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Two-dimensional (2D) material-based van der Waals heterostructures (vdWHs) have been identified
as an excellent platform from which to expand various device applications for light-emitting, photo-
voltaic, and field-effect transistors because of their different band alignments, including type-I, type-II,
and type-III. However, it is difficult to achieve transformations between types of band alignment in a sin-
gle heterostructure for diverse applications. In this study, the effects of a vertical electric field on the band
alignment transition and electronic properties of 2D GaSe/SnS2 (SnSe2) vdWHs are investigated system-
atically using density functional theory calculations. The study shows that the electric field can modulate
not only the band gap but also the band alignment to produce multifunctional device applications. A pos-
itive electric field can control the band alignment transformation from type-II to type-I for electric field
values of approximately 0.39 V/Å (0.12 V/Å), while a negative electric field can transform the type-
II to type-III band alignments for electric field values of about −0.2 V/Å (−0.16 V/Å) in GaSe/SnS2

(SnSe2) vdWHs. We trace these surprising results to the conduction band and valence band edge position
movements for the linear decrease of GaSe, while the linear increase of SnS2 (SnSe2) occurs with the
applied electric field. The present work may provide a direction for tunable multiple-band alignments in
2D vdWHs and help achieve multifunctional device applications.
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I. INTRODUCTION

Two-dimensional (2D) materials have been widely
used in various fields owing to their excellent electronic,
mechanical, and optical properties [1–6]. Nevertheless,
single ultra-thin 2D nanomaterials cannot meet the increas-
ing application requirements in various fields. The lack of
band gaps in graphene, for instance, reduces its range of
applications in high-speed nanodevices [7]. The relatively
low electronic mobility of MoS2 restricts its development
and application [8]. As a result, scientists have been forced
to expand into promising areas. Some studies have shown
that the construction of van der Waals heterostructures
(vdWHs), in which one 2D material is stacked on another,
is a good way to expand the application field of 2D mate-
rials. This method can not only integrate the advantages
of various 2D materials, as well as expand and modify the
properties of a single 2D material, but also show excellent
properties that a single material does not have [6,9–13].
For example, the van der Waals interfaces of tungsten
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selenide and black phosphorus designed by Akamatsu et
al. produce in-plane polarization and spontaneous photo-
voltaic effects [14]. In addition, when different materials
are in contact, the vdWHs will form three different band
alignments, including straddling type-I, staggered type-II,
and broken-gap type-III, which can be applied in various
fields [15,16]. The type-I vdWHs can be used in light-
emitting device applications, such as light-emitting diodes
(LEDs) [17,18]. The type-II vdWHs have great potential in
the field of high-performance photovoltaic devices and the
photocatalytic decomposition of water [19,20]. The type-
III vdWHs play an important role in tunneling field-effect
transistors (TFETs) [6,21,22].

Although the application of heterostructures with dif-
ferent band types in various fields has been significantly
developed, it is still difficult to adopt heterostructures with
only one specific band alignment for different applications.
Therefore, in order to design a flexible, multifunctional
application device based on vdWHs, it is essential to
have dynamic modulation of band alignments. It has
been reported that the band alignment and electronic
properties of heterojunctions can be effectively tuned by
doping, using external stress, applying an electric field, and
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changing the interlayer distance [8,23,24]. For exam-
ple, Shehzad et al. found that WTe2/As heterostructures
showed a type-I to type-II transition of the band alignment
for an appropriate compressive strain of 2% and 3%, which
could slow down electron-hole pair recombination [25].
Lin et al. found that I-ion doping could transform a type-
I BiOCl/BiOBr structure into a type-II I-BiOCl/I-BiOBr
system, acquiring more favorable visible light absorption
[26]. Chen et al. found that the band alignment transi-
tion from type-I to type-II in InSe/MoS2 vdWHs could
be controlled by changing the interlayer separation [27].
However, it should be pointed out that it is not easy to reg-
ulate 2D materials by means of stress (the low strain effi-
ciency), ion doping (difficulty in operation), and interlayer
regulation (complexity of the device fabrication process).
Nevertheless, applying a vertical electric field is a more
feasible means of controlling heterojunctions, and this con-
trol method is also expected to be dynamic, reversible, and
free from impurities. Zhou et al. found that an external
electric field could be applied to control the band align-
ment of In2Se3/MoS2 vdWHs from type-II to type-I when
the electric field value was 0.6 V/Å, making the method
suitable for luminescent device applications [28].

