in the strained film compared to the unstrained
version.”® This enhancement is primarily attributed to
increased asymmetry. Studies on directional photocurrent
mapping, depicted in Fig. 6(d), indicate that the net photo-
current generation in the zigzag direction is zero, attributed to
the alternating direction of the photocurrent within the chan-
nel. Conversely, in the armchair direction, a continuous posi-
tive photocurrent is observed, which correlates with an elevated
BPV coefficient due to strong piezoelectric polarization in that
direction for 3R-MoS,. In the case of 2H-MoS,, a net zero
photocurrent was also observed, which contradicts recent find-
ings regarding layer-number-dependent shift current genera-
tion in strained 2H-MoS,. It has been revealed that shift-current
generation in strained MoS, is only apparent in films with an
odd number of layers, as shown in Fig. 6(g).>* In contrast, even-
numbered layers of MoS, have adjacent layers with opposite
dipole moments that cancel out their polarization, rendering
them non-piezoelectric (Fig. 6(h)). This underscores that uni-
form strain can only facilitate shift-current generation by
enhancing the polarization in polar materials.

Research on strain-dependent photocurrent generation has
also been conducted in suspended SnP,Seq by C. Xu et al.>® The
strain-induced increase in asymmetry in SnP,Ses is clearly
evident in the enhanced second harmonic generation (SHG)
signal and Raman shift, as seen in Fig. 6(i) and (j), which
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contributes to an increase in the short circuit current of the
device (Fig. 6(k)). With its narrow band gap of 1.6 eV, SnP,Ses is
particularly promising for photovoltaic applications, as it can
produce photocurrent across a broad range of wavelengths.
Additionally, it exhibits a higher intrinsic in-plane asymmetry
compared to In,Se; and CulnP,S¢, resulting in a remarkable
enhancement of the piezo-photovoltaic effect under strain
application. GaInSe; also showed a similar phenomenon of
strain-induced photocurrent enhancement.’® In another report,
applying mechanical strain to 2H-MoTe, by placing it on a
stretchable PDMS, the 2H-to-1T'-MoTe, transformation was
observed, which led to a reduced band gap and symmetry
reduction in MoTe,, thereby resulting in a significant shift in
current.”” Overall, strain allows an extra degree of freedom in
the field of the BPVE.

