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Abstract

The stability and the electronic properties of two dimensional (2D)
GaAs/MoSSe Janus interfaces were investigated using first principles den-
sity functional theory calculations. The effect of different atomic termina-
tions on the interface stability, electronic properties and charge transfer
at the interfaces were analyzed. Metallic states are formed at the stable
MoSSe/GaAs interface owing to the synergistic effect of the presence of 2D
occupied antibonding states in MoSSe and the band alignment at the in-
terface. The non-symmetric structure of MoSSe Janus material turns out
to play a key role to control the electronic properties of the stable Janus
interface, which will be crucial deciding factor for practical applications.
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1 Introduction

Since the exfoliation of graphene from graphite in 2004 [1], the research interest
in 2D materials have grown drastically due to the discovery of novel properties
and emerging applications of 2D materials. However, the zero-band gap of
graphene has limited its applications in electronic and photovoltaic devices. In
contrast to graphene, most 2D transition-metal dichalcogenides (TMDs) are
semiconductors [2]. Particularly, many TMDs undergo indirect-to-direct band
gap transition when a structural transition occurs from multilayer to monolayer,
subsequently allowing them for applications in optoelectronic devices [3, 4]. One
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of the well-studied TMDs is MoS2 monolayer, which possess a band gap of
1.8 eV, combined with high room-temperature current on/off ratio and large
electron mobility of about 200 cm2 V−1 S−1 [5]. These fascinating properties
of 2D TMDs continue to motivate researchers to explore new avenues of 2D
materials.

Recently, MoSSe, a Janus monolayer of transition metal dichalcogenides was
successfully synthesized by replacing S atoms with Se atoms at one of the sur-
faces [6, 7]. The possibility of engineering the electronic and optical proper-
ties of Janus MoSSe layers for nanoelectronic applications have been proposed
based on DFT simulations [8]. The out-of-plane broken symmetry and the per-
manent induced vertical dipole can drive distinct unique quantum phenomena
which are desirable for future electronic devices [9]. Van der Waals heterostruc-
tures between different 2D materials are found to be a promising approach to
design devices with properties on demand [10]. For instance, theoretical cal-
culations revealed interesting electronic and optical properties for PtS2/MoS2

[11], ZnSe/AlAs [12], MoS2/GaN [13] 2D van der Waals heterostructures. Janus
heterostructures are also predicted to be excellent candidates for heterogeneous
photocatalysis owing to the possibility of tuning the morphology by creating dif-
ferent interfaces such as metal/semiconductor or semiconductor/semiconductor
as well as the ease of introducing alloying or defects at the interfaces [14]. It has
been found in a recent study that Janus heterostructre of MoSSe/ZnO possess
an indirect band gap with semiconducting properties and enhanced segregation
of photo-generated carriers [15]. It has also been shown that the metallicity
of Janus heterostructures can be tuned by varying the surface functionaliza-
tion, such as metallic to half-metallic or semiconducting [16]. Among different
Janus heterostructures that are being investigated, MoSSe/GaN heterostruc-
tures are found to be very promising for optoelectronic applications owing to
the possibility of tuning the bandgap by changing the interface terminations
[17]. Nevertheless, in the recent years, the interest in Janus based heterostruc-
ture have increased tremendously due to the advantage of their structures and
excellent optoelectronic properties. Such properties are arising out of the chem-
ical characteristics, quantum confinement and the dominant spin-orbit coupling
at lower thicknesses [18].

Van der Waals (vdW) heterostructures formed by 2D materials containing
GaAs have recently attracted interest owing to their applications in photocatal-
ysis. In this connection, GaAs is a promising semiconductor material and the
charge transfer that can occur by aligning with another favorable semiconductor
material can be utilized for changing charge carrier dynamics [19, 20]. GaAs
has been used widely in photodetector and solar cells [21, 22]. Interestingly,
the 2D GaAs monolayer is stable and has excellent mechanical properties which
are promising for wearable electronics [23]. Recently, Tian et al. synthesized
Graphene/GaAs photodetector and obtained enhanced responsivity of the de-
vice [24]. This enhancement was attributed to the high surface state density
of GaAs which causes confinement of the photogenerated carriers at the inter-
face. Such effect leads to carrier multiplication and lowers the interface Fermi
level which enhances the responsivity of the device. Thus, in our investigation,
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we have considered the interface between MoSSe and GaAs to render simi-
lar enhancements which can have applications in photodetector. Nevertheless,
GaAs turns out to be a promising semiconductor with band gap tunability to
match with other semiconductors. In this scenario, we investigate the electronic
properties of 2D Janus MoSSe/GaAs heterostructure considering the possible
terminations. The motivation to study a heterostructure made between the
monolayer of MoSSe and the monolayer of GaAs is to gather insights into the
design of optoelectronic devices with desirable electronic properties. The advan-
tage of MoSSe as compared to MoS2 structures is the broken symmetry which
has been reported to drive unique phenomena at the interfaces [25].

