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Enhanced carrier separation in ferroelectric
In2Se3/MoS2 van der Waals heterostructure†

Bin Zhou,a Kai Jiang,a Liyan Shang,a Jinzhong Zhang, a Yawei Li,a Liangqing Zhu,a

Shi-Jing Gong, *b Zhigao Hu *acd and Junhao Chuacd

a-In2Se3, a recently reported two-dimensional (2D) van der Waals (vdW) ferroelectric, is gaining significant

attention due to its potential applications in nano-scale devices. Here, we have systematically investigated

the electronic properties of three configurations of In2Se3/MoS2(I, II, III) heterostructures by first-principles

calculations. The results reveal that the intrinsic ferroelectricity polarization in a-In2Se3 can dramatically tune

the electronic properties. When the out-of-plane ferroelectric polarization field is pointing from In2Se3

towards MoS2, the energy band of the heterostructure is type-II band alignment with a band gap of 0.8 eV,

which is beneficial for carrier separation. With reversal of the ferroelectric polarization, the band alignment

switches from type-II to type-I with a band gap of 1.6 eV, which is suitable for luminescence device

applications. Based on the nonequilibrium Green’s function method (NEGF), the calculated photoinduced

current density under visible-light radiation is up to B0.5 mA cm�2 in the In2Se3/MoS2(I) heterostructure,

which can remarkably exceed that of thin-film silicon devices at a phonon energy below 2.5 eV. Moreover,

the band alignment transition can also be realized through the application of an external electric field. We

believe that the present work will greatly enlarge the potential applications of the In2Se3-based

heterostructures in future nano-optoelectronic devices.

1 Introduction

Two-dimensional (2D) materials, which exhibit diverse electro-
nic properties ranging from insulating and semiconducting to
semimetallic, have boosted the development of nanoelectronics
in the past decades.1–5 A large number of 2D materials such as
silicene, stanene and transition metal dichalcogenides (TMDC)
have been implemented in field effect transistors (FETs) and
optoelectronic applications. Recently, emerging 2D ferroelectric
polarization materials in the form of III2–VI3 have been proposed
and confirmed in experimental aspects (e.g., a-In2Se3).6–9 It is
reported that a-In2Se3 possesses robust intrinsically out-of-plane
ferroelectric polarization. Due to its switchable ferroelectric
polarization, a-In2Se3 exhibits a memristive behavior, which is

promising for data storage applications. Moreover, the sponta-
neous ferroelectric polarization can be reversed through later-
ally shifting the central Se layer, thus, it provides a platform
for exploring nonvolatile ferroelectric switches and memory
devices.

Additional, the newly explored van der Waals (vdW) hetero-
structures, which are composed of two or more different 2D
materials, have played an important role in investigating fun-
damental physical phenomena and designing functional
devices.10–14 In particular, ferroelectric In2Se3 based vdW het-
erostructures have attracted a great deal of attention recently.
Wan et al.15 reported a ferroelectric diode fabricated from
graphene and a-In2Se3 layers with an on/off ratio of up to
B105. Jiang et al.16 reported that an In2Se3/MoS2 heterostruc-
tures based photoanode is beneficial for photoelectrochemical
water splitting. Kang et al. theoretically demonstrated the
possibility of 2D ferroelectric tunnel junctions constructed with
graphene and a-In2Se3, which show excellent tunnel electro-
resistance (TER) effects with TER ratios up to 1� 108%.17 These
studies show that 2D ferroelectric-based vdW heterostructures
are considered to be promising in next generation tunable
nanoelectronic devices.

In this work, we construct In2Se3/MoS2 heterostructures with
different ferroelectric polarization directions. The intrinsic electric
field tunability of interface properties and the enhanced light
absorption and large photocurrent density in the In2Se3/MoS2
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heterostructure are revealed. Besides, the electronic properties
of the In2Se3/MoS2 can be effectively modulated by applying an
external electric field. It is believed that these theoretical
findings will open up new possibilities for designing novel
tunable nanoelectronic devices based on 2D ferroelectric vdW
heterostructures.