The FPVE was first experimentally observed in vdW MoS,
thin films by placing a portion of the MoS, over VO,, which
changes its phase in response to external stimuli, such as
temperature (Fig. 7(a)). Therefore, a gradient strain is
easily established at the interface region between the
phase-changeable substrate and the non-phase-changeable
substrate by changing the temperature.”® A near-perfect light
polarization-dependent photocurrent, represented by a sinu-
soidal curve with a period of 180 degrees, has been observed in
centrosymmetric MoS,. Thus, strained MoS, or other centro-
symmetric 2D materials could be useful in making self-biased
polarized photodetectors with high accuracy. Following this
work, the flexoelectric engineering of 2D CulnP,S, (CIPS) via
suspending it over a trench (as shown in Fig. 7(b)) resulted in a
20-fold increase in photocurrent compared to substrate-
supported regions, which is also tunable by mechanically
changing the force on the suspended region (Fig. 7(c)), con-
firming the BPVE mechanism. The ultralow dark current and
high responsivity also resulted in detectivity as high as 2.679 x
10" Jones, surpassing ferroelectric-based photodetectors and
rivaling commerecial silicon photodiodes.’® DFT simulation on
the flat and bent surfaces of the CIPS revealed that the bent
surface possesses a symmetric double-well potential, whereas
the flat surface has an asymmetric double-well potential, as
illustrated in Fig. 7(e) and (f). Because of the low-energy
metastable state at the stretch surface of bent CIPS, the Cu
ion always tries to remain at the stretch surface, which gen-
erates a flexoelectric polarization field in the out-of-plane
direction. Thus, it creates a potential barrier between the top
and bottom, as shown in Fig. 7(g), which facilitates the separa-
tion of electron-hole pairs and improves photodetection.”® On
applying a strain gradient in 1T’-MoTe, by fabricating a simple
two-terminal device over a PET substrate and bending the
substrate (Fig. 7(h)), a significant improvement in self-biased
photocurrent was observed, which proved the simplicity of the
flexophotovoltaic effect. It was further reported that the BPV
coefficient was improved in the strained 1T’-MoTe, compared
to the unstrained device (as depicted in Fig. 7(i)), through a
reduced band gap facilitated by the strain, as illustrated in
Fig. 7(j).°* The FPVE is also observed in simple systems, such as
keeping VPNS on the nano edge of hBN, as shown in Fig. 7(k),
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where the nano edge generates a strain gradient in the VPNS and
induces the flexo electric effect (Fig. 7(m)).'* The enhanced shift
current through FPVE was studied in Bi,Te, and 2H-MoS, by
inducing a strain gradient by keeping the sample on a curved
surface and then making it flat after depositing the film, as well as
by keeping the sample on a micro trench, respectively, indicating
the diversity of the platform.'®'%* The findings hold promise for
practical applications in photodetection, pressure sensing, and
beyond, paving the way for innovative device designs. In previous
studies, various geometries, such as bending, suspended film,
and nano-edge, have been implemented, which may generate
different amounts of strain. Although the flexoelectric coefficient
is an intrinsic normalization factor of FPVE that dictates the
induced polarization per unit strain, polarization is highly non-
uniform. The same amount of strain may yield different photo-
currents in different geometries, depending on charge-transfer
dynamics, polarization distribution, and other factors. Therefore,
as a uniform benchmarking factor, the induced current density
per unit strain gradient is important for comparing the perfor-
mances of the different adopted geometries to improve the FPVE.

8. Other strategies to improve the
BPVE

Apart from the strain-induced improvement of the BPVE,
several different strategies have been adopted by researchers,
such as edge contact with a semimetal to reduce the contact
resistance, introducing defects or disorders to reduce the
symmetry of the system, involving the interface of two 2D
vdW materials, namely heterojunction or heterostructure, and
twisting the layers with respect to each other.*”'**7'% This
proves the flexibility of the vdW materials in engineering the
BPVE. In this section, the mentioned strategies are discussed
categorically.

(a) Edge-contact semimetal

Using edge contact (EC) configuration on the 3R-MoS, channel
using a Bi semimetal, as shown in Fig. 8(a), substantial
enhancements of Isc and Ve compared to top contact (TC)
are observed, as presented in Fig. 8(b). This is because the
lateral transport of carriers in 3R-MoS, is much higher than the
vertical transport, thereby facilitating the effective collection of
carriers. In addition, Bi generates local strain at the edge, which
also partially improves the shift current by reducing
symmetry.’” It also improves the controllability of the device,
such as Iyc, for the device with TC saturated at a MoS, thickness
of 15 nm, whereas in the case of EC saturation, it begins at a
thickness of 40 nm. In Fig. 8(c), it is clear that in TC, the
photocurrent originates from the Schottky barrier, while in EC,
the photocurrent is generated from the bulk of the film.

(b) Disorder-Induced BPVE

Like any other phenomenon, the BPVE is also influenced by
defects or disorders. Au-assisted exfoliated PtSe, generates
cluster-like defects, as observable in the Raman shift and

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6nh00127k

Open Access Article. Published on 14 May 2026. Downloaded on 6/5/2026 5:37:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Horizons Review
T PP P P .
H H " H
f@) i (b)

