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Two-dimensional graphene-based van der Waals heterostructures have received considerable interest because
of their intriguing characteristics compared with the constituent single-layer two-dimensional materials. Here, we
investigate the interfacial characteristics, Schottky contact, and optical performance of graphene/Ga2SSe van der
Waals (vdW) heterostructure using first-principles calculations. The effects of stacking patterns, electric gating,
and interlayer coupling on the interfacial properties of graphene/Ga2SSe heterostructures are also examined.
Our results demonstrate that the Dirac cone of graphene is well preserved at the � point in all stacking patterns
due to the weak vdW interactions, which keep the heterostructures feasible such that they can be obtained
in further experiments. Moreover, depending on the stacking patterns, a small band gap of about 13–17 meV
opens in graphene and has a high carrier mobility, indicating that the graphene/Ga2SSe heterostructures are
potential candidates for future high-speed nanoelectronic applications. In the ground state, the graphene/Ga2SSe
heterostructures form an n-type Schottky contact. The transformation from an n-type to a p-type Schottky contact
or to an Ohmic contact can be forced by electric gating or by varying the interlayer coupling. Our findings could
provide physical guidance for designing controllable Schottky nanodevices with high electronic and optical
performances.
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I. INTRODUCTION

Following the successful exfoliation of single-layer
graphene [1] in the past decade, many novel two-dimensional
materials (2DMs) with unusual physicochemical properties
have been discovered and investigated both theoretically and
experimentally with an eye to nanoelectronics, optoelectron-
ics, and valleytronics. Owing to the intriguing properties,
including high mobility [2] and quantum Hall conductance
[3], graphene is promising in a wide range of practical
applications, such as field-effect transistors (FETs) [4] and
transparent conductors [5]. Nevertheless, wider applications
of graphene in various fields have been limited due to the
lack of an electronic band gap. Different from graphene, most
2DMs possess a semiconducting nature with a sizable band
gap of about 2–3 eV [6–8], which is suitable for various
applications, such as photodetectors [9,10], FETs [11,12],
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and so forth. To date, a lot of novel 2DMs, such as transi-
tion metal dichalcogenides (TMDCs) [13–15], phosphorene
analogs [16–18], and graphitic carbon nitride [19,20], have
been discovered. However, similar to graphene, these 2DMs
also exhibit some drawbacks that may limit their potential
applications. For instance, the wide band gap (∼6 eV) [21] of
hexagonal boron nitride hinders its applications in photocatal-
ysis. Furthermore, the low carrier mobility (200 cm2/V s) [22]
at room temperature of the MoS2 TMDC has limited its appli-
cations in nanoelectronics. Therefore, the search for common
strategies that can overcome these limitations in novel 2DMs
is an important challenge in the scientific community along
with the search for novel 2DMs.

Recently, vertical heterostructures (VHTs) combining
two or more different 2DMs have proved to be a powerful
strategy that not only combines most advantages of 2DMs
but also introduces unusual physical properties, enhanced
optical performance, and novel phenomena [23–28]. Many
theoretical predictions and experimental preparations
have confirmed that VHTs are great candidates for high-
performance applications [26,29–31]. For instance, Zhou

2469-9950/2020/102(7)/075414(10) 075414-1 ©2020 American Physical Society

https://orcid.org/0000-0002-2544-7971
https://orcid.org/0000-0001-7595-4982
https://orcid.org/0000-0001-8063-0923
https://orcid.org/0000-0003-3040-3567
https://orcid.org/0000-0003-4109-7630
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.102.075414&domain=pdf&date_stamp=2020-08-07
https://doi.org/10.1103/PhysRevB.102.075414


HONG T. T. NGUYEN et al. PHYSICAL REVIEW B 102, 075414 (2020)

et al. [29] showed that the SnSe2/MoS2 VHT possesses a high
responsivity of 9.1 × 103 A/W, suitable for high-efficiency
photodetectors. Among 2DM-based VHTs, graphene-based
VHTs have received much consideration because of the
intriguing properties of perfect graphene. Currently,
many VHTs based on graphene and other 2DMs
have been proposed, such as graphene/MoS2 [32–34],
graphene/phosphorene [35,36], graphene/MXene [37–39],
graphene/SnSe(S)2 [40], graphene/GeC [41–43],
graphene/GaS(Se) [44–47], and so on. All these
graphene-based VHTs not only preserve all the key properties
of graphene and 2DM monolayers but also show many
interesting new properties and phenomena. For instance, Li
et al. [37] reported that the formation of graphene/MXene
VHTs causes a shift of the graphene Dirac point to higher
or lower binding energy and results in an opening band gap
in graphene. Earlier, Ben Aziza et al. [44] experimentally
confirmed that the formation of the graphene/GaSe VHT
leads to a shift in the graphene Dirac point to lower binding
energy. Ning et al. [48] theoretically predicted that the
optical absorption of the graphene/InAs VHT is significantly
enhanced compared to those of the constituent monolayers.