2 Computational details

All the calculations are performed by using the Vienna ab initio
simulation package (VASP).18–20 The interaction between the core
and valence electrons is described using the projector-augmented
wave (PAW) method. Here the Perdew–Burke–Ernzerhofer (PBE)
exchange–correlation potential functional within the generalized
gradient approximation (GGA) is employed.21,22 The interlayer
interactions in the In2Se3/MoS2 vdW heterostructures are consid-
ered by adopting the semi-empirical DFT-D3 method to describe
long-range vdW interactions.23 Meanwhile, the energy cut off of
500 eV is used for the plane wave expansion. The 5 � 5 � 1
k-points are sampled for the correlative monolayer and
heterostructures.24 All the structures are fully relaxed until
the force on each atom is smaller than 0.05 eV Å�1, and the
total energy convergence criterion is set as 10�6 eV. Moreover,
a vacuum region of 20 Å is chosen to prevent artificial interac-
tions between neighboring sheets along the z direction. As
the GGA-PBE is known to underestimate the band gap of
semiconductors, the HSE06 method with the mixing exchange
parameter of 0.25 and screening parameter of 0.2 Å�1 are
employed for a more accurate band gap and optical absorp-
tion calculation.

The optical absorption properties in In2Se3/MoS2 heterostruc-
tures are explored. The absorption range of the spectrum is
determined by the optical absorption coefficients. Based on the
frequency-dependent dielectric function, the optical absorption
coefficient a(o) can be calculated using the formula:

aðoÞ ¼
ffiffiffiffiffiffi
2o
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e1ðoÞ2 þ e2ðoÞ2
q

� e1ðoÞ
� �1=2

(1)

where e1 and e2 are the real part and imaginary parts of the
complex dielectric function, respectively.

Furthermore, the photocurrent density is calculated based
on the nonequilibrium Green’s function-DFT method, as
implemented in Quantum ATK software.25 This method takes
into consideration the electron–photon interaction on the device
Hamiltonian, using first-order perturbation theory, where the
detailed descriptions of this method can be found in the previous
studies,26–29 and is given by

Ia ¼
e

h

ð1
�1

X
b¼L;R

½1� faðEÞ� fbðE � �hoÞT�a;bðEÞ

� faðEÞ½1� fbðE þ �hoÞ�Tþa;bðEÞdE

(2)

T�a,b(E) = NTr{M†Ãa(E)MAb(E � h�o)} (3)

T+
a,b(E) =NTr{MÃa(E)M†Ab(E + h�o)} (4)

where f is the Fermi–Dirac distribution function of electrode
a (a A L, R), Aa = GGaG† is the spectral function of electrode a, G
and G† are the retarded and advanced Green’s functions,
respectively. The electron–photon coupling matrix is given by

Mml ¼
e

m0

�h
ffiffiffiffiffiffiffiffi
~mr~er

p
2No~ec

F

 !1=2

e � Pml (5)

The total photocurrent is the current discrepancy between the
two electrodes. Ga is the spectral broadening, and the momen-
tum operator Pml is calculated using the nonequilibrium Green’s
function (NEGF) method.

3 Results and discussion
3.1 Polarization tuning effects on electronic properties of
In2Se3/MoS2 vdW heterostructures

Before constructing the In2Se3/MoS2 vdW heterostructures, we
firstly investigate the geometric structures of MoS2 and In2Se3.
The MoS2 monolayer has a hexagonal structure with the intralayer
atoms sandwiched in the order of S–Mo–S. The optimized lattice
constants for MoS2 are a = b = 3.18 Å. The structure of a-In2Se3

possesses a hexagonal lattice with the five atoms stacking in the
sequence of Se–In–Se–In–Se. The calculated lattice constants for
the a-In2Se3 monolayer are a = b = 4.09 Å. In order to minimize the
lattice mismatch value of the constructed heterostructures, we
adopt a 4 � 4 MoS2 and a 3 � 3 In2Se3 supercell to construct the
In2Se3/MoS2 vdW heterostructures. The lattice mismatch is less
than 2%, and the strain effects on the electronic properties are
very little and can be neglected. We present the band structures of
3 � 3 a-In2Se3, 4 � 4 MoS2 monolayers, as shown in Fig. S1
(ESI†). The results show that the a-In2Se3 monolayer has an
indirect band gap of 0.78 eV by PBE (1.65 eV by HSE06), while
the MoS2 monolayers possess a direct band gap of 1.83 eV by
PBE (2.15 eV by HSE06), as listed in Table 1, which are in good
agreement with the previous results.6,30,31

Based on different ferroelectric polarization directions of the
In2Se3 layer, three different stacking configurations (labeled as
I, II and III) are conceived to construct the In2Se3/MoS2 hetero-
structures, as shown in Fig. 1. In the configuration I, the center
Se atoms are close to the interface, in which the out-of-plane
intrinsic polarization P deviates from MoS2. For configuration
III, the polarization P is reversed. In the configuration II, which
is an intermediate state, the central Se atoms are almost located
in the middle of the In2Se3 layer. In order to quantitatively
characterize the stability of In2Se3/MoS2(I, II, III), the binding