H & : Gr. =
H or 2, = g Pl e 3
30 : i . Gl ; 3 of (d) T
P 20 P oo dxXhen Do £
< 1ol HE s ocLlusHes2d
£ ot it
S 0 e -~ - (c) —— P, suspended . d
S5 0 : 20] R
@ 0 st . I .
-20 g™ X B A
o £ %
—30e° asad —=— Dark 1 5 9:cu ACE8-08e 1/ lg
Al 5 Om .:V-fC 24
—40 | aastt —o— Laser@1 | : S os or { O \\% R py
ot Laser@2 | - o 74 s o >
| . | . | . | | | H
<5 4 3 -2 -1 0 1 2 3 4 5 : é o 005 0.00 0.05 010
Voltage (mV) DC Voltage (V)
................................ (¢) (
................................. -435 420
2440 & -435
Unstrained : i_ 445 P- P+ %
(Tdeles H § p ‘ T 3-440
H o T [
I £
60mev_ | i e -
-2 -1 0 1 2 2
Displacement (A)
Strained : (g) ° ° e
=~ Strained 1T-MoTe, 1'|"_|\A°‘|'e2 E ’ ‘
—y-Unstrained 1T-MoTe, H 1 1
800 + E H 1 1
\ 4 P | B
% 600 — $ H Er 1 b 1 Er
ey // — [r— [
400 1 !
200 [+ NN+
T T T
o 2 ‘(‘,5,?“) o Bottom Graphene cips Top Graphene Bottom Graphene cIps Top Graphene
(K) wvens (n)
Device 2 . O[strained - - S
<é 2+ o 0\ P 1)
Strained . \ . T A . .
-135 90 45 0 45 90 135
@)
2
< Electrode
£ [ e
(l) B6F e ks R . & .
8 I L L L L L L L

Fig. 7 Gradient strain-induced flexoelectric effect. (a) Current—voltage curves of the flexoelectric engineered MoS; by phase change VO, under laser
(532 nm) illumination at spot 1 (Laser@l) and 2 (Laser@?2) and without illumination (dark). The inset shows a schematic of the cross-sectional view of the
device. (b) Schematic of the device configuration of flexoelectric engineered suspended CIPS in the vertical direction using top and bottom contact with
graphene. (c) -V curves measured on suspended (red) and substrate-supported (blue) regions. (d) Schematic crystalline structure of the flat and bent
CIPS. (e) and (f) Calculated potential energy profiles (PEP) for flat and bent CIPS, respectively. (g) The energy band diagram of flat CIPS (on left) and bent
CIPS (on right) in the initial state at zero bias. The bound charges are identified by the symbols “+" and “—". (h) Schematic representation of strained 1T'-
MoTe, on the flexible polyimide substrate. (i) BPVE coefficient for strained and unstrained 1T’-MoTe, nanoflakes as a function of incident light
wavelength. (j) Schematic of the band structure of unstrained and strained 1T’-MoTe,, showing the energy separation. (k) Schematic images of the
fabricated nanodevice featuring VPNS and the h-BN nanoedge. (l) Scanning transmission electron microscopy (STEM) results of the VPNS device,
demonstrating strain at the nano edge. (m) Short-circuit photocurrent map of the strained VPNS device demonstrating significant photocurrent
generation at the strained region compared to the unstrained region. (n) Dependence of the absolute value of the FPV photocurrent for strained VPNS on
the direction of polarization at the strained region (top) and at the electrode (bottom), proving the shift current mechanism. Panel (a) reproduced from
the ref. 98, copyright 2021 Springer Nature; panels (b) and (c) reproduced from the ref. 99, copyright 2024 the American Chemical Society; Panels (d) to
(g) reproduced from the ref. 25, copyright 2024 the American Chemical Society; panels (h) to (j) reproduced from the ref. 91, copyright 2023 the
American Chemical Society; and panels (k) to (n) reproduced from the ref. 100, copyright 2024 the American Chemical Society.