2 Computational methods

In this work, we use first principles density functional theory calculations to
investigate the electronic properties of MoSSe/GaAs 2D Van der Waals het-
erostructure. The choice of the materials are based on the fact that both these
monolayers have hexagonal symmetry, which thus minimizes the lattice mis-
match of the interface. This choice is very important to determine an ener-
getically favorable interface configuration. The Vienna Ab initio Simulation
Package (VASP) was used to carry out the simulations [26]. The exchange and
correlation functionals were treated in the Perdew-Burke-Ernzerhof generalized
gradient approximation. The van der Waals corrections included in the calcu-
lations were that of Tkatchenko-Scheffler method as implemented in the VASP
version 5.3.3. onwards [27]. A converged kinetic energy cutoff of 650 eV was
employed to describe the plane waves included in the basis set. A Gamma-
centered 1× 1× 1 k-mesh is used to evaluate the interface electronic properties.
Gaussian smearing is used with a smearing width of 0.05 eV. The energy con-
vergence threshold to achieve self consistency was set to 10−6 eV. All crystal
structures were relaxed until the forces on atoms are less than 0.001 eV/Å.

The 2D Janus interfaces were built using supercell sizes of 4×4×1 and 5×5×1
for GaAs and MoSSe, respectively. This results in a small lattice mismatch of
0.04% indicating that the net effect of strain on the physical properties will
be negligible. Since MoSSe has either S or Se termination, this provides two
possible interface heterostructures MoSSe/GaAs and MoSeS/GaAs which are
considered in this work. A vacuum of size 21 Å is added to both interfaces
along the z-direction in order to avoid the interaction between the repeated
interfaces images due to periodicity. The resulting structures are shown in Fig.
1.

3 Results and discussion

The optimized lattice constants of 2D GaAs unit cell were a = b = 4.0534 Å
and that of the 2D MoSSe were a = b = 3.2439 Å, respectively. Furthermore,
the electronic band structures of the unit cells were calculated and shown in
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Figure 1: Optimized geometry of the MoSSe/GaAs interface structures. (a)
Interface-Se and (b) Interface-S

Figure 2: The band structure of the 2D unit cells of MoSSe and GaAs. he
illustration at the right shows the Brillouin zone of hexagonal lattice.

4



Fig. 2. For the 2D GaAs, an indirect band gap of 1.13 eV was obtained whereas
for 2D MoSSe a direct band gap of 1.51 eV was attained which is in line with
previously reported values [28, 29].

After building the two possible interfaces, we have calculated the formation
energies of the interfaces to find the most stable structure. The formation
energies of the interfaces were calculated using the following equation [31]

Ef = EMoSSe/GaAs − EGaAs − EMoSSe (1)

Where EMoSSe/GaAs is the total energy of the interface structure, EGaAs and
EMoSSe are the total energies of GaAs and MoSSe supercells. The formation
energy for interface-Se (with Se atoms at the interface) was −4.21 eV while the
formation energy for interface-S (with Sulfur atoms at the interface) was −38.36
eV. Since interface-S has much lower energy than interface-Se, this indicates that
it is more favorable. In order to study the electronic properties of the interfaces,
we have calculated the total and the local density of states of the two interfaces
and shown in figure, Fig. 3. The results reveal the formation of metallic states
at interface-S and an insulating character at interface-Se. The local density
of states of interface-S in Fig. 3 (b) shows that the metallic states are due to
Mo atoms. Moreover, the comparison in Fig. 4 shows that the Mo metallic
states are due to localized d-orbitals. Hence, it is worthwhile to analyse the
metallic states at interface-S as it is more energetically favorable structure. It
is important to note that the negative formation energies obtained for the two
interface terminations indicates that they both can be obtained experimentally
(by controlling of growth conditions [30]), but one is more favorable. Since
we have obtained entirely different electronic properties for the two interface
terminations, as shown in Fig. 3 this demonstrates a new strategy to modify
electronic properties by controlling the interface termination.