In recent years, a kind of heterostructure composed of
group-III monochalcogenides (MX, M = Ga, In; X =
S, Se.) has shown great application potential in opto-
electronics [29–31]. It has been reported that a 2D
monochalcogenide GaSe monolayer has been success-
fully produced with a mechanical exfoliation technique
[32] or vapor phase deposition approach [33]. A GaSe
monolayer consists of strong covalent bonds in a series
of Se—Ga—Ga—Se [34,35]. In addition, owing to its
intriguing properties, such as the thermal stability, high
photoresponsivity of 1.7 A/W at zero gate voltage, and
anisotropic Hall-mobility of about 215 cm2 V−1 s−1, a
GaSe monolayer has a wide range of applications in tran-
sistors, photocatalysts, solar cells, and other fields [36].
Compared with other 2D monochalcogenides, such as InSe
and GaTe, GaSe is known for its nonlinear optics, and
can be combined with different layered materials, such
as transition metal disulfides (TMDs) to create attrac-
tive functions [37]. Typical TMD compounds SnS2 and
SnSe2 belonging to the sandwich configuration consist-
ing of covalent bonds S—Sn—S and Se—Sn—Se have
attracted much attention [38]. Moreover, due to their excel-
lent photoelectric properties, including a high on:off ratio
(>106), light response (>106 A W−1), and carrier mobility
(>230 cm2 V−1 s−1), SnS2 and SnSe2 have been applied in
the fields of photodetectors, photoelectronic nanodevices,
field-effect transistors, and so on [39,40]. Compared with
graphene, MX 2 exhibits better electronic and optical prop-
erties in an external electric field due to its appropriate
band gap.

Interestingly, combining semiconductor MX mate-
rials with MX 2 can integrate the excellent optical

properties of these materials, and this combination
promises to produce materials for highly responsive pho-
todetectors [41,42]. Perumal et al. have experimentally
synthesized GaSe/SnS2 heterojunctions, which have been
used in phototransistors, photovoltaic cells, and photode-
tectors [42]. The study showed that the GaSe/SnS2 vdWHs
possessed type-II band alignment with an indirect band
gap, which could significantly improve the efficiency of
the electron-hole pair separation, but the physical mecha-
nisms of the band alignment were still unclear. Therefore,
we present a detailed theoretical study not only of the
physical mechanisms of the band alignment of stacked 2D
GaSe/SnX 2 (X = S, Se) vdWHs, but also of the effects
of a vertical electric field on band alignment transition
and electronic properties, using density functional theory
(DFT) calculations to further expand the application of the
heterojunctions in various fields. The results show that the
GaSe/SnS2 (SnSe2) vdWHs possess type-II band align-
ment and the band gap is significantly reduced compared
to each 2D component of the vdWH. Moreover, the type-I
and type-III band alignments are also created in an exter-
nal electric field, suggesting their potential applications in
multifunctional nanoelectronic and optoelectronic devices.

II. COMPUTATIONAL METHODS

In this study, the DFT calculations are implemented
in the Vienna ab initio simulation package, in which the
projector-augmented wave method is used to simulate
the electron-ion potential [41–46]. The Perdew-Burke-
Ernzerhof (PBE) function of the generalized gradient
approximation with the DFT-D3 correction method of
Grimme et al. is used to describe the exchange and correla-
tion effects [47–54]. To avoid periodic interaction between
the adjacent layers, the thickness of the vacuum space in
the z direction is set to 20 Å. A gamma-centered k-point
grid of 5 × 5 × 1 using the Monkhorst-Pack scheme and
a 400 eV plane-wave basis cutoff are applied to produce
the structural optimizations and self-consistency in the first
Brillouin zone of the GaSe and SnX 2 monolayers and their
heterostructures. To find the fully relaxed structures, the
total energy and all forces on the atoms must be less than
10−5 eV and 0.01 eV/Å, respectively. The high symme-
try points of the first Brillouin region in the energy band
structure are taken as G (0 0 0), M (0 0.5 0), and K (−0.33
0.66 0). In addition, we use the Heyd-Scuseria-Ernzerhof
(HSE06) hybrid function to calculate the electronic band
structure in order to partially compensate for the underes-
timation of the band gap by the semilocal function [55].
However, the PBE method is more convenient than the
HSE method for calculating almost the same band trend
of the electronic properties in the heterojunctions in the
external electric field due to the low cost. Thus, the intrin-
sic electronic properties of the 2D GaSe/SnS2 (SnSe2)
vdWHs and the corresponding isolated monolayers are
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calculated with the HSE06 method to correct the underesti-
mated band gaps, while the variation trend of the electronic
properties in an applied external electric field is determined
by the PBE method. The HSE method is used to correct the
band gap and edge values, for which a percentage (25%) of
the exact nonlocal Hartree-Fock exchange is added to the
PBE function to correct the gap values and the band edges
[56]. In addition, the spin-orbit coupling effect has no sig-
nificant effect on the 2D materials. All images are created
with VESTA and ORIGIN.