More recently, a new kind of 2DM, namely, Janus 2DMs,
has been discovered and successfully synthesized [49,50].
Following these successful productions in experiments of
a Janus MoSSe monolayer [49,50], various types of Janus
2DMs have been theoretically predicted, such as Janus
TMDCs [51,52], Janus M2XY (M = Ga, In; X/Y = S,
Se, Te) [53], and Janus MoSO [54,55]. Different from
conventional 2DMs, Janus 2DMs possess large Rashba spin
splitting and strong in-plane piezoelectricity, rendering them
promising candidates for future applications in spintronics
and valleytronics.

On the other hand, many VHTs from stacking graphene
on Janus 2DMs have been proposed [56–60]. The contact
between graphene and Janus 2DMs is a candidate for novel
designs of 2D metal/semiconductor heterojunctions, forming
either Schottky or Ohmic contacts. Cavalcante et al. [57]
reported that stacking layers between the Janus MoSSe layers
and graphene are a powerful strategy to select plasmonic
frequencies of graphene. Cao et al. [60] demonstrated that
the contact types forming in the graphene/PtSSe VHT can
be adjusted by various methods, such as strain engineering,
electric field, and the number of stacking layers. Although the
graphene/GaS and graphene/GaSe VHTs have been studied
both theoretically and experimentally [44–47], the interfacial
characteristics and contact types in the graphene/Ga2SSe
VHT have not yet been investigated thoroughly. In addition,
there are some common methods that can be used for the
synthesis of 2D materials and their heterostructures, includ-
ing mechanical or liquid-phase exfoliation and chemical va-
por deposition (CVD) or epitaxial growth. For example, the
graphene/MoS2 heterostructure has been synthesized by a
transfer method [24]. The GaSe/graphene heterostructure has
been synthesized in experiment by molecular beam epitaxy
[44] and the CVD technique [61]. Thus, we believe that the
graphene/Ga2SSe heterostructure can also be synthesized in
experiments by a transfer method, molecular beam epitaxy,
or the CVD method. Therefore, in this work, we investigate

the interfacial characteristics, Schottky contact, and optical
performance of graphene/Ga2SSe van der Waals heterostruc-
ture using first-principles calculations. The effects of stacking
patterns, electric gating, and interlayer coupling on the in-
terfacial properties of graphene/Ga2SSe heterostructures are
also examined. Our work is organized as follows: Details of
the computational methodology are provided in Sec. II. The
band alignment and contact types of the graphene/Ga2SSe
heterostructure along with the effects of strain and electric
field are discussed and presented in Sec. III.

II. COMPUTATIONAL DETAILS

All the calculated results were obtained by means of den-
sity functional theory (DFT) and were simulated in the QUAN-
TUM ESPRESSO package [62,63]. The exchange-correlation
functional was approximated by the generalized gradient ap-
proximation [64], which was proposed by Perdew, Burke, and
Ernzerhof [65]. The interactions between electrons and ions
in all systems are carried out using the projector augmented-
wave approach [66]. The Kohn-Sham orbitals were taken into
account using a plane wave basis set. To correctly describe the
weak forces in layered materials, the DFT-D3 method with a
semiempirical dispersion potential is used for all calculations.
The cutoff energy is set to be 510 eV, and a (9 × 9 × 1)
k-point grid of the first Brillouin zone (BZ) was performed for
a Monkhorst-Pack mesh. In order to break unphysical interac-
tions between periodic images of the system, a large vacuum
of 30 Å was applied along the z direction. The convergence
criterion of energy in the self-consistency process was set to
be 10−6 eV. All the geometric optimization processes were
obtained when the Hellmann-Feynman forces on atoms were
smaller than 0.01 eV/Å.

