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We present a first-principles study of the nonlinear optical properties of sliding ferroelectric bilayers based
on MoSe, and Janus MoSSe. Two Janus configurations are considered: (i) one bilayer where the two intralayer

polarizations caused by Janus chemical asymmetry cancel each other out, yielding photocurrent spectra com-
parable to pristine MoSe, bilayers; (ii) another bilayer where the intralayer polarizations add up, for which
the photoresponses are strongly enhanced. Our results show that photocurrent generation in the polar Janus
structures is predominantly governed by vertical chemical asymmetry, with limited dependence on the sliding
direction. These findings highlight complementary design strategies: interlayer sliding enables sensitivity to
external tuning, while the Janus intralayer polarization enhances photoresponses in the visible range. The
interplay between composition and stacking therefore provides a versatile platform for tailoring light-matter

interactions in two-dimensional ferroelectric materials.

DOI: 10.1103/2pvc-zjdc

I. INTRODUCTION

The efficient conversion of solar energy into electrical
power remains a central challenge in the development of
next-generation optoelectronic and energy-harvesting tech-
nologies. Conventional photovoltaic devices rely on p-n
junctions, where built-in electric fields separate the light-
induced charge carriers. In contrast, the bulk photovoltaic
effect (BPVE) is observed in materials that lack inversion
symmetry [1-5]. The main advantage of such systems is that
they offer a mechanism for photocurrent generation in the
absence of external bias or heterojunctions, which simplifies
large-scale device fabrication. Although several studies have
reported that the BPVE can produce open-circuit voltages
above the material band gap by enabling carrier collection
prior to thermalization, which could surpass the Shockley-
Queisser limit [6], others have questioned this claim, citing
additional factors that may restrict the overall energy con-
version efficiency [7,8]. Despite these opposing perspectives,
BPVE continues to stimulate significant theoretical [9-14]
and experimental [15-23] interest due to its intrinsic relation
to band structure and its ability to generate ultrafast, bias-free
photocurrents [1,24-29].

BPVE arises from second-order nonlinear optical pro-
cesses and is composed of two key mechanisms: the shift
and the injection current [1,4,30]. The shift current originates
from the position shifts of charge centers during interband
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transitions [1,5,9,13,31,32], while the injection current arises
from asymmetries in the group velocity distribution of excited
carriers [1,11,14,33,34]. These mechanisms are strongly in-
fluenced by the crystal symmetry and electronic structure of
the material. For nonmagnetic materials, the bulk photovoltaic
response consists of linear shift current and circular injection
current. In contrast, linear injection current requires broken
time-reversal symmetry and thus arises only in magnetic
systems.

Due to their inherent broken inversion symmetry and
spontaneous, switchable polarization, ferroelectric materials
have been considered prototype systems for studying the
BPVE [9,16,35-43]. The photoresponse typically switches
along with the ferroelectric polarization, making the elec-
tric field a practical control knob for tuning the direction
of the photocurrent [1,44-47]. It was also shown that the
BPVE can be significantly enhanced in low-dimensional
systems such as strain-engineered MoTe, [48], ReS, [49],
group-IV monochalcogenide monolayers [28,50], and other
two-dimensional ferroelectrics [51,52], where the enhance-
ment is often attributed to van Hove singularities in the
electronic density of states.

Recently, the discussion of BPVE was extended to a
class of materials known as sliding ferroelectrics [53—67].
In these systems, the polarization arises from interlayer
charge redistribution in stacking arrangements lacking inver-
sion symmetry. It was shown that even if the monolayers
are centrosymmetric, it is possible to build bilayers, which
break inversion symmetry and generate out-of-plane polar-
ization [53]. In sliding ferroelectrics, the polarization is
fully determined by the interlayer stacking arrangement and
can be tuned by diverse external stimuli, offering great
potential for advanced information storage and processing
applications. Experiments have demonstrated the feasibility of
controllable stacking and interlayer sliding in transition metal