III. RESULTS AND DISCUSSION

A. Geometric structure of GaSe/SnS2 (SnSe2) vdWHs

Figure 1 shows the (a) top view and (b) side view
of the relaxed geometric structure of the GaSe/SnS2
(SnSe2) vdWHs. The GaSe/SnS2 (SnSe2) vdWHs are
formed by the superposition of single cells GaSe and
SnS2 (SnSe2) along the c direction. In order to accu-
rately simulate the theoretical geometric structure of the
GaSe/SnS2 (SnSe2) vdWHs, the freestanding GaSe and
SnS2 (SnSe2) should be discussed. The optimized lattice
constants are a = b = 3.82 Å for GaSe, a = b = 3.70 Å for
the SnS2 monolayer, and a = b = 3.88 Å for the SnSe2
monolayer, which are consistent with previous publica-
tions [57–59]. This indicates that the lattice mismatch rate
of the GaSe/SnX 2 (X = S, Se) vdWHs is far less than that
of the GaSe and MoS2 (a = 3.18 Å), MoSe2 (a = 3.28 Å),
WS2 (a = 3.19 Å), and WSe2 (a = 3.34 Å) heterojunctions
[57,60].

A 1 × 1 GaSe monolayer and 1 × 1 SnS2 (SnSe2) mono-
layer are applied to construct the GaSe/SnS2 (SnSe2)
vdWHs via the ATOMISTIX TOOLKIT software package [61].

(a) (b)

(c) (d)

FIG. 1. (a) Top view and (b) side view of the relaxed geo-
metric structure of GaSe/SnS2 (SnSe2) vdWHs. (c) The first
Brillouin zone of the hexagonal monolayer with the vectors in
the reciprocal lattice, high-symmetry points, and integral path.
(d) Schematic model of the GaSe/SnS2 (SnSe2) vdWHs in the
electric field.

The average lattice mismatch rate along the x and y direc-
tions is 1.06% (0.52%), both less than 5%, which is consid-
ered reasonable in the calculation. This can be attributed to
the rhomboid structures of the 2D GaSe monolayer, SnS2
monolayer, and SnSe2 monolayer, resulting in a smaller
lattice mismatch rate in the construction of the heterojunc-
tion. In addition, in order to further verify the influence of
the strain generated by the lattice mismatch on the elec-
tronic structure of a single cell, we draw the band structure
of each component in the heterojunction with and with-
out the strain induced by the lattice mismatch [61]. Figure
S2 in the Supplemental Material [61] shows that there are
no significant changes in the band gap and the band trend.
Therefore, the strain has no obvious effect on the electronic
properties of the GaSe, SnS2, and SnSe2 monolayers.

Furthermore, we systematically consider the selection
of the interlayer distance and the heterojunction binding
energy for the construction of the GaSe/SnS2 (SnSe2)
vdWHs. The binding energy is calculated using the fol-
lowing formula:

Eb = EGaSe/SnS2(SnSe2) − EGaSe − ESnS2(SnSe2) (1)

where EGaSe/SnS2(SnSe2), EGaSe, and ESnS2(SnSe2) represent
the total energies of the vdWHs, isolated GaSe, and iso-
lated SnS2 (SnSe2) monolayers, respectively. The bind-
ing energy (Eb) corresponding to the GaSe/SnS2 and
GaSe/SnSe2 vdWHs is taken as a function of the inter-
layer distances d1 and d2, as shown in Fig. S3 [61]. The
results show that the optimal interlayer spacing of both
GaSe/SnS2 and GaSe/SnSe2 vdWHs is 3.1 Å. This is
much larger than the sum of the covalent radii between
the Se and S (Se) atoms, indicating the existence of a weak
vdW interaction between the two layers of the heterojunc-
tion. In addition, the corresponding negative value of the
binding energies is a minimum, indicating that the two
vdWHs are energetically stable.