Table 1 Calculated equilibrium interlayer distance d0 (Å), binding energy
Eb (meV) (per atom), work function W (eV), band gaps (eV) (PBE/HSE06),
and potential difference DF (eV) for three configurations

d0 Eb W EPBE
g EHSE06

g DF

MoS2 5.34 1.83 2.15 0
a-In2Se3 5.99 0.78 1.65 1.34
I 3.22 �60.27 5.77 0.35 0.81 1.04
II 3.33 �56.26 5.72 1.00 1.58 0.43
III 3.37 �56.50 6.04 0.81 1.62 1.16
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energies as a function of the interlayer distances are shown in
Fig. 1(c), which is defined as

Eb = EIn2Se3/MoS2
� (EIn2Se3

+ EMoS2
) (6)

where EIn2Se3/MoS2
is the total energy of the In2Se3/MoS2 vdW

heterostructure, EIn2Se3
and EMoS2

are the total energy of an
isolated In2Se3 and MoS2 monolayer, respectively. Typical vdW
equilibrium distances of 3.22 Å, 3.33 Å and 3.37 Å were
obtained for In2Se3/MoS2(I), In2Se3/MoS2(II) and In2Se3/
MoS2(III), respectively. As shown in Table 1, the calculated
binding energies Eb are �60.27, �56.26 and �56.50 meV per
atom, respectively, which are closer to the calculated interlayer
binding energy of an In2Se3 bilayer (�56.20 meV per atom).6

Therefore, In2Se3 and MoS2 monolayers can form considerably
stable 2D vdW heterostructures. It is noted that the configu-
ration I has a more negative binding energy, as compared to the
other two configurations. This is because in In2Se3/MoS2(I) the
intrinsic electric field E induced in the In2Se3 layer is equal to
the direction of the interfacial built-in electric field, which can
enhance and facilitate the electron transfer from MoS2 to the
In2Se3 layer, and lead to a stronger vdW interaction.

Fig. 2 shows the projected band structures and band align-
ments of the In2Se3/MoS2(I, II, III) heterostructures. For In2Se3/
MoS2(I, II, III), the band gap is calculated to be about 0.35 eV,
1.0 eV and 0.81 eV by PBE (0.81 eV, 1.58 eV and 1.62 eV by
HSE06, see Fig. S2 in the ESI†) respectively, as listed in Table 1.
It is found that the band structures of the three In2Se3/MoS2

heterostructures are not a simple superposition of the two
monolayers, their band structures are influenced by the ferro-
electric polarization field. In configuration I, it is clear that
the conduction band minimum (CBM) of the band structure is

Fig. 1 (a) and (b) Top and side views of In2Se3/MoS2(I, II, III) heterostruc-
tures. (c) The calculated binding energies as a function of the interlayer
distance for the corresponding In2Se3/MoS2 heterostructures. The red
arrows indicate the direction of the out-of-plane spontaneous electric
polarization in In2Se3.

Fig. 2 (a) The projected band structures for In2Se3/MoS2(I, II, III) heterostructures based on PBE calculations. The red and blue dots represent the
contributions from In2Se3 and MoS2, respectively. The Fermi level is set as zero. (b) Band edge alignments of the vdW heterostructures, where green and
yellow represent MoS2 and In2Se3. The corresponding band edge positions of independent pristine MoS2 are shown by dotted green lines. The vacuum
level is taken as the zero reference. (c) The schematic illustration of different band alignment types of In2Se3/MoS2 vdW heterostructures.
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dominated by the In2Se3 layer, while the valence band mini-
mum (VBM) is contributed by the MoS2 layer. Thus, the MoS2

layer can be used as the electron donor and the In2Se3 layer can
be used as the electron acceptor for the separation of carriers.
Such a band alignment can greatly improve the electron–hole
separation efficiency, leading to a low electron–hole recombi-
nation efficiency. For In2Se3/MoS2(II), the polarization electric
field in In2Se3 is weakened and a quasi type-II band alignment
is displayed. When the polarization electric field of In2Se3 is
reversed from a downward to upward direction, it becomes the
case of configuration III. The band structure displays a typical
type-I band alignment characteristic, in which both the CBM and
VBM are contributed by the In2Se3 layer. Thus, the photo-excited
electrons and holes can be localized inside the In2Se3 layer, which
promotes the electron and hole recombination rate and the
luminescence strength. The configuration III In2Se3/MoS2 hetero-
structure provides an opportunity to realize the type-I band
alignment and luminescence device applications.32 Furthermore,
we calculated their projected densities of states (PDOS) between
�2 eV and 3 eV to analyze the electronic structures of the In2Se3/
MoS2(I, II, III) heterostructures, as shown in Fig. S2(a and b)
(see ESI†). Comparing the PDOS calculated using PBE and HSE06
methods, we clearly see that HSE06 only corrects band gap values,
while the band alignment characteristics determined by the two
functionals are almost the same.