Ab initio molecular dynamics (AIMD) simulations are used
to confirm the thermal stability of the graphene/Ga2SSe het-
erostructure. AIMD simulations are performed through Nosé
thermostat algorithm at a temperature of 300 K for a total of
4 ps with a time step of 1 fs.

The optical absorption of materials can be calculated as
follows:

α(ω) =
√

2ω

c

[√
ε2

1 (ω) + ε2
2 (ω) − ε1(ω)

]1/2

. (1)

Here, εi(ω) (i = 1, 2) represent the real and imaginary parts
of the dielectric functions, respectively. The real part can be
obtained from the Kramers-Kroning equation, which is

ε1(ω) = 1 + 2

π
P

∫ ∞

0

ε2(ω′)ω′

ω′2 − ω2 + iη
dω′ (2)

III. RESULTS AND DISCUSSION

We first examine all the structural characteristics of single-
layer graphene and Janus Ga2SSe, as displayed in Fig. 1.
Graphene has a zero band gap, illustrating a semimetallic
character with a Dirac cone at the K point. Unlike graphene,
the Janus Ga2SSe monolayer has a layered atomic structure,
as shown in Fig. 1(d). Each Ga2SSe unit cell consists of
four atoms, including two Ga atoms and two chalcogen S
and Se atoms in opposite directions. Due to the difference in
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FIG. 1. (a) and (d) Atomic structure, (b) and (e) band structures, and (c) and (f) phonon dispersion curves of perfect graphene and the
Janus Ga2SSe monolayer, respectively. Yellow balls stand for the carbon atoms in graphene, while violet, green, and cyan balls represent the
gallium, sulfur, and selenium atoms in Janus Ga2SSe, respectively.

electronegativity of S and Se atoms, this may result in out-of-
plane symmetry breaking. The lattice parameter of the Janus
Ga2SSe monolayer is calculated to be a = b = 3.72 Å, which
is very consistent with previous reports [67]. Furthermore,
Janus Ga2SSe is an indirect semiconductor. The calculated
band gap of Janus Ga2SSe is 2.04 eV, which also gives good
agreement with the value reported by Guo and coworkers [67].
The phonon spectrum of Janus Ga2SSe in Fig. 1(f) confirms it
is dynamically stable at the equilibrium state with no negative
phonon frequencies.

The graphene/Ga2SSe VHTs are constructed by placing
graphene on top of Janus Ga2SSe. Due to different kinds
of chalcogen atoms on opposite sides of Janus Ga2SSe,
this results in the formation of two stacking patterns of
graphene/SGa2Se and graphene/SeGa2S VHTs. Moreover,
due to the large difference in lattice parameters of graphene
and Janus Ga2SSe in their unit cells, in order to construct
the graphene/Ga2SSe VHT, we use a supercell, consisting
of a (3 × 3) graphene supercell and a (2 × 2) supercell of
Janus Ga2SSe. In addition, when a graphene layer is adsorbed
on Janus Ga2SSe, it tends to form two different stacking
configurations of graphene/Ga2SSe VHTs; there are top and
hollow sites, as shown in Fig. 2. Therefore, we consider
four different stacking patterns of graphene/Ga2SSe VHTs,
namely, H1, H2, T1, and T2, as depicted in Fig. 2. The
thermal stability of all these stacking patterns is checked by
performing AIMD simulations. These results are displayed in

Fig. 3. It is obvious that there is no distortion in structure in
any of the heterostructures after heating them for 4 ps. Also,
the change in total energy at 0 ps and after 4 ps is very small,
indicating that all these patterns are thermally stable at a room
temperature of 300 K, making them feasible, and they can thus
be obtained easily in future experiments.

To check the structural stability of these patterns, we
further calculate the binding energy, which can be obtained
as follows:

Eb = EH − EG − EJ

A
. (3)

Here, EH, EG, and EJ, respectively, represent the total ener-
gies of combined graphene/Ga2SSe VHT, isolated (3 × 3)
graphene, and (2 × 2) Janus Ga2SSe layers. A stands for
the surface area of the considered supercell. The interlayer
spacing and binding energy of the graphene/Ga2SSe VHT
for different stacking patterns are listed in Table I. We find
that the interlayer spacings are in the range from 3.35 to
3.42 Å. It should be noted that these values of interlayer
spacing are comparable with other typical graphene-based van
der Waals (vdW) heterostructures [60], confirming that the
weak vdW interactions bond between the graphene and the
Janus Ga2SSe layers. Furthermore, all stacking patterns of
graphene/Ga2SSe VHTs imply the negative value of bind-
ing energies, exhibiting that they are energetically stable.
Stacking pattern H2 has the lowest binding energy of all the
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FIG. 2. Relaxed geometric structures of graphene/Ga2SSe heterostructures for different stacking patterns: (a) H1, (b) T1, (c) T2, and
(d) H2.

configurations, demonstrating that the H2 pattern is the most
energetically stable pattern.