We perform charge density difference analysis for interface-S to explore the
nature of metallicity at the interface and is shown in figure, Fig. 5. The results
show the formation of extra electrons (blue) at As atoms and extra holes (yellow)
at Mo atoms. Such observation indicates that a charge transfer occurs from
MoSSe to GaAs across the interface. In order to determine the charge transfer
driving force, we calculated the crystal orbital Hamilton population (COHP) [32]
for GaAs, MoS and MoSe bonding, as shown in Fig. 6. For GaAs, unoccupied
antibonding states are obtained slightly above the Fermi energy. On the other
hand, MoS and MoSe bonding have occupied antibonding states just below the
Fermi energy, which are energetically not stable. This observation implies that
a charge transfer from MoSSe to GaAs is energetically favorable, in agreement
with the differential charge density plot in Fig. 5.

Previously, graphene/GaAs interface was synthesized and revealed that de-
fects in the GaAs can lead to significant change in properties. It is found that
defects can tune band bending and thus reverse charge transfer direction; the
lifetime of the excited electrons lowered by 6 times allowing ultrafast carrier dy-
namics [33]. On the other hand, applying the strain to 2D vdW heterostructure
has been found to lower the band gap and forces indirect to direct band gap
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Figure 3: Local density of states for (a) Interface-Se and (b) Interface-S as
specified in Figure 1.
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Figure 4: Total density of states of Mo atoms and the partial density of states
of Mo d-orbitals for Interface-S

transition. Furthermore, the presence of suitable strain has been found to en-
hance carrier mobility and thus improve the efficiency of optoelectronic devices
[34, 35]. Hence we presume that the charge redistribution at the interface can
be significantly altered by the introduction of defects such as impurity atoms,
or vacancies that can result in changes in optoelectronic properties.

To further analyze the origin of charge transfer, we calculated the band
alignment for MoSSe/GaAs interface with S termination. The valence band
offset (VBO) is calculated using [36]

V BO = (EMoSSe + VMoSSe) − (EGaAs + VMoSSe) + ∆V (2)

Where EMoSSe = −3.05 eV and EGaAs = −4.19 eV are the valence band max-
imum of bulk MoSSe and bulk GaAs. We obtained VMoSSe = −6.66 eV and
VGaAs = −3.80 eV, which are the macroscopic average electrostatic potentials
for the bulk materials. ∆V= 0.52 eV is the shift of the averaged electrostatic po-
tential energies across the interface. The obtained valence band offset is −1.20
eV. The conduction band edge is given by adding the band gap energy to the
plotted valence band edge. Fig. 7 shows a band alignment of type II (stag-
gered gap) for interface-S. The band alignment supports a charge transfer from
MoSSe to GaAs which agree with our COHP results and explains the formation
of metallic states at interface-S. Even though a large number of experimental
works are still lacking in these kind of systems, the theoretical results obtained
here can guide the design of optoelectronic devices with desirable electronic
properties.
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Figure 5: Top and side view of partial charge density difference plot for interface
2 of MoSSe/GaAs structure as specified in Figure 1. The bands are within an
energy range −1 to 0 eV (with a value of 0.01 e/Å3). Blue and yellow indicates
electrons and holes, respectively.
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Figure 6: Crystal orbital Hamilton population for GaAs and MoSSe monolayers
.

Figure 7: Band alignment diagram for interface-S of MoSSe/GaAs structure as
specified in Figure 1
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4 Conclusion

A density functional theory study was undertaken to provide theoretical under-
standing of the electronic properties at 2D Janus GaAs/MoSSe interface. Our
investigation revealed the importance of interface atomic termination on the
electronic and the structural properties of 2D Janus interfaces. Metallic states
were obtained only at the interface with MoS termination while the interface
with MoSe termination is insulating and energetically not favorable. Occupied
antibonding states were found in MoSSe which drives the charge transfer from
MoSSe to GaAs. The calculated band alignment demonstrated the presence of
charge transfer from MoSSe to GaAs. Thus, the metallic states at GaAs/MoSSe
interface can be attributed to the joint effect of the COHP and the band align-
ment. Therefore our results indicate that the stability and electronic properties
of 2D Janus interfaces are affected by the interface termination which is critical
for practical applications.
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