In the process of polarization reversal, it can be seen that the
energy band of MoS2 moves downward rapidly relative to the band
of pristine monolayer MoS2, as shown in Fig. 2(b), which implies

that the polarization electric field induced by a-In2Se3 has an
external electric field-like tuning effect on the electronic proper-
ties. It was reported that the polarization induced intrinsic electric
field E can reach 1 GV m�1,33 which is even higher than the
external electric field applied in laboratory conditions. Thus, the
controllable separation of carriers can be achieved through
adjusting the intrinsic polarization of the In2Se3 layer. The
different band alignments for the three stacking configurations
can be mainly attributed to the different internal ferroelectric
electric field across the heterostructures. Fig. S3 (ESI†) shows the
plane-averaged electrostatic potential along the stacking direction
for the three configurations. The electrostatic potential differences
between the MoS2 layer and In2Se3 layer are 1.04 eV for In2Se3/
MoS2(I), 0.43 eV for In2Se3/MoS2(II) and 1.16 eV for In2Se3/
MoS2(III). As the In2Se3 and MoS2 formed heterostructures, in
the reversal of ferroelectric polarization, the ferroelectric electric field
across the heterostructure interface first decreased to zero, then it is
reversed. Hence, under the influence of the ferroelectric field, the
energy band of MoS2 moves downward gradually, which formed
different band alignments in the three stacking configurations.

Interestingly, it is found that the band edge of MoS2 in the
configuration I heterostructure deviates little from the corres-
ponding isolated pristine MoS2 layer, while in configuration III,
the energy band of MoS2 shifts downward about 1 eV. It indicates

Fig. 3 The electrostatic potentials for the (a) MoS2 monolayer, (b) a-In2Se3

and (c) In2Se3/MoS2(I) heterostructure; the blue and red dotted lines represent
the vacuum level E0 and the Fermi level Ef, respectively. (d) A schematic
diagram of the band configuration and the charge separation at the interface
of the In2Se3/MoS2(I) heterostructure. EIn2Se3

, Eint and Eeff represent the In2Se3

induced electric field, the built-in field and net effective electric field crossing
the heterostructure, respectively.

Fig. 4 (a) The optical absorption of the In2Se3/MoS2(I, III) heterostructures
and the isolated In2Se3 monolayer. (b) Photocurrent density as a function of
photon energy for the In2Se3/MoS2(I) heterostructure, monolayer In2Se3 as
well as a 20 nm silicon thin film. The current density was calculated under
illumination by an AM 1.5 standard solar spectrum with a photon flux 1 Å�2 s�1.
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that a large energy band shift of MoS2 induced by the polarization
electric field happens for the III configuration, which leads to the
transformation of type-II to type-I band alignment. For a-In2Se3,
however, the band edge positions in configuration I and III deviate
little. This is mainly because the MoS2 monolayer is much more
easily influenced by the external electric field compared with the
In2Se3 monolayer.34,35 It shows that In2Se3 serves as a good ferro-
electric electric field source in the In2Se3/MoS2 heterostructure
system. Moreover, the Bader charge analysis36–38 was performed,
which shows that there are 0.101 and 0.097 electrons transferred
from the MoS2 layer to the In2Se3 layer for configuration I and
configuration III, respectively. It indicates that the In2Se3 layer
becomes an n-doping semiconductor and MoS2 becomes a
p-doping semiconductor. Note that this charge redistribution
induces a built-in electric field in the interface, which can hinder
the diffusion of electrons and holes. The ferroelectric tunable effects
have also been revealed in other heterostructure systems, such as
In2Se3/graphene, graphene/GeS, In2Se3/In2Te3.39 In this work, how-
ever, the intrinsic ferroelectric tunability of the separation of carriers
is investigated for the In2Se3/MoS2 heterostructures system and the
enhanced carrier separation mechanism is revealed.