The projected band structures of graphene/Ga2SSe VHTs
for different patterns are depicted in Fig. 4 along with those of
the constituent monolayers. The band structures of isolated
(3 × 3) graphene and (2 × 2) Ga2SSe monolayers are il-
lustrated in Figs. 4(c) and 4(d), respectively. Owing to the
band-folding effect, the linear dispersion relation of graphene
is inverted from the K point in perfect graphene into the �

point in the (3 × 3) graphene supercell. On the other hand, the
Janus Ga2SSe supercell preserves its semiconducting nature
with an indirect band gap of 2.08 eV, which is larger than that
of an isolated Ga2SSe primitive unit cell. The highest (lowest)
valence (conduction) band states are positioned in the �-K (�)
point. The valence band (VB) of Janus Ga2SSe is closer to
the Fermi level than the conduction band (CB), demonstrating
that Janus Ga2SSe is a p-type semiconductor. We find that
compared to the band structures of both graphene and Ga2SSe
monolayers, the band structures of all stacking patterns of
graphene/Ga2SSe VHTs are the combinations of those of the
constituent monolayers. The Dirac cone of graphene is well

FIG. 3. The AIMD simulation of the change in the total energy
as a function of time step at room temperature (300 K) of the
graphene/Ga2SSe VHT for different patterns: (a) T1, (b) H1, (c) H1,
and (d) T2. The insets represent snapshots of atomic structures of the
VHT before and after heating for 4 ps.

preserved at the � point, whereas the semiconducting nature is
maintained in Janus Ga2SSe. This indicates that the electronic
properties of both graphene and Ga2SSe monolayers are well
preserved. The nature of such preservation is due to the weak
vdW interactions between two constituent monolayers, which
keep the heterostructure feasible but are not enough to modify
the electronic properties.

More interestingly, when the contact between graphene
and Janus Ga2SSe is formed, a small band gap of about
13–17 meV opens in the graphene layer, depending on
the stacking patterns. These values are listed in Table I.
The opened band gap in graphene plays an important role in
the design of graphene-based high-speed electronic devices.
In order to understand the nature of such an opened band
gap, we further provide the Hamiltonian of two graphene
sublattices as follows:

H =
[

� h̄νF (kx − iky)
h̄νF (kx + iky) −�

]
,

where k is the momentum and νF is the Fermi velocity. This
operator acts on spinors ψ = (φA

φB
), where φA and φB are the

amplitudes of the wave functions on sublattices A and B,
respectively, and � is the on-site energies of the A and B
sublattices. The dispersion relation near the Fermi level can be
approximated as E (k) = ±

√
�2 + (h̄νF k)2, the plus (minus)

sign corresponds to the conduction (valence) band. For free-
standing graphene, the on-site energies of the two sublattices
are identical (� = 0), resulting in a zero electronic band
gap and a linear dispersion relation near the Dirac point. For
graphene/Ga2SSe heterostructures, the opened band gap is

TABLE I. Calculated interlayer spacing D, binding energy Eb,
the opened graphene band gap Eg, and Schottky barrier heights (�n,
�p) of the graphene/Ga2SSe VHT for different stacking patterns.

D (Å) Eb (meV/Å2) Eg (meV) �n (eV) �p (eV)

T1 3.36 −43.31 13 0.47 1.59
H1 3.42 −50.32 15 0.76 1.33
H2 3.40 −51.35 17 0.76 1.33
T2 3.35 −42.83 14 0.46 1.60
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FIG. 4. Projected band structures of graphene/Ga2SSe heterostructures for different stacking patterns and their corresponding graphene
and Ga2SSe supercells. Red lines represent the contributions of the graphene layer, while black solid lines represent the contributions of the
Janus Ga2SSe layer.

calculated to be Eg = 2�, and a parabolic dispersion relation
near the Dirac point is E (k) ≈ ±(� + h̄2ν2