In order to explore the formation mechanism and the
application prospects of the GaSe/SnS2 (SnSe2) vdWHs,
we study the electronic structures of each component and
their vdWHs. Figure 1(c) plots the first Brillouin region
of a hexagonal single-layer structure whose vectors are
in the reciprocal lattice, the high-symmetry points, and
the integral path. The GaSe, SnS2, and SnSe2 monolayers
are all hexagonal lattices with similar lattice parameters,
so their reciprocal lattice lengths are similar. The energy
band structures of the GaSe, SnS2, SnSe2 monolayers,
and vdWHs calculated with the PBE (HSE06) method are
shown in Fig. 2. The red and blue (green) dots represent
the weights of the GaSe and SnS2 (SnSe2). All of the band
structures exhibit indirect band gaps. The conduction band
minimum (CBM) is located at the G point, and the valence
band maximum (VBM) is located on the G-K path. The
PBE (HSE06) method is used to calculate the band gaps of
1.72 eV (2.65 eV) for the isolated GaSe monolayer, 1.6 eV
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(a)

(d) (e) (f)

(b) (c) FIG. 2. The electronic struc-
tures of (a) and (d) 1 × 1 GaSe
monolayer, and (b) and (e) 1 × 1
SnS2 (SnSe2) monolayer, and the
calculated electronic band struc-
ture for (c) GaSe/SnS2 vdWHs
and (f) GaSe/SnSe2 vdWHs. The
solid (dashed) line indicates the
PBE (HSE06) method, and the
horizontal dashed line indicates
the Fermi level. The Fermi level
is set at zero.

(2.4 eV) for the isolated SnS2, and 0.79 eV (1.45 eV) for
the SnSe2 monolayer. This is very consistent with the pre-
viously published band gap values of 1.6 eV (2.40 eV)
for SnS2 and 0.76 eV (1.36 eV) for SnSe2 [59,61–63].
In addition, the band gap of the GaSe/SnS2 vdWHs in
the equilibrium state of approximately 0.58 eV (1.26 eV)
and the band gap of the GaSe/SnSe2 vdWHs of approxi-
mately 0.49 eV (1.06 eV) for the PBE (HSE06) method are
obviously smaller than that of the monolayer, which indi-
cates that the generated electrons are more likely to transfer
from the valence band (VB) to the conduction band (CB)
after the vdWHs are excited by light. Compared with the
HSE06 method, the PBE method can obtain almost the
same theoretical band trend more conveniently. Therefore,
we use the PBE method to study and explore the chang-
ing trend of the electronic properties of the GaSe/SnX 2
(X = S, Se) under the action of a continuously changing
external electric field, which has a certain guiding role for
future experimental research.

By comparing Figs. 2(a)–2(f), it can be observed that
the electronic properties of the GaSe monolayer and the
SnS2 (SnSe2) monolayer are well preserved in the combi-
nation. This can be attributed to the weak vdW interaction
between the GaSe and SnS2 (SnSe2) layers in the vdWHs
and the small effect of the strain caused by the lattice

mismatch. In addition, the CBM of the vdWHs located at
the G point is provided by the single-layer SnS2 (SnSe2),
while the CBM located on the G-K path is provided by
the single-layer GaSe. More interestingly, the CBM and
the VBM of the SnS2 (SnSe2) layer are lower in energy
than the corresponding band edges of the GaSe layer, form-
ing the crossover arrangement of the type-II bands, which
promotes the separation of free electrons and hole spaces.
Table S1 in the Supplemental Material [61] details the
various structural properties of the GaSe/SnX 2 (X = S,
Se) vdWHs. In order to intuitively show the characteris-
tics of the band alignment further, the band alignment and
the projected band structures of the GaSe/SnS2 and the
GaSe/SnSe2 vdWHs are also drawn in Figs. 3(a) and 3(b).