3.2 Band alignment and charge transfer mechanism

To further clarify the influence of intrinsic polarization on the
electronic properties of the In2Se3/MoS2 heterostructure, we
presented electrostatic potentials and band alignment of

In2Se3/MoS2(I), using the vacuum level as a common energy
reference, as shown in Fig. 3. The work function is a critical
parameter to characterize a material, which can help us to get a
further understanding on the origin of the charge transfer
mechanism at the heterostructure interface. The work function
is defined as follows

F = Evac. � EF (7)

where Evac. is the energy level of a stationary electron in the
vacuum, EF represents the Fermi level of the corresponding
systems. Based on eqn (7), the work functions of the MoS2

monolayer, a-In2Se3 monolayer and In2Se3/MoS2(I) heterobilayer
are 5.34, 5.99 and 5.77 eV, respectively, as shown in Fig. 3(a–c). For
a-In2Se3, the electrostatic potential difference between two sur-
faces is Df = 1.34 eV, in which an internal electric field can be self-
introduced according to the following equation40

Eeff ¼
Df
ed

(8)

where, d is the thickness of the heterostructure. Thus, to induce a
sizable effective electric field Eeff, d should be small enough, e.g., a
few nanometers. As shown in Fig. 3(c), after forming the hetero-
structure, the electrostatic potential difference between the MoS2

layer and In2Se3 layer is 1.04 eV for configuration I, which can
induce an internal intrinsic electric field across the junction.
Moreover, it is found that the electrostatic potential difference

Fig. 5 Evolution diagram of the projected band structure under the influence of different external electric fields for (a) In2Se3/MoS2(I) heterostructure
and (b) In2Se3/MoS2(III) heterostructure.
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between MoS2 and In2Se3 in configuration I is smaller than that of
configuration III (1.16 eV, see Fig. S3 in the ESI†). This can be
attributed to counteraction of the opposite direction of the built-
in electric field induced by the charge transfer at the I interface
and the intrinsic ferroelectric field produced by In2Se3.

After forming the In2Se3/MoS2(I) contact, the electrons in MoS2

with a low work function flow into In2Se3 with a high work
function, as shown in Fig. 3(d). Thus, the In2Se3 layer will
accumulate negative charges, while the MoS2 layer will gather
positive holes. Finally, the two Fermi levels will reach the same
level and the spontaneous interfacial charge transfer will further
lead to the formation of an interfacial built-in electric field Eint

with direction pointing from the MoS2 layer to the In2Se3 layer.
The Eint will hinder the diffusion of electrons and holes and the
system will finally achieve balance with the diffusion force.
However, for the polar system, the opposite intrinsic electric field
produced in the In2Se3 layer will offset the Eint and lead to a net
effective electric field Eeff across the heterostructure. As a result,
the Eeff produced in the heterostructure could effectively enhance
carrier separation in the In2Se3/MoS2(I) heterostructure and inhi-
bit the recombination of photo-generated e�/h+ pairs.

3.3 Optical properties and photoexcited current

Next we explored the optical properties of the isolated In2Se3

monolayers and In2Se3/MoS2(I, III) heterostructures. The optical

absorption coefficient a(o) is calculated based on the formula (1).
The obtained optical absorption coefficients of the monolayer and
the heterostructures are presented in Fig. 4(a) calculated by using
PBE (Fig. S4 in the ESI† by HSE06). The optical absorption
coefficients of the I and III heterostructures all display an obvious
enhancement, as compared with the isolated In2Se3 layer. The
absorption range is broad from the visible to the ultraviolet light
region. We further investigate the optoelectronic device perfor-
mance of In2Se3/MoS2(I). The photon energy dependence of current
density is evaluated under standard test conditions (i.e., AM 1.5
spectral illumination of 1000 W m�2), which is plotted in Fig. 4(b).
For In2Se3 monolayers, the photocurrents are zero until the photon
energy is up to B0.8 eV, which is consistent with the band gap
calculated by PBE. For the In2Se3/MoS2(I) heterostructure, the
photocurrent density increased rapidly when the photon energy
reached about 0.3 eV, which agrees well with the calculated band
gap above by PBE. This photocurrent originates from interlayer
excitations,41 in which the conduction band and valence band
are in different layers of the heterostructure, effectively reducing
the transport gap of the In2Se3/MoS2 device. The calculated photo-
induced current density under the visible-light radiation is up to
0.5 mA cm�2 in the In2Se3/MoS2 vdW heterostructure which
exceeds that of thin-film silicon devices. The results confirm that
the ferroelectric In2Se3/MoS2(I) heterostructure is promising for the
application to next generation optoelectronic devices.