F k2/2�).
Furthermore, for the use of graphene/Ga2SSe VHTs in

practical applications, they should have high carrier mobility.
It is obvious that the carrier mobility of materials is inversely
proportional to the effective mass through the following re-
lation: μ = eτ/m∗. Thus, to evaluate the carrier mobility of
such VHTs, we calculate their effective masses as follows:

1

m∗ = 1

h̄

∂2E (k)

∂k2
. (4)

Here, h̄ and k represent the Planck constant and the wave
vector, respectively. From Eq. (4), it can be seen that the
effective mass of electrons and of holes can be obtained from
the parabolic fitting of the CB and VB of such a heterostruc-
ture. Our effective mass for an electron (hole) of the most
energetically stacking pattern, H2, of the graphene/Ga2SSe
VHT at Dirac � point is calculated to be 1.56 × 10−3m0

(2.64 × 10−3m0). The value of the effective mass is quite
small, indicating that graphene/Ga2SSe VHTs exhibit high
carrier mobility. Thus, graphene/Ga2SSe VHTs can be con-
sidered a potential candidate for future high-speed nanoelec-
tronic applications.

Interestingly, graphene/Ga2SSe represents a metal/
semiconductor heterojunction, which is characterized by the
formation of contact types, including Schottky and Ohmic
contacts. We find from Fig. 4 that the graphene/Ga2SSe
VHT possesses a Schottky contact because its Fermi level
lies between the VB and CB of the semiconducting Ga2SSe
layer. It should be noted that the interfacial characteristics
and contact types, forming at the graphene/Ga2SSe interface,
determine its use for practical applications. The formed
Schottky contact in graphene/Ga2SSe VHT demonstrates that
it is suitable for Schottky devices and Schottky diodes. The
Schottky barriers are determined following the Schottky-Mott
rule [68] as follows: �n = ECB − EF and �p = EF − EVB.
As depicted in Fig. 5, the p-type semiconductor in the
freestanding Janus Ga2SSe layer is converted to n type after
the formation of the graphene/Ga2SSe contact. In addition,
the band gap of semiconducting Ga2SSe also increases to
2.09 eV after contact, which becomes 0.01 eV larger than that
of the freestanding form. Our calculations of the Schottky
barriers �n and �p are listed in Table I. We find that �n of
all stacking patterns of graphene/Ga2SSe VHTs is smaller
than �p, suggesting that they form an n-type Schottky contact
(n-SC type).
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FIG. 5. (a) Band alignment of graphene and Janus Ga2SSe monolayers before and after contact. (b) Charge density difference of the
graphene/Ga2SSe VHT. Yellow and cyan regions represent charge accumulation and depletion, respectively.

In Fig. 5(b), we provide the charge density difference of
the graphene/Ga2SSe VHT for its most energetically stable
pattern to visualize the charge redistribution at the interface.
It should be noted that the difference in charge densities is
visualized by

�ρ(r) = ρH(r) −
∑

ρM(r), (5)

where ρH(r) and ρM(r) represent the charge density of the
heterostructure and isolated monolayers, respectively. One
can observe from Fig. 5(b) that the charge depletion region
is around the graphene layer, indicating that graphene loses
electrons and becomes a hole-rich region. While the charge
accumulation area is around the selenium surface of Janus
Ga2SSe, it becomes an electron-rich surface. It also suggests
that the electrons are transferred from the graphene to the
Ga2SSe layer in their combined graphene/Ga2SSe VHT.

Actually, for use in practical applications of photocatalytic
nanodevices, such a Ga2SSe VHT should absorb as much
light in the visible and ultraviolet (UV) regions as possi-
ble. Therefore, we further consider the optical properties of
graphene/Ga2SSe VHT by calculating the real and imaginary
parts of the dielectric functions and the optical absorption co-
efficient. These performances of the graphene/Ga2SSe VHT