Published by the American Physical Society


https://orcid.org/0000-0002-6635-9038
https://orcid.org/0000-0002-1550-5429
https://orcid.org/0000-0002-3232-788X
https://ror.org/01ynf4891
https://ror.org/04zaypm56
https://crossmark.crossref.org/dialog/?doi=10.1103/2pvc-zj4c&domain=pdf&date_stamp=2026-04-27
https://doi.org/10.1103/2pvc-zj4c
https://creativecommons.org/licenses/by/4.0/

ROY, CUONO, AND PICOZZI

PHYSICAL REVIEW B 113, 165427 (2026)

dichalcogenide (TMD) bilayers [57,61,68]. The interlayer
sliding mechanism enables reversible polarization switching
with potentially lower energy barriers and minimal structural
distortion [69]. From a BPVE perspective, such tunability
allows dynamic modulation of the nonlinear optical response
and may enhance shift and injection currents through en-
gineered stacking configurations, strain control or magnetic
order [70-73]. In two-dimensional (2D) sliding ferroelectrics,
anonsynchronous BPVE coupled to the ferroelectric order has
been identified [70]: while the in-plane BPVE components,
which correspond to photocurrent induced in the xy plane, are
invariant under polarization reversal, the out-of-plane com-
ponents, corresponding to photocurrent induced along the z
direction, switch sign [70]. The unswitchable in-plane re-
sponses could be advantageous for large-scale photoelectric
applications.

In this paper, we perform first-principles calculations based
on density functional theory (DFT) to investigate the BPVE
in sliding ferroelectric bilayers of MoSe, and Janus MoSSe.
Janus monolayers inherently lack mirror symmetry due to
their vertical compositional asymmetry, which leads to out-of-
plane dipole moments and enhanced piezoelectric responses
[74-76]. Janus TMD monolayers have been experimentally
synthesized, including MoSSe systems [77,78]. Moreover,
heterostructures combining Janus MoSeS with other transition
metal dichalcogenide monolayers, such as MoS,, have been
experimentally realized [79], demonstrating the feasibility of
integrating Janus layers into stacked two-dimensional archi-
tectures. To the best of our knowledge, however, there are
currently no experimental reports of bilayers composed of two
Janus MoSeS monolayers. Nevertheless, theoretical works
have proposed and analyzed these Janus bilayer configura-
tions [76,80-82]. Investigating BPVE in Janus bilayers could
help identify possible strategies to enhance nonlinear pho-
tovoltaic effects in two-dimensional systems. We study two
Janus bilayer configurations: one where the intralayer polar-
izations induced by Janus asymmetry cancel each other, and
another exhibiting a net intralayer polarization. In the latter
case, we find that the photocurrents are significantly enhanced
compared both to the former and to the MoSe; bilayer. While
sliding ferroelectricity allows for easy switching of photore-
sponses, this polar Janus structure is particularly promising
for applications, as it generates very large photocurrents ex-
ceeding those reported for many other 2D and 3D materials.

The paper is organized as follows: in Sec. II we present the
computational details of our ab initio simulations; in Sec. III
we discuss the crystal structure of the materials in details;
Secs. IV-VI include our results, while Sec. VII is devoted to
the conclusions.

II. COMPUTATIONAL DETAILS

We performed first-principles calculations using DFT
within the projector augmented-wave (PAW) framework,
as implemented in the VASP code [83-85]. The exchange-
correlation energy was treated using the generalized gradient
approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE)
form [86]. Spin-orbit coupling (SOC) was included in all
the simulations, except during structural optimization. A
plane-wave kinetic energy cutoff of 400 eV was used through-

out and we employed a 20 x 20 x 1 Monkhorst-Pack %
grid centered at the I' point. To prevent artificial interac-
tions between periodic images, a vacuum spacing of ~35 A
was introduced in our structures. The atomic positions
were optimized until the residual forces were smaller than
0.001 eV/A. To accurately capture interlayer interactions
inherent to van der Waals layered systems, dispersion cor-
rections were included via the DFT-D3 scheme of Grimme
[87]. The macroscopic electric polarization is evaluated within
the modern theory of polarization through the Berry-phase
approach [88].