STEM-HAADF images in Fig. 8(d) and (e), respectively; these method.'®® This phenomenon is the effect of cluster-like
defects induce a large photovoltage, which is not detectable in  defects that induce reduced crystal symmetry. However, Se
the case of PtSe, transfer by the normal dry exfoliation vacancies could act as asymmetric trigonal scattering sites,
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(i) without-GB monolayer excitation. Panels (a) to (c) reproduced from the ref. 47, copyright 2025 Springer Nature; panels (d) and (e) reproduced from the
ref. 103, copyright 2023 Springer Nature; and panels (f) to (i) reproduced from the ref. 107, copyright 2023 AIP Publishing house.

where photogenerated electron-hole pairs could react differ-
ently, as predicted by first-principles calculations. The enhance-
ment of the LPGE effect by two orders of magnitude in electron-
beam-irradiated defective WSe, compared to the pristine struc-
ture was also reported in the literature. Generated defects
reduce the spatial symmetry and increase the spatial separation
of e~ and h" after generation."*®

The effect of disorders in LPGE is also theoretically pre-
dicted in Janus MoSSe; introducing GB significantly reduces
the spatial symmetry (Csy to C;) and results in an enhanced
photocurrent, as presented in Fig. 8(f) to (i).'"”

(c) Heterojunction and heterostructure

Recently, vdW heterojunctions have been receiving significant
attention due to the possibility of symmetry breaking at the
interface. By exploiting the low geometric symmetry of the edge-
embedded structures, as shown in Fig. 9(a) because of quasi-1D
edge states and the presence of local strain, of homo or
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heterostructures, such as ReS,/ReS,, Mo0S,/Mo0S,, and WS,/
ReS,, an improved BPVE effect was also demonstrated in
scientific reports, signifying the possibility of applying the
heterostructure or heterojunction of vdW materials in BPVE
devices."®® As shown in Fig. 9(b), the D;, symmetry of the
monolayer 2D TMDC can be transformed into three polar
groups: C,, C,y, and Cs, with in-plane polarization. This trans-
formation is achievable by creating a heterostructure with
different lattice structure materials. For instance, the MoS,/
BP vdW heterostructure reduces the symmetry from Ds}, to Cg,
leading to the synergistic effect of in-plane and out-of-plane
dual-polarization (Fig. 8(c)), which supports an ultrafast and
high-efficiency BPVE."**

Furthermore, the concept of a heterojunction of the highly
light-absorbing 2D-MoSe, and the strong IP ferroelectric NbOI,,
which generates a strong BPVE, is also demonstrated experi-
mentally (Fig. 9(f))."% The ultra-fast hole transfer from MoSe,
to NbOI, and electron transfer in the opposite direction, with

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 Heterojunction, heterostructure, and twist layer. (a) Top left, schematics of vdW edge-embedded structures with STEM; top right, cross-sectional
schematic of nano edges of vdW layered materials, and at the bottom, cross-sectional schematic of edge-embedded vdW homo- or hetero-structures.
(b) Five polar groups can be obtained by breaking the D3, symmetry in monolayer TMDC for the BPVE. (c) Polarization-induced increased band bending
in the TMDC/BP heterostructure and improved charge separation. (d) Schematic of a self-powered photodetector made of a MoSe,/NbOl,
heterojunction, (e) corresponding schematic energy band structure of the MoSe,/NbOlI, heterojunction. (f) -V properties of the NbOl, device in the
dark and under 405 nm light. (g) /sc and Voc extracted after different voltage poling under 405 nm light. (h) Schematic of the self-powered working
principle, where Ps is the direction of spontaneous polarization, Ey, is the direction of the built-in electric field, and E; is the internal electric field associated
with ferroelectric polarization. (i) Twisted-angle MoS, forms the moiré superlattice structure. (j) Schematic of the test for stacked twisted-angle MoS,.
(k) Polarization phase changes of the photocurrent in the X and Y directions when excited by a 780 nm laser. Panel (a) reproduced from the ref. 108,
copyright 2023 Springer Nature; panels (b) and (c) reproduced from the ref. 104, copyright 2024 Springer Nature; Panels (d) to (h) reproduced from the
ref. 109, copyright 2025 the American Chemical Society; and panels (i) to (k) reproduced from the ref. 105, copyright 2025 AIP publishing house.