as well as those of single-layer monolayers are displayed
in Fig. 6. The real part ε1(ω) is associated with the stored
energy within the medium, and the imaginary part ε2(ω) is
associated with the dissipation of energy within that medium
[69]. The static dielectric constant ε0(ω) is the most important
part of the real part. As presented in Fig. 6(a), the calculated
values of ε0(ω) for graphene and Ga2SSe monolayer are 1.15
and 2.55 eV, respectively. The calculated values are close
to those of previous theoretical calculations [70,71]. It can
also be noticed that ε0(ω) is increased to reach a value of
2.75 for the graphene/Ga2SSe heterostructure. The imaginary
part ε2(ω) of the dielectric function is presented in Fig. 6(b).
The ε2(ω) spectrum of the Ga2SSe monolayer exhibits an
intense absorption peak near the visible region, suggesting the
visible-light absorption capability of the studied monolayer.
The ε2(ω) spectrum of graphene is very weak compared to
that of the Ga2SSe monolayer. One may also notice that
the ε2(ω) spectrum of the graphene/Ga2SSe VHT is slightly
redshifted compared to that of the individual monolayers.
Furthermore, the absorption intensity of the ε2(ω) spectrum
for the graphene/Ga2SSe heterostructure overlaps with that
of Ga2SSe but is higher than that of graphene. This indi-
cates the good absorption capability of the constructed het-
erostructure. Moreover, the formation of the heterostructure

FIG. 6. (a) Real and (b) imaginary parts of dielectric functions and (c) optical absorption of the graphene/Ga2SSe VHT and the individual
monolayers along the z axis.
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(i)

FIG. 7. Projected band structures of the graphene/Ga2SSe heterostructure under negative electric gating of (a) −0.3 V/Å, (b) −0.2 V/Å,
(c) −0.1 V/Å, and (d) 0 V/Å and positive electric gating of (e) 0 V/Å, (f) +0.1 V/Å, (g) +0.2 V/Å, and (h) +0.3 V/Å. Red lines represent
the contributions of the graphene supercell. (i) The variations of SBH as a function of electric gating.

also leads to an increase in the optical absorption in the
visible and UV regions compared to the constituent mono-
layers [see Fig. 6(c)]. A similar trend has been predicted
for other heterostructures [72,73]. It can be concluded that
the designed heterostructure maintains the intrinsic optical
properties of the individual graphene and Ga2SSe monolayer
and also displays some distinguished optical features, such
as enhanced absorption intensity, a peculiar dielectric func-
tion, and a wide range of photoresponse, which is promis-
ing for applications in optical transmission and photoelectric
devices.

From a device viewpoint, the contact types and Schot-
tky barriers of the graphene/Ga2SSe VHT are one of the
most important challenges that strongly affect the device’s
performance and possibilities. Thus, in order to evaluate the
effectiveness of the graphene/Ga2SSe VHT for the design of
high-performance nanodevices, we further consider whether
the contact types and Schottky barriers of such a VHT could
be adjusted by electric gating and interlayer coupling. The
projected band structures and the changes in the contact types
and Schottky barrier height (SBH) of graphene/Ga2SSe VHT
under electric gating are depicted in Fig. 7. Obviously, the
positions of the VB and CB relative to the Fermi level of the
semiconducting Ga2SSe part are shifted under electric gating,
as depicted in Figs. 7(a)–7(h). Such a thing leads to changes in
the SBH of the graphene/Ga2SSe VHT, as shown in Fig. 7(i).
The electric gating, pointing from the Ga2SSe to the graphene
layer, is assigned as the positive direction. Under negative
electric gating, we find that �p decreases linearly with de-
creasing negative gating, whereas �n increases accordingly.
We can observe that under negative gating of −0.2 V/Å,
�p decreases and becomes smaller than �n, suggesting the
possibility to switch from n-SC to p-SC type. The physical
mechanism of such a possibility to switch can be explained
by a shift in the Fermi level. The negative gating shifts the
Fermi level towards the lower binding energies, i.e., towards
the VB of the semiconducting Ga2SSe part. It indicates that

the Fermi level of such a VHT is closer to the VB than to the
CB, leading to such a possibility to switch.