Fig. 6 The evolution of band gap and band edge as a function of Eext in In2Se3/MoS2(I) (a and c) and In2Se3/MoS2(III) (b and d).
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3.4 Electric field effects on electronic properties of In2Se3/
MoS2 heterostructures

To investigate the device potentials of In2Se3/MoS2, it is quite
necessary to investigate their band offsets under the effect
of an external electric field (Eext). Here, we consider the Eext

perpendicular to the In2Se3/MoS2 sheet, the positive direction
of the Eext is defined as pointing from the In2Se3 layer to the
MoS2 layer. In Fig. 5, we present the projected band structures
of In2Se3/MoS2(I) and In2Se3/MoS2(III) with a series of different
Eext. We can see that when the Eext is �0.7 V Å�1, the VBM of
MoS2 is slightly higher than that of In2Se3, which embodies the
performance of a classic type-I band alignment, as shown in
Fig. 5(a). Then, In2Se3/MoS2(I) retains type-II band alignment
characteristics under the Eext of �0.5 V Å�1 or 0.3 V Å�1, in
which the CBM is contributed by In2Se3 and VBM is contributed
by MoS2. As the exterior Eext further increases to 0.5 V Å�1, the
heterostructure will possess the typical characteristics of a
metal and the band gap vanishes. For In2Se3/MoS2(III), as
shown in Fig. 5(b), the type-I band alignment is maintained
for the applied Eext of �0.5 V Å�1 and 0.4 V Å�1, in which both
the CBM and VBM of the In2Se3/MoS2(III) are entirely contrib-
uted by the In2Se3 layer. When the positive electric field exceeds
0.4 V Å�1, however, the CBM of the In2Se3/MoS2(III) is provided
by In2Se3 while the VBM is dominated by the MoS2 layer. For
the Eext at �0.7 V Å�1, the situation is the opposite, the CBM
and VBM of the In2Se3/MoS2 are provided by MoS2 and In2Se3,
respectively, which show a distinct type-II band alignment.

Fig. 6 shows the evolution of band gaps and band edges for
In2Se3/MoS2(I) and In2Se3/MoS2(III) heterostructures. It can be
seen from Fig. 6(a) that when the Eext is loaded from �0.7 V Å�1

to 0.5 V Å�1 for In2Se3/MoS2(I), the band gap decreases almost
linearly from a maximum of 0.98 eV to 0 eV. For In2Se3/
MoS2(III), as shown in Fig. 6(b), the band gap reaches the
maximum value of 0.95 eV at 0.4 V Å�1, and then it decreased
almost linearly to 0.5 eV at 0.9 V Å�1. While when the Eext is
loaded below 0.4 V Å�1, the band gap firstly decreased slowly
from 0.95 eV to 0.78 eV at �0.6 V Å�1, then it rapidly reduced to
0.1 eV at �0.9 V Å�1. In Fig. 6(c) and (d), the band edges of
In2Se3 and MoS2 for configurations I and III are presented with
respect to their Fermi level. With the applied Eext, the band edge
positions of MoS2 increased linearly while the band edge of
In2Se3 almost shows a linearly decrease in In2Se3/MoS2(I).
Similar behavior also appears for the In2Se3/MoS2(III) hetero-
structure. All these novel findings indicate that electrostatic
gating can provide an effective control over the band structures
and electronic properties of the heterostructure, which makes
the In2Se3/MoS2 heterostructure become a good candidate for
applications in optoelectronic detectors and FETs.

4 Conclusions

In summary, we have systematically investigated the electronic
properties of the In2Se3/MoS2 heterostructure with three con-
figurations through first-principles calculations. The results
show that the bandstructures of In2Se3/MoS2 highly depend

on the intrinsic ferroelectric polarization of In2Se3. The band
alignment of In2Se3/MoS2 switches from type-II to type-I, when
the ferroelectric polarization of In2Se3 is reversed from down-
ward to upward. Besides, the calculated photoinduced current
density under visible-light radiation is up to 0.5 mA cm�2 in the
In2Se3/MoS2 vdW heterostructure and is exceeding that of thin-
film silicon devices. Moreover, the controllable band alignment
also can be realized through the application of an external
electric field. The present results indicate that the In2Se3-based
polarization vdW heterostructure would provide new degrees of
freedom in band engineering and is expected to yield novel
multifunctional semiconductor heterostructures with tunable
optoelectronic properties.
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