B. Formation mechanism of type-II GaSe/SnS2
(SnSe2) vdWHs

Figures 3(a) and 3(b) show the band arrangement and
the band structure projection schematic of the GaSe/SnS2
and GaSe/SnSe2 vdWHs. The vacuum energy level is used
as the common energy reference. The Eg and EF represent
the energies of the band gap and the Fermi levels. The con-
duction band offset (CBO) and valence band offset (VBO)
represent the band steps at the bottom of the conduction
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(a)

(b)

Eg = 1.77 eV

EF

EF

EF
EF

EF

EFEg = 1.57 eV

Eg = 0.58 eV

Eg = 0.46 eV

Eg = 0.80 eV

Eg = 1.77 eV

FIG. 3. The schematic diagram
of the band alignment and the pro-
jected band structures of the (a)
GaSe/SnS2 and (b) GaSe/SnSe2
vdWHs using the PBE method,
using a vacuum level as a com-
mon energy reference. Eg and EF
represent the energy of the band
gap and the Fermi level. The con-
duction band offset (CBO) and the
valence band offset (VBO) repre-
sent the band steps at the bottom
of the conduction band and the top
of the valence band of the two sub-
stances, respectively.

band and at the top of the valence band of the two sub-
stances, respectively. The work function is defined as the
difference between the electrostatic potential in the vacuum
region and the Fermi level

�� = Evacuum − EF (2)

where Evacuum is the vacuum energy level of a stationary
electron, and EF represents the Fermi level of the corre-
sponding system. The Fig. S4 [61] shows that the work
function of the GaSe is calculated to be 5.03 eV, while
the work function is calculated to be 6.36 and 5.64 eV for
the SnS2 and SnSe2 monolayers, respectively. Compared
with the GaSe monolayer, the work functions of the SnS2
and SnSe2 monolayers are higher. When the GaSe/SnS2
(SnSe2) vdWHs are formed, the charges tend to transfer
from GaSe to the SnS2 (SnSe2) monolayer, resulting in
the accumulation of negative charge in the SnS2 (SnSe2)
layer and positive charge in the GaSe layer. Thus, there
is a built-in electric field from the GaSe layer to the SnS2
(SnSe2) layer. In addition, the accumulated electrons in the
SnS2 (SnSe2) layer cause the edge of the conduction band
to drop owing to the electron occupation in the conduction
band.

Moreover, it can be seen from Fig. 3 that the CBM and
the VBM of the GaSe layer are higher than those of the

SnS2 (SnSe2) layer. The CBO is 1.59 eV (1.35 eV) and
the VBO is 1.08 eV (0.31 eV), which are typical char-
acteristics of type-II vdWHs. The type-II heterojunction
facilitates electron transfer from one component to another,
which improves the separation efficiency of the electron-
hole pairs at the interface of the heterostructures. In other
words, the GaSe and SnX 2 (X = S, Se) act as electron
donors and electron acceptors, respectively. This is very
consistent with the results of the band structures discussed.

To further understand the spatial charge redistribu-
tion and the charge transfer between the GaSe and SnS2
(SnSe2) monolayers in the vdWHs, the three-dimensional
charge density difference diagrams and the planar average
charge density difference are obtained, as shown in Fig. 4.
The charge density difference can be calculated as

�ρ = ρvdWH − ρGaSe − ρSnS2(SnSe2) (3)

where ρvdWH represents the charge density of the
GaSe/SnS2 or GaSe/SnSe2 vdWHs, and ρGaSe and
ρSnS2(SnSe2) represent the charge densities of the isolated
GaSe and SnS2 (SnSe2) monolayers in the same con-
figuration, respectively. Figures 4(a) and 4(b) show the
three-dimensional charge density difference plots along the
z direction of the (a) GaSe/SnS2 and (b) GaSe/SnSe2
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(a) (b)
FIG. 4. Lateral views of the
three-dimensional charge density
difference diagrams and the pla-
nar average charge density dif-
ference �ρ(z) along the z direc-
tion of (a) GaSe/SnS2 and (b)
GaSe/SnSe2 vdWHs. The area of
�ρ > 0 with a red and �ρ < 0
with a blue isosurface repre-
sent the charge accumulation and
depletion.

vdWHs and the side views of the plane mean charge den-
sity difference �ρ(z). The red region �ρ > 0 and the blue
region �ρ < 0 indicate the accumulation and depletion of
charge, respectively. The oscillation curves indicate that
interlayer charge transfer occurs between monomers, and
the amplitude of oscillation increases significantly near the
interface. The results show that the charge is concentrated
in the vicinity of the SnS2 (SnSe2) layer and depleted in
the vicinity of the GaSe layer. In other words, the charge
can be transferred from the GaSe layer to the SnS2 (SnSe2)
layer in the heterostructures, resulting in the separation of
electron-hole pairs.