time constants of 0.4 and 3.8 ps, respectively, enable substan-
tial exciton generation and dissociation at the interface. Addi-
tionally, the IP ferroelectricity-induced dc electric field and
built-in electric field at the junction result in excellent photo-
responsivity. The application of a DC poling voltage just before
photodetection enhances the strength of polarization. It
improves the responsivity, allowing for control of the photo-
current direction in this type of system, as depicted in Fig. 9(h).
Improved performance of the MoSe,/WSe, heterojunction
device was also demonstrated by inducing the FPVE and/or
peizo-PVE."'® BPVE generation via the symmetry breaking at

This journal is © The Royal Society of Chemistry 2026

the interface of the WS,/CrOCI heterostructure device has also
been reported in literature."** Significant enhancement of the
BPVE by symmetry engineering in a black phosphorus and blue
phosphorus heterojunction compared to a blue phosphorus
homo junction has also been predicted through theoretical
calculation.'*? The shift current in graphene/BN superlattice
structures has also been theoretically predicted due to the
reduction of the symmetry of the system to C,,.'"* Overall,
through the construction of vdW heterostructures, effective
manipulation of the system’s symmetry and improvement of
the BPVE are feasible.
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(d) Twisted vdW Materials in the BPVE

Integrating a vdW layer at a specific twist angle relative to
another layer creates a moiré superlattice, as demonstrated in
double-layer twisted MoS, (Fig. 9(i)). This engineering approach
leads to fascinating physical phenomena by reconstructing
electronic bands and generating quantum geometric proper-
ties. These changes can alter the Berry curvature of the bands
and produce new symmetries. Recently, shift-current genera-
tion has been reported in twisted MoS,, as shown in Fig. 9(k),
which exhibits polarization-sensitive photocurrent at 780
nm.'% This is facilitated by phonon-assisted transitions that
mediate a nonzero displacement of electron and hole wave
packets. In twisted bilayer graphene, a shift has also been
predicted in a recent report.'** Therefore, twisting the vdW
material could generate a new avenue for exploring the BPVE.
In another recent computational study on the WSe,/WS,
moiré superlattice, a groundbreaking phenomenon, a shift
current vortex crystal, was observed. Periodic 2D arrays of
moiré-scale current vortices can generate remarkably intense
magnetic fields under the application of light. Even the shift
current vortices, shape, chirality, and intensity are tunable by
the frequency, polarization, and intensity of the incident
light.""® Due to the twisted screw structure of spiral WS,,
it is noncentrosymmetric and exhibits strong SHG; however,
no investigation of the BPVE on spiral WS, has been conducted
to date."*®
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9. Key challenges in the performance
of the BPVE in 2D vdW Materials

It is very difficult to compare devices because, in the reported
publications, the EQE for the devices is not measured at a
standard solar AM 1.5G power density (~100 mW cm™?), and
distributed light or EQE distribution over wavelength has not
been considered during measurement in most of the earlier
publications. However, if we consider that EQE has a very low
variability with optical power, the highest reported EQE on
converting photons to electrical charge is about 30% at high-
intensity irradiation with 400 nm light using distorted MoTe,
(see Table S1), which is far below traditional p-n-junction
photovoltaics. The power conversion efficiency of the 2D
vdW-based BPVE devices is also very low, typically <5% in
most studies. Several factors most likely contribute to the low
efficiency, which will be discussed categorically.