To compute the bulk photovoltaic response, including
both shift and injection current contributions, we followed
the method developed by Ibafiez-Azpiroz et al. [13] and
by Puente-Uriona et al. [14], which rely on WANNIER in-
terpolation of the DFT electronic structure. The maximally
localized WANNIER functions (MLWFs) [89,90] were gener-
ated using the WANNIER9O package [91]. The DFT total band
structure was projected on the Mo-d and chalcogen (S,Se)-
p orbitals to accurately capture low-energy physics. A very
dense k-point grid up to 500 x 500 x 1 was employed for
the optical calculations to ensure convergence of the com-
puted photoconductivities. A fixed broadening of 0.02 eV
was applied to effectively handle van Hove singularities,
following the prescription of Ref. [13]. Following previous
Refs. [13,28,40,50,70], the renormalized 3D-like responses
were obtained by assuming a single active layer with o3p =
—— ogab, Where c is the lattice parameter, L,ye is the thick-

active

ness of the bilayer and oy, is the calculated BPVE coefficient.

III. CRYSTAL STRUCTURE

The monolayers used to construct the MoSe, bilayers
belong to the 3R polytype. They exhibit trigonal prismatic
coordination around the transition metal atoms and are non-
centrosymmetric, nonpolar, and possess horizontal mirror
symmetry [70].

To construct the sliding ferroelectric bilayer, two noncen-
trosymmetric MoSe, monolayers are vertically stacked in
an AA-type configuration, where each layer is identical and
A denotes the monolayer structure, as shown in Figs. 1(a),
with the top and bottom layers laterally slid relative to each
other. The bilayer belongs to the space group P3ml (No.
156) and this system exhibits a net out-of-plane polarization,
signaling the emergence of ferroelectricity induced by inter-
layer sliding along the in-plane direction. The out-of-plane
ferroelectric polarization can be reversed through in-plane
interlayer displacement and the two ferroelectric states with
opposite polarization have a low switching barrier, and are
related by mirror symmetry [70].

Next, we construct Janus bilayers by replacing the chalco-
gen atoms in one Se sublayer of each monolayer with S.
Two distinct bilayer configurations are examined, which we
refer to as Janus I and Janus II, shown in Figs. 1(b) and
1(c), respectively. In the Janus I arrangement, both the bottom
of the top monolayer and the top of the bottom monolayer
are terminated with Se atoms, forming a S-Mo-Se—Se-Mo-S
stacking. In this configuration, the intralayer polarizations
induced by the Janus asymmetry are oriented in opposite
directions and effectively cancel each other out within the
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FIG. 1. The side and top views of the bilayer crystal structures of (a) MoSe,, (b) Janus I, and (c) Janus I, respectively. The Mo, Se, and
S atoms are represented by violet, green, and yellow spheres respectively. The blue, maroon, and green arrows represent the direction of the
interlayer polarization (Piye;/Pinter /Pinter) for MoSe,, Janus I, and Janus II respectively. The red arrows represent the direction of intralayer

polarization (Py,,) exisisting within the Janus I and Janus II monolayers.

bilayer. In contrast, the Janus II structure introduces structural
asymmetry with a Se-Mo-S—Se-Mo-S stacking, leading to an
intrinsic intralayer out-of-plane polarization even in the ab-
sence of interlayer sliding. Substituting S for Se also induces
local structural distortions arising from differences in atomic
radius and electronegativity: the Mo-Se bond length in pristine
MoSe; bilayers (2.51 A) changes to 2.40 A for Mo-S and 2.52
A for Mo-Se in Janus I. The distortion is more pronounced
in Janus 11, where the Mo-S bonds measure 2.61 A and 2.40
A for the top and bottom monolayers, respectively, further
modifying the internal electric field across the sliding bilayers.
We calculated the polarization values for MoSe;, Janus I,
and Janus II, obtaining results that are in good agreement with
previously reported data in Ref. [76]. Specifically, for MoSe,
and Janus I we find polarization values of approximately
0.7 pC/m and 0.5 pC/m, respectively, in good agreement with
those reported in Ref. [76]. The polarization of Janus II is
nearly two orders of magnitude larger, reaching ~25.0 pC/m.
This value is consistent with the polarization of ~20.0 pC/m
reported in Ref. [76] for a Janus MoSeS polar structure. The
polarization in Janus II is dominated by the intralayer contri-
bution, with the interlayer one being ~0.4 pC/m. The strong
enhancement of the polarization in Janus II arises from the
vertical chemical asymmetry introduced by the inequivalent
dichalcogen layers, which generates an intrinsic out-of-plane
electric field, leading to a dominant intralayer dipole. By
contrast, the polarization induced by interlayer sliding is two
orders of magnitude smaller, as it arises solely from stacking-
dependent charge redistribution between the layers.