C. Electric-field-tunable band alignments of
GaSe/SnS2 (SnSe2) vdWHs

In practical applications, the gate voltage plays an
important role in regulating the electronic performance of
semiconductor devices. Therefore, we are particularly curi-
ous about what interesting effects the external electric field
may have on GaSe/SnS2 (SnSe2) vdWHs. The schematic
model of an electric field is shown in Fig. 1(d). The elec-
tronic band structures of GaSe/SnX 2 (X = S, Se) vdWHs
are researched in an external electric field applied along
the z direction, which points from the GaSe layer toward
the SnX2 layer. It should be noted that the direction of the
positive electric field is the same as the direction of the
built-in electric field. The projected band structures and the
corresponding band arrangements of GaSe/SnS2(SnSe2)
vdWHs for several selected electric fields are shown in
Figs. 5 and 6. Additionally, Figs. S5 and S6 in the Sup-
plemental Material [61] display detailed drawings of the
projected band structure of GaSe/SnS2 (SnSe2) vdWH in
different electric fields using 0.05 V/Å as a unit.

The calculated results show that the band gaps of
GaSe/SnS2 vdWHs gradually increase as the electric

field changes from −0.4 to 0.4 V/Å, and the three band
arrangements appear in turn. With the increase of the
positive electric field, the type-II band alignment of the
GaSe/SnS2 heterojunction gradually changes into the
type-I band alignment. The type-II heterostructures are
characterized by the CBM and VBM provided by different
materials. The type-I heterostructures can be used for lumi-
nescent applications with the features of CBM and VBM
located in the same material. In other words, the CBM
and the VBM of GaSe/SnS2 vdWHs are provided by the
VBM of SnS2 and the VBM of GaSe, respectively, and
they gradually change to both be contributed by the SnS2
layer. In this case, both electrons and holes can be trans-
ferred to the SnS2 layer, inducing a rapid recombination
of electrons and holes, which can be used in LEDs. When
a strong enough negative electric field E =−0.2 V/Å is
applied, the projected band structure exhibits type-III band
alignment, allowing charges to directly tunnel from the
VBM of the GaSe to the CBM of the SnS2, turning on
the TFETs with a band-to-band tunneling (BTBT) trans-
port mechanism. As the negative electric field intensity
increases, the tunneling window is further widened with
the increase of the tunneling probability and the tunnel-
ing current. In different electric fields, the GaSe/SnSe2
vdWHs also show similar behavior. When the electric
field applied to the GaSe/SnS2 vdWHs is varied from
−0.2 to 0.2 V/Å, the variable band gap and three kinds
of band alignments, type-III, type-II, and type-I, appear in
turn. The type-II band alignment means that the electrons
tend to transfer to the SnSe2 layer, and that the holes are
often located in the GaSe layer, which promotes the effi-
cient separation of electrons and holes, prolongs the life
of excitons, and allows the applications of heterostruc-
tures in high-performance photovoltaic devices and the
photocatalytic decomposition of water. In addition, with
the increase of the negative electric field, the type-III
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(a)

(b)

FIG. 5. The (a) projected band
structures and (b) corresponding
band alignments in external elec-
tric fields of −0.4, −0.2, 0, 0.2, and
0.4 V/Å for GaSe/SnS2 vdWHs.
The red and blue lines represent
the GaSe and SnS2 layers, respec-
tively. The Fermi level is set to
zero.

band alignment can be obtained, resulting in the charge
directly tunneling from the VBM of the GaSe to the
CBM of the SnSe2. Thus, a tunneling window is formed
when the VBM of the GaSe is located higher than the
CBM of the SnSe2, turning on the heterojunction-based
devices.