Intrinsic conductivity limits V¢

From the comparison of the different 2D vdW-based devices
shown in Fig. 10(c) (Reported by Qiao et al.*”), it is evident that
Jsc is not the primary limiting factor. Substantial Jsc values
have been achieved across various device structures, in some
cases comparable to those of standard commercial p-n junc-
tion solar cells. These results indicate that the primary perfor-
mance limitation arises from inefficient Vo (as presented in
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(a) Circuit diagram of a BPVE cell showing the current source /sc and parallel resistors Ryark and Rgn. (b) Linear /-V curve of the BPVE raised from

the shift current mechanism, and maximal extractable electrical power Pg, illustrating the fill factor of 25%. (c) The power density-dependence of the
BPVE Jsc in reported TMDs. (d) The abundance of various elements in vdW materials (1 x 10~ wt%, ppm) exhibits the BPVE. Panels (a) and (b) reproduced
from the ref. 30, copyright 2023 American Physical Society and panel (c) reproduced from the ref. 47, copyright 2025 Springer Nature.
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Table S1 for different material systems), especially in devices
with a lateral configuration (in-plane), where performance is
dominated by the shift-current mechanism. Indeed, Vo in
BPVE devices is not limited by the band gap, but rather by
other factors, such as the intrinsic conductivity of the sample.
Voc is a status where the balance of photon-induced shift
current and static electric field (generated by an external
electric field) induces drift current. In an ideal scenario, with-
out considering contact resistance, this can be represented
by the simple circuit diagram in Fig. 10(a). Voc is therefore
inversely proportional to the intrinsic conductivity c of the
absorber material, due to photogenerated carriers, and to the
distance between contacts d, as proposed by Pusch et al.*°
Essentially, Voc is proportional to the resistance of the absorber
layer, as reported in various articles related to shift current.
Thus, with a high Jsc, the enhanced photoconductivity of the
active material will essentially counterbalance the V. There-
fore, semiconductors with low conductivity can generate high
Voc; however, this may also reduce Is¢ by diminishing ballistic
transport after the electric field shifts the carriers.

Linear output characteristics of shift current devices with the
fixed fill factor at 25%

Since the built-in potential does not exist in the shift-current-
generating device, such as a p-n junction, the shift-current-
generating device acts as a current source where the device
current linearly decreases with increasing voltage due to the
linear drift of the carrier in the bulk material. Essentially, the
output characteristics of shift-current-dominated BPVE devices
are linear, with the maximum power at half of Vo and half of
Isc, as shown in Fig. 10(b), resulting in a fill factor of only 25%,
a serious intrinsic limitation. The DEP field-induced BPVE is
not immune to the Shockley-Queisser limit, as polarization
introduces band bending at the interfaces, and the effect is
essentially energy barrier-related. The maximum power point in
DEP-induced BPV devices is higher than in shift current-driven
devices, and their fill factor is not limited to 25%.

Limited photon absorption by the thin 2D layer limits EQE

Inefficient photon absorption by ultra-thin 2D layers and the
recombination of charge carriers in the electrode region can
significantly limit performance, which is clearly visible in the
low EQE of the devices. The use of a thick layer for photon
absorption could bring improvement; however, the symmetry
and light-absorption capability abruptly change in 2D vdW
materials, such as 2H-MoS,, which transform into indirect
band gap materials at thicknesses higher than ~10 layers.
Instead of using a thick layer that may not yield any improve-
ment, the previously proven concept of the monolithic integra-
tion of 2D material-based devices could be investigated,""”
which will convert it into a photon that will be transmitted
through the prior device. Therefore, monolithic integration
could be a feasible route in improving device efficiency.
Moreover, contact resistance is a limiting factor for
reduced Jsc. It can be reduced by electrode engineering using
semimetal contacts, such as graphene, Bi, or other engineering

This journal is © The Royal Society of Chemistry 2026
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approaches, as experimentally evident in the case of Bi edge
contact on 3R-MoS,.

Furthermore, for energy-related applications, the abundance
of elements on Earth should be considered when evaluating the
actual benefit of the device in real-world applications. From
Fig. 10(d), elements such as Re, Te, and Se are extremely rare on
Earth,"*® and their mining is proportionally energy-intensive
and costly, which inherently generates a negative environmen-
tal impact. Indium is also considered scarce when dealing with
Si p—n junction devices. The elements Mo, W, Ge, Sn, and S are
relatively abundant, and further exploration of BPVE devices for
solar energy conversion will be beneficial in reducing the
Earth’s carbon footprint.