IV. ELECTRONIC PROPERTIES

The electronic band structures of the sliding ferroelectric
bilayers MoSe,, Janus I, and Janus II along the high-
symmetry path '—M—K—T", are presented in Figs. 2(a)-2(c).
All three systems exhibit an indirect bandgap, with variations
in the positions of the valence band maximum (VBM) and
conduction band minimum (CBM). From the orbital projected
band structure, we obtain that the VBM and CBM are pre-
dominantly composed of Mo—d orbitals. In all three systems
in Fig. 2, the VBM is located near the K point, while the
CBM appears along the K—TI" direction. The band gaps are
of the order of 1.0 eV, 1.2 eV, and 0.9 eV for MoSe,, Janus
I and Janus II, respectively. In all three cases the values of
the band gap are within the visible range, making these sys-
tems promising candidates for bulk photovoltaic applications.
Although it is well known that GGA calculations tend to
underestimate band gaps, additional calculations performed
using the hybrid functional confirm that the band gaps remain
within the visible range, as shown in the Supplemental Ma-
terial [92]. The Janus II configuration, in which the structural
and chemical asymmetries are maximized, exhibits pronunced
splitting of the bands, as shown in Fig. 2(c).

V. BPVE IN SLIDING BILAYER

To investigate the nonlinear optical response of the sliding
ferroelectric MoSe, bilayer, we compute the second-order
photoconductivity tensor elements that govern the BPVE,
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FIG. 2. The orbital projected band structure along the high symmetry k points for the bilayers of (a) MoSe,, (b) Janus I, (c) Janus II. The
size of the red circle, green square and blue diamonds represents the relative contributions from Mo-d, Se-p and S-p orbitals, respectively. The

Fermi energy is set to zero in the energy scale.

including both shift and injection current contributions.
Regarding the shift current response o®°, the symmetry-
allowed, nonzero components for the space group P3m1 can
be categorized into in-plane and out-of-plane contributions.
Here, the in-plane components correspond to photocurrents
induced in the xy plane, while the out-of-plane components
correspond to photocurrents induced along the z direction. For
the in-plane response, symmetry analysis yields the relation
o™ = o™ = -0, whereas for the dominant out-of-plane
one we have o™ = ¢%Y. Other symmetry-allowed compo-
nents, namely o™ = ¢*?* and %%, are not shown because
their contributions are negligible compared with the domi-
nant ones. The o™ contribution is shown in Fig. 3(a), it
exhibits prominent peaks at approximately 2.5 and 3 eV, with
a maximum intensity of around 70 uA/VZ. The out-of-plane
shift current component o, also shown in Fig. 3(a), remains
large, even if smaller compared to the in-plane components,

80 I I I I

XXy
o

20 | | | |

0 2 4 6 8
Energy (eV)

and features prominent peaks at around 1.9 eV and 2.5 eV,
with largest intensity of about 15 wA/VZ. The values of both
o™ and 0¥ in the visible range are comparable or larger than
those of other ferroelectric materials [9,38], although smaller
than the responses observed in various low-dimensional sys-
tems [28,40]. For the circular injection current response 7%,
the allowed elements are ™ = —»*”?, with just one indepen-
dent component. In Fig. 3(b), we show the circular injection
current component 17*%*. The spectral response shows intense
peaks of about 3 x 108 A/(V?s) and 7 x 10% A/(V2s) in the
visible region, as well as pronounced peaks at larger ener-
gies. These values are larger than those reported for the Weyl
semimetal TalrTe4 [14], which exhibits a giant BPVE. Further,
the in-plane components of the BPVE tensor exhibit identical
spectra for the +P and —P states, whereas the out-of-plane
components reverse their sign upon polarization switching
(see Supplemental Material [92]). This behavior originates
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FIG. 3. The nonzero, independent components of the photoconductivity tensor for MoSe,. (a) Shift current components. (b) Circular