In order to study the interesting situation of GaSe/SnS2
(SnSe2) vdWHs in different electric fields intuitively and
simply, the curves of the band gap and the band edge

as a function of the electric fields in GaSe/SnS2 and
GaSe/SnSe2 are designed as shown in Fig. 7. As can
be seen from Fig. 7(a), when the positive electric field
increases from 0 to 0.39 V/Å, the band gap of the
GaSe/SnS2 increases almost linearly from 0.58 to 1.47 eV,
and when the negative electric field increases from 0 to
0.2 V/Å, the band gap decreases almost linearly from
0.58 to 0 eV. For the GaSe/SnSe2 vdWHs, as shown
in Fig. 7(b), when the positive electric field increases

(a)

(b)

FIG. 6. The (a) projected band
structures and (b) corresponding
band alignments in external elec-
tric fields of −0.2, −0.1, 0, 0.1, and
0.2 V/Å for GaSe/SnSe2 vdWHs.
The red and green lines represent
the GaSe and SnSe2 layers, respec-
tively. The Fermi level is set to
zero.
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(a) (b)

(c) (d)

FIG. 7. The evolution of the band gap and the band edge as a function of the electric field in the (a) and (c) GaSe/SnS2 and (b) and
(d) GaSe/SnSe2 vdWHs. The black, red, blue, and green lines represent the CBM of the GaSe, the VBM of the GaSe, the CBM of the
SnS2 (SnSe2), and the VBM of the SnSe2 (SnSe2), respectively.

from 0 eV, the band gap first increases, then reaches the
maximum value of 0.78 eV at 0.15 V/Å, and then
decreases. When an increasing negative external field is
applied, the band gap is almost linearly reduced to 0 eV,
and the properties of the heterojunction are changed from a
semiconductor to a metal. In other words, the GaSe/SnS2
heterojunction can produce the transition from type-II to
type-III in an electric field close to −0.2 V/Å, and from
type-II to type-I in an electric field close to 0.39 V/Å. The
other heterojunction, GaSe/SnSe2, has a transition voltage
critical point of about −0.16 V/Å from type-II to type-III
and a transition voltage critical point of about 0.12 V/Å
from type-II to type-I. In practical applications, compared
with the GaSe/SnS2 vdWHs, GaSe/SnSe2 vdWHs can
more easily and flexibly complete the regulation of band
alignment between types-I, -II, and -III. Figures 7(c) and
7(d) show the band edges of the GaSe and SnS2 (SnSe2)
layers, the constituent parts of the GaSe/SnX 2 (X = S,

Se) heterojunction, relative to their Fermi levels. The
results show that with the increase of the negative field,
the decrease of the CBM of the SnS2 (SnSe2), and the
increase of the VBM of the GaSe are the direct cause of the
transformation of the system to type-III. With the action of
a positive electric field, the increase of the VBM in the
SnS2 (SnSe2) monolayer and the decrease of the VBM
in the GaSe can lead to the type-I band alignment of the
vdWHs. All these findings suggest that the electric field
can effectively regulate the electronic properties, including
the band edge position, band gap, and band alignment of
the GaSe/SnS2 (SnSe2), which will be used to fabricate
high-performance nanodevices in the near future.

D. Response of GaSe/SnS2 (SnSe2) vdWHs to external
electric field under different lattice strains

In addition, we study the electronic structures of
the GaSe/SnS2 (SnSe2) vdWHs with different lattice
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TABLE I. The band gap (Eg) of the GaSe and SnS2 obtained
for 2

√
3 × √

13 and 1 × 1 supercells with the different lattice
constants a.

GaSe-SnS2 vdWHs GaSe SnS2

System a
(Å)

Eg
(eV)

Turning
points
(II-III)
(V/Å)

Turning
points
(II-I)
(V/Å)

Eg
(eV)

Eg
(eV)

13.2 0.51 −0.17 0.35 1.74 1.53
3.70 0.70 −0.22 0.33 2.47 1.59
3.72 0.66 −0.22 0.35 2.34 1.60
3.74 0.62 −0.21 0.40 2.22 1.60
3.76 0.58 −0.20 0.39 2.10 1.61
3.78 0.56 −0.19 0.40 1.98 1.62
3.80 0.52 −0.19 0.39 1.87 1.63

The band gap (Eg) of the GaSe/SnS2 vdWHs with the differ-
ent lattice constants (a), and the turning points from type-II
to type-III and from type-II to type-I under the electric field.
The optimized lattice constant of the GaSe/SnS2 vdWHs is
a = b = 13.2 Å.

constants, and explore the responses of vdWHs with differ-
ent strain to electric field adjustment. The band gap of the
GaSe/SnS2 (SnSe2) vdWHs with the different lattice con-
stants, and the turning points from type-II to type-III and
from type-II to type-I under the electric field are shown
in Tables I and II. The detailed information and results
on the 2