On the other hand, when the positive electric gating is
introduced, �p increases linearly, while �n decreases accord-
ingly. For positive gating, �n decreases and is smaller than
�p, implying that the graphene/Ga2SSe VHT remains to be
of the n-SC type, as depicted in Fig. 7(i). Interestingly, due
to a linear decrease in �n with increasing positive gating,
our results predict that �n can decrease to zero under a
positive gating of +0.37 V/Å. The zero and negative values
of SBH demonstrate that the graphene/Ga2SSe VHT is char-
acterized by an Ohmic contact, suggesting that such a VHT
is quite acceptable for semiconductor applications in which
the graphene layer acts as a transparent electrode and the
semiconducting Ga2SSe layer acts as a channel. The nature
of the variation of �p and �n under positive electric gating is
due to the shift of the Fermi level. When the positive electric
gating is introduced, the Fermi level is shifted towards the
CB of the semiconducting part. It indicates the Fermi level
is getting closer to the CB of the Ga2SSe part, implying that
the graphene/Ga2SSe VHT remains to be of the n-SC type.
Under an electric gating of +0.37 V/Å, the Fermi level con-
tinuously moves upwards and crosses the CB of the Ga2SSe
layer, resulting in the transition from an n-SC to Ohmic type
of contact. From all the above-mentioned results, we find
that electric gating can tune the SBH and contact types of
the graphene/Ga2SSe VHT from n-SC type to p-SC and to
Ohmic type.

The projected band structures of the graphene/Ga2SSe
heterostructure under different interlayer spacings and the
variation of the SBH as a function of interlayer spacings
are depicted in Fig. 8. Obviously, the decrease in interlayer
spacing from the equilibrium value leads to a narrowed �p and
a heightened �n. One can observe from Fig. 8(g) that when the
interlayer spacing is smaller than 3.0 Å, �p becomes narrower
than �n, resulting in the possibility of switching from n-
SC to p-SC type in the graphene/Ga2SSe VHT. Meanwhile,
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FIG. 8. Projected band structures of the graphene/Ga2SSe heterostructure under different interlayer spacings of (a) 2.5 Å, (b) 2.8 Å,
(c) 3.1 Å, (d) 3.7 Å, (e) 4.0 Å, and (f) 4.3 Å. Red lines represent the contributions of the graphene supercell. (g) The changes in the SBH of
the graphene/Ga2SSe heterostructure as a function of interlayer spacing.

the opposite change in �p and �n by increasing interlayer
spacing is observed. The n-SC type is still maintained in the
graphene/Ga2SSe VHT. The physical mechanism of the �p

and �n variations can be explained by further analyzing the
projected band structures of the graphene/Ga2SSe VHT under
different interlayer spacings. As interlayer spacing decreases,
the Dirac cone of graphene shifts towards the VB of the
semiconducting part. However, by increasing the interlayer
spacing away from the equilibrium value, the graphene Dirac
cone moves upwards to higher binding energy, i.e., to the CB
of the Ga2SSe part. When the interlayer spacing is smaller
than 3.0 Å, the graphene Dirac cone is closer to the VB than
the CB of the semiconducting Ga2SSe layer, confirming that
the graphene/Ga2SSe VHT is characterized by the p-SC type.
From the results discussed above, we can conclude that a
change in the interlayer spacing can induce a change from
n-SC to p-SC type, making the graphene/Ga2SSe VHT a
potential candidate for future Schottky nanodevices. It is clear
that in the view of device application, the interlayer spacing
is an effective way to improve the performance of electronic
devices. Therefore, the engineering of interlayer spacing can
work on not only efficiently controlling the interface contact
type but also the SBHs of the graphene/Ga2SSe VHT, which
is important for improving the performances of the control-
lable nanoelectronic and optoelectronic devices.

IV. CONCLUSION

In summary, we have used first-principles simulations to
study the electronic, interfacial properties and optical per-

formance of the graphene/Ga2SSe heterostructures. Different
favorable stacking patterns of graphene/Ga2SSe heterostruc-
tures were also constructed and examined. Our results show
that all the stacking patterns of graphene/Ga2SSe heterostruc-
tures are energetically and thermally stable at room tem-
perature, such that they can be fabricated in experiments.
In the graphene/Ga2SSe heterostructures, the Dirac cone of
graphene is well preserved at the � point owing to the weak
vdW interactions, which keep the heterostructures feasible.
After the formation of a graphene/Ga2SSe contact, a small
band gap of about 13–17 meV opens in graphene due to
symmetry breaking. The graphene/Ga2SSe heterostructures
also shows high carrier mobility, making them potential
candidates for future high-speed nanoelectronic applications.
Furthermore, the graphene/Ga2SSe heterostructures form an
n-type Schottky contact. The transformation from the n-type
to p-type Schottky contact or to Ohmic contact can be forced
by electric gating or by varying the interlayer coupling.
Our findings could provide physical guidance for designing
controllable Schottky nanodevices with high electronic and
optical performances.
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