Likewise, scalability is a relevant issue for 2D vdW material-
based BPVE, as large-scale synthesis of these 2D materials
remains challenging. Although in the past few years the 2H
phase of TMDCs has been extensively investigated to enable
large-scale synthesis, the control of thickness, grain bound-
aries, defects, and uniformity still needs to be addressed. The
strong BPVE candidates, such as the 3R phase of TMD, Janus
TMDC, and monochalcogenides, remain significantly less devel-
oped than the 2H phase TMDC.""® Heterostructures like NbOI,
and TMDC require a multi-step growth process, further limiting
scalability. Therefore, for particle device applications, material
selection must balance earth-abundant materials with manufac-
turability to achieve sustainable, realistic commercialization.

10. Conclusion and future outlook

2D vdW materials, due to their extraordinary features such as
tunable band gaps, diverse crystal structures, robust mechan-
ical strength, and the ability to retain clean interfaces even in
ultra-thin atomic layers, among others, occupy a highly valu-
able position in electronics and optoelectronics research. To
date, substantial investigations have been carried out on the
BPVE in 2D vdW materials; however, the experimentally
obtained efficiency is below the minimal threshold required
for practical solar energy conversion devices.

Large-scale synthesis of vdW materials remains under inves-
tigation, posing another challenge for practical device applica-
tions. Considering the sustainable development of energy-
related materials, Mo, W, and S are in suitable positions on
the Earth-abundance scale. Also, the large-scale fabrication of
2H-MoS, and WS, is quite successful at the laboratory scale;
however, they are not strong candidates for the BPVE because
they lack intrinsic polarization. In contrast, their 3R phase
exhibits intrinsic polarization and is a strong candidate for
the BPVE. Although there are few reports in the literature on the
large-scale synthesis of the 3R phase of WS, and MoS,, further
investigation into optimizing their scalability and subsequent
studies on the material’s performance in the BPVE will be
highly beneficial.

The weak light absorption of the ultra-thin 2D vdW layer can
be efficiently addressed by utilizing a monolithic cascade device
architecture, which has the potential to generate higher current
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density by absorbing the unutilized light in the subsequent
layer. The 25% fill factor of the shift-current-dominated devices
could be addressed by employing a carrier-selective asymmetric
contact, which introduces nonlinearity in carrier conduction
and might reshape the device’s output characteristics. How-
ever, no theoretical or experimental evidence is available to
date; intuitively, there might be an interplay between the
artificial nonlinearity and the barrier-independent shift-
current mechanism needed to realize an elastic route to lever-
age the band-gap limitation.

2D vdW Weyl semimetals are very sensitive to weak micro-
wave photons, and their polarization-selective response adds an
extra dimension of secure communication in military applica-
tions. The bias-free operation and ultrathin dimension, which
yield performances comparable to commercial microwave
detectors, will be attractive for low-cost commercial microwave
detectors.

Furthermore, investigating different strategies, such as edge
contact, twisted 2D layers, heterojunctions with various materi-
als, and defect tuning, among others, will enrich the funda-
mental science of the BPVE of vdW materials. Polarized
photodetectors also have tremendous importance in biomedi-
cal analysis, secure communication, surface identification, and
many other applications. DEP field-induced BPVE in 2D vdW
materials could be especially attractive for self-biased, energy-
efficient, highly dense photodetector arrays, given their vertical
configuration. 2D vdW BPVE devices are compatible with on-
chip integration and complex circuitry. By carefully leveraging
the self-bias photocurrent, it is possible to design an optical
bionic vision system that operates at very low power, and
polarized photodetection will add a new feature to smart
devices. Designing 2D vdW-based BPVE devices tailored for
these applications could be a promising pathway to harness
this phenomenon in energy-efficient, advanced next-generation
optoelectronic devices.
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