√
3 × √

13 GaSe/SnS2 vdWHs are shown in the
Supplemental Material [61]. As shown in Table I, with the
increase in lattice constant from 3.70 to 3.80 Å, the band
gap of GaSe/SnS2 vdWHs decreases from 0.70 to 0.52 eV.
The band gap decreases from 2.47 to 1.87 eV for GaSe and
increases from 1.59 to 1.63 eV for SnS2. Meanwhile, the
GaSe/SnS2 vdWHs with different lattice constants have
similar responses to an electric field. The transition from
type-II to type-I occurs in a positive electric field and from
type-II to type-III occurs in a negative electric field. It
should be pointed that the turning points from type-II to
type-I in the GaSe/SnSe2 vdWHs with the different lattice
constants are between 0.33 and 0.40 V/Å, while the turn-
ing points from type-II to type-III are between −0.19 and
−0.22 V/Å.

It can be seen in Table II that similar results are found in
the GaSe/SnSe2 vdWHs. With the increase in lattice con-
stant from 3.82 to 3.88 Å, the band gap of GaSe/SnSe2
vdWHs decreases from 0.52 to 0.43 eV. The band gap
decreases from 2.47 to 1.87 eV for GaSe and varies
between 0.74 and 0.80 eV for SnSe2. When positive and
negative electric fields are applied to the GaSe/SnSe2
vdWHs with different lattice constants, the transition from
type-II to type-III or type-I can be generated, respectively.
The turning points from type-II to type-I are between 0.1
and 0.12 V/Å, and the turning points from type-II to type-
III are within the effective range of −0.16 to −0.18 V/Å.

TABLE II. The band gap (Eg) of the GaSe and SnSe2 obtained
for 1 × 1 supercells with the different lattice constants a.

GaSe-SnSe2 vdWHs GaSe SnSe2

System a
(Å)

Eg
(eV)

Turning
points
(II-III)
(V/Å)

Turning
points
(II-I)
(V/Å)

Eg
(eV)

Eg
(eV)

3.82 0.52 −0.18 0.10 1.73 0.74
3.84 0.49 −0.18 0.11 1.63 0.76
3.86 0.48 −0.17 0.10 1.58 0.75
3.88 0.43 −0.16 0.12 1.53 0.80

The band gap (Eg) of the GaSe/SnSe2 vdWHs with the different
lattice constants (a), and the turning points from type-II to type-
III and from type-II to type-I under the electric field.

To sum up, the band gap and electric field turning points
will change due to the influence of the strain. However, the
GaSe/SnS2 (SnSe2) vdWHs have similar responses to the
electric field. In a specific positive electric field, the transi-
tion of band alignment from type-II to type-I occurs, and in
a specific negative electric field, the transition from type-II
to type-III occurs.

IV. CONCLUSION

In summary, our work demonstrates theoretically
through DFT calculations that a vertical electric field can
effectively, flexibly, and dynamically regulate the band
structure and electronic properties of type-II GaSe/SnX 2
(X = S, Se) vdWHs, making it a good candidate material
for photodetector and field-effect transistor applications. A
positive electric field can control the band alignment trans-
formation from type-II to type-I with electric field values
of about 0.39 V/Å (0.13 V/Å), while a negative electric
field can transform the type-II to type-III band alignments
with electric field values of about −0.18 V/Å (−0.16 V/Å)
in the GaSe/SnS2 (SnSe2) vdWHs. We trace these surpris-
ing results to the conduction band and valence band edge
position movements for the linear decrease of the GaSe,
as well as the linear increase of the SnS2 (SnSe2) with
the applied electric field. For the electric field regulation,
our designed GaSe-SnX 2 (X = S, Se) heterojunctions can
complete the band-type regulation between type-I, type-
II, and type-III within a range of about 0.4 V/Å, or even
0.12 V/Å, so GaSe-SnX 2 (X = S, Se) heterojunctions can
be flexibly regulated. Moreover, type-I vdWHs are suit-
able for LEDs, type-II vdWHs for light capture in the
photovoltaics field, and type-III vdWHs for TFETs. In
addition, since a heterojunction is inevitably affected by
an applied electric field, the theoretical results of this study
can be used to predict the response of a heterojunction in
different electric fields. Therefore, the present work pro-
vides a direction for the development of tunable multiband
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alignment technology in 2D vdWHs and the application of
multifunctional devices.
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