injection current components.
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from the fact that the 4P and —P states are related by the
mirror symmetry operator My,. Under this mirror operation,
in-plane vectors remain invariant, while out-of-plane vectors
reverse their direction. Since the BPVE tensor transforms
under a symmetry operation according to

o' =" RiaRjpRic 0, e

abc

where R;, denotes the matrix representation of the sym-
metry operator R, and in the present case R=M,, =
diag(1, 1, —1), clear symmetry constraints on the tensor
components emerge. In particular, BPVE tensor elements con-
taining an even number of z indices remain invariant under
polarization reversal, whereas those with an odd number of
z indices change sign. Therefore, mirror-related ferroelectric
states lead to a nonsynchronous BPVE by preserving specific
tensor components, as already demonstrated in Ref. [70].

Further, to assess the robustness of our results with respect
to the choice of exchange-correlation functional, we have
additionally displayed the dominant shift and injection current
components using the HSE hybrid functional in the Supple-
mental Material [92], which show good qualitative agreement
in comparison with PBE results in Fig. 3.

VI. BPVE IN SLIDING JANUS BILAYERS

To elucidate the impact of chemical asymmetry on the
BPVE of bilayers, we compare the shift current and the cir-
cular injection current components for MoSe,, Janus I, and
Janus II structures, as shown in Fig. 4. All the three structures
belong to the space group P3ml (No. 156), therefore we
compare the same allowed components of the photocurrents.

Among the three, Janus II displays remarkable enhance-
ment in all the components of the photocurrent. The o
response of Janus II shows a sharp, well-defined peak at
around 3 eV of about 90 uA/V?2, and maintains elevated val-
ues over a broad photon energy range, as shown in Fig. 4(a). In
contrast, Janus I and MoSe, exhibit less intense largest peaks
of around 80 uA/V? and 70 uA/V?, respectively.

The shift current component 0> and the circular injec-
tion current component n*** show even more pronounced
enhancements in the Janus II system. As we can see from
Fig. 4(b), 0" of Janus II configuration reaches peaks of
around 40 pA/V? in the visible region, while the peaks of
Janus I and MoSe, bilayers are much smaller, being around
10-20 pA/V? in the visible range. Regarding the circular
injection current, Janus II attains peak values nearly an or-
der of magnitude greater than both MoSe; and Janus I, as
shown in Fig. 4(c). The largest peaks are of around 4 x
10° A/(V?s), with a very intense spectrum in both the visible
and the ultraviolet regions. These values are of the same order
of magnitude of the circular responses reported for EuO [34],
which was previously regarded as exhibiting a colossal BPVE
in both its linear and circular components. Moreover, they
exceed the values reported for several materials, both 3D
and 2D [50], although they remain lower than those found
in certain group-IV monochalcogenide monolayers [50]. This
suggests highly efficient photoresponses in the polar Janus
II structure, making it a potentially interesting candidate for
applications. The enhanced BPVE in Janus II can be quali-
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FIG. 4. Comparision of BPVE response for MoSe,, Janus I,
and Janus II bilayers for (a) in-plane shift current component o,
(b) out-of-plane shift current component o.,,, and (c) circular injec-
tion current component 17),,.

tatively understood in terms of intrinsic factors identified in
previous studies [1]. In particular, the shift current is sensitive
to the asymmetry of the bonding character, which reflects the
asymmetric local chemical environment around the atoms in
the structure. Greater asymmetry in this environment leads to
larger photocurrents. Additionally, the macroscopic electric
polarization has been identified as one of the factors influ-
encing the BPVE, although the relationship between the shift
current and the ground-state polarization is generally nontriv-
ial. In Janus structures, these factors are naturally enhanced
compared to the parent MoSe, bilayer, due to the intrinsic
chemical asymmetry introduced by replacing one of the two
chalcogen planes with a plane of a different element. In the
Janus II configuration, this asymmetry is effective, leading
to strongly enhanced photocurrents, whereas in Janus I the
intralayer polarizations cancel, resulting in similar band struc-
ture features and photocurrent intensities comparable to those
of the sliding MoSe; bilayer. These observations are consis-
tent with previous reports of strongly enhanced out-of-plane
nonlinear responses in Janus monolayers [93,94].

These findings underscore the strong tunability of the
BPVE through chemical engineering. Janus II combines both
intralayer polarization from chalcogen asymmetry and inter-
layer sliding ferroelectricity, leading to strongly enhanced
bulk photovoltaic responses. To disentangle the relative im-
portance of these two contributions, we analyze the evolution
of photocurrents under controlled structural modifications, as
illustrated in Fig. 5. First, we laterally slide the two mono-
layers relative to each other, thereby reversing the interlayer
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FIG. 5. Evolution of the (a) out-of-plane shift current o.,, and
(b) circular injection current 17,,, components for Janus I, Janus II
(slide), and Janus IT'.

sliding polarization; we refer to this configuration as Janus II
(slide). Second, we reverse the intralayer polarization by inter-
changing the S and Se atoms within each monolayer, creating
amodified structure denoted as Janus II'. The structural details
of Janus II (slide) and Janus II' can be found in the Supple-
mental Material [92]. Our results show that the photocurrent
response is overwhelmingly dictated by the vertical chemical
asymmetry of the Janus structure. Switching the intralayer
polarization (Janus II') reverses both the shift and injection
current components, underscoring the dominant role of the
chemically driven dipole. In contrast, when only the sliding
direction is modified, the photocurrent spectra exhibit only
modest variations in intensity while retaining their original
sign.

The comparatively weak contribution of the sliding-
induced interlayer polarization to the BPVE can be under-
stood by comparing the magnitude of the photoresponses
associated with sliding ferroelectricity to those induced by
the Janus chemical asymmetry, introduced in the Janus II
system. Due to the large difference in magnitude between the
two contributions, the overall BPVE in Janus II is primarily
governed by the intralayer Janus dipole. It has already been
shown that in Janus XMY-XMY structures the intralayer po-
larization dominates over the interlayer contribution by nearly

two orders of magnitude [76]. As a result, when the interlayer
polarization is reversed, the total polarization preserves its
sign, since it remains dominated by the intralayer component
[76]. The same behavior is reflected in the BPVE, which
follows the polarization direction.

VII. CONCLUSIONS

We investigated the BPVE in sliding ferroelectric MoSe,
and Janus MoSSe bilayers. For the Janus structures, we
considered two configurations: one where the intralayer po-
larizations induced by Janus asymmetry cancel each other,
and another exhibiting a net intralayer polarization. In the
first case, photocurrent intensities are comparable to those
of the MoSe, bilayer. In contrast, the Janus II shows signif-
icantly enhanced photoresponse, particularly in the circular
injection current, which reaches values an order of magni-
tude higher than in the other cases. It exhibits pronounced
photoresponses across the whole visible spectrum, making
it a promising candidate for optoelectronic applications. Our
analysis indicates that the BPVE in the polar Janus structure is
predominantly driven by chemical asymmetry, with interlayer
sliding polarization playing a smaller role. As a result, in
polar Janus structures, where intralayer mechanisms domi-
nate, photocurrents cannot be simply inverted by reversing
the sliding direction. While interlayer sliding ferroelectric-
ity allows for easier switching of photocurrents, intralayer
and chemically induced polarizations enhance the photore-
sponses but they cannot be reversed. These two mechanisms
thus offer complementary functionalities: one enables tunable
and reversible control, while the other provides strong en-
hancement of the response. Overall, chemical and structural
engineering, particularly combining Janus-type asymmetry
with ferroelectric stacking, provides a versatile strategy to
design two-dimensional materials with highly responsive and
tunable nonlinear optical properties.
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