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A B S T R A C T   

The interaction mechanisms between Janus-MoSSe (MoSSe) and Aluminum-Nitride (AlN) sheets were system
atically investigated by using Density Function Theory (DFT) calculations. Our computational protocol was based 
on performing single-point DFT calculations on AlN/MoSSe Van der Waals heterojunctions as a function of the 
distance between these two materials. Results show that the interaction energies vary from − 35.5 up to − 17.5 
meV depending on the distance between the materials and the chemical species involved in the interface. The 
MoSSe/AlN heterojunctions, when the MoS face is interacting with the AlN sheet, presented the lowest inter
action energies due to the sulfur’s higher degree of reactivity.   

1. Introduction 

Due to the enormous growth in the global demand for energy con
sumption in the last decades, novel advances in renewable energy 
technologies have emerged recently [1–5]. In the establishment of these 
technologies, transition metal dichalcogenides (TMDs) have been play
ing an important role [6,7]. The most known TMD is the molybdenum 
disulfide (MoS2), whose hexagonal monolayer (1H) phase is structurally 
similar to graphene [8,9]. One of the greatest advantages of MoS2 in 
relation to graphene is its bandgap of 1.9 eV (1.3 eV) for monolayer 
(multilayer) phase [10,11]. These values are favorable for optical ab
sorption when exposed to solar radiation [12–15]. In this sense, several 
works have been developed aiming at designing optoelectronic devices 
based on MoS2 [16–20]. 

TMD-based heterostructures have been both theoretical and experi
mentally studied [21–26]. Recently, Janus-MoSSe-based hetero
structures emerged as promising solutions for visible-infrared 
photocatalysis for water splitting [27–29] and metallic electrodes [30]. 
Importantly, is was experimentally reported that a Janus-MoSSe 
monolayer can be obtained through breaking the out-of-plane struc
tural symmetry of the single-layer MoS2[31]. In the yielded structure, 
the sulfur atoms on one side of the monolayer are fully replaced by the 
selenium ones [31]. Yin and coworkers theoretically studied the role of 
the intrinsic dipole on photocatalytic water splitting for Janus-MoSSe/ 

Nitrides heterostructures by employing Density Functional Theory 
(DFT) calculations [32]. Their results showed that MoSSe/XN (X = Al, 
Ga) configurations with a perfect match between the hexagonal rings are 
always more stable than other types of stacking regardless of possible 
atomic positions [32]. Zhao and Schwingenschlögl investigated the van 
der Waals heterostructures constructed from Janus-Mosse/Germanene 
through first-principles calculations [30]. The germanene layer was 
chosen as electrode since it is a Dirac metal with a perfect lattice match 
to MoSSe [30]. Their findings revealed that an n-type Schottky contact 
was formed for SeMoS/Ge and a p-type Schottky contact for SMoSe/Ge 
[30]. A transition from Schottky to Ohmic behavior occurs under tensile 
strain (∼ 4% for SeMoS/Ge, ∼ 8% for SMoSe/Ge), which was explained 
by modifications of the interface dipole [30]. Albeit relevant studies 
have been performed to propose feasible applications for Janus-MoSSe- 
based heterostructures, to the best of our knowledge, the fundamental 
properties of Janus-MoSSe/Nitrides, such as their energetic stabiliza
tion, remains not fully understood and the present study fills this gap. 

In the present work, we employed DFT calculations to systematically 
study the energetic stabilization of Janus-MoSSe and Aluminum-Nitride 
(MoSSe/AlN) Van der Waals heterostructures. The computational pro
tocol adopted here was based on performing single-point DFT calcula
tions as a function of the distance between these two materials to obtain 
the equilibrium distance. After that, we calculated the band structure 
only for the heterojuntions in their equilibrium distance (lowest 
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interaction energies). Finally, ab initio molecular dynamics (MD) simu
lations were performed to attest to the stability of the MoSSe/AlN Van 
der Waals heterojunctions. Here, we considered four distinct assemblies 
(see Fig. 2)) to compose these heterojunctions. In the arranged the AlN 
and MoSSe sheets to allow the interaction between the MoS and MoSe 
faces with the AlN sheet. The results presented here shed light on the 
role played by Janus-MoSSe layers in stabilizing nitrides 
heterostructures. 

2. Methodology 

To investigate the structural and electronic properties of MoSSe/AlN 
heterostructures, we employed DFT calculations as implemented in the 
SIESTA package [33]. Within the framework of SIESTA, we used the 
numerical DZP basis set to expand the system wave functions of many 
atoms [34–36]. The exchange–correlation energies were calculated by 
using the Local Density Approximation (LDA), as proposed for Ceperley- 
Alder and Perdew-Wiang (LDA/CA and LDA/PW92, respectively) [37], 
and the Generalized Gradient Approximation (GGA), as proposed for 
Perdew-Burke-Ernzerhof and Perdew-Wiang (GGA/PBE, GGA/PW91, 
respectively) [38]. The relativistic pseudopotentials were parameterized 
within the Troullier-Martins formalism [39,40]. These approximations 
are required to describe the magnetic and electronic properties of ma
terials composed of atoms with many electrons, as is the case of tran
sition metals. A mesh cutoff of 400 Ry is chosen as a parameter for our 
calculations. The supercells containing MoSSe/AlN were previously 
converged, with a force criterion of 0.001 eV/Å, to fit in the box that was 
maintained orthogonal during all optimization. To calculate the bands 
an MPK mesh of 9 × 9 × 3 was used [41]. 

The following equation was used to describe the interaction energy 

(EI) 

EI
(
r
)
= EMoSSe

AlN

(
r
)
− EAlN − EMoSSe, (1)  

where EMoSSe
AlN (r) is the energy of the MoSSe/AlN system that depends on 

the distance between the two monolayers. EAlN and EMoSSe are the energy 
of the isolated AlN monolayer and the isolated MoSSe monolayer, 
respectively. Importantly, ab initio molecular dynamics simulations were 
also performed, using the SIESTA code, to study the thermodynamical 
stability of the MoSSe/AlN heterostructures. These simulations were 
performed using an NPT ensemble with an initial/target temperature set 
to 300 K and a time-step of 3 fs. 

Our computational protocol employed to study to predict the ener
getic stability of MoSSe/AlN Van der Waals heterostructures can be 
described in four stages: (1) we initially stacked the MoSSe and AlN 
sheets, separating them vertically by 5.0 Å, forming two distinct in
terfaces SeMoS/AlN (where the sulfur atoms are interacting with the 
AlN plane) and SMoSe/AlN (where the selenium atoms are interacting 
with the AlN plane), as represented in Fig. 1; (2) the AlN plane was 
translated towards the MoSSe one with a step of 0.1 ̊A and an interaction 
energy curves were obtained by performing single-point DFT calcula
tions for each distance; (3) from the interaction energy curves, we ob
tained the equilibrium distances (or equivalently lowest interaction 
energies) related to the heterojunction arrangement that is more ener
getically stable; (4) after that, we calculated the band structure for the 
SMoSe and SeMoS heterojunctions in their equilibrium distances to 
describe their electronic structure; (4) in the last stage, ab initio molec
ular dynamics simulations were performed to attest the stability of the 
composed heterojunctions. 

Fig. 2. Schematic representation of the four different cases considered in our simulations: (a) SeMoS/AlCN (S-AlN interface), (b) SMoSe/AlNC (Se-AlN interface), (c) 
SeMoS/AlN (S-AlN interface), and (d) SMoSe/AlN (Se-AlN interface), where NC (AlC) and AlN denote a configuration in which the nitrogen (aluminium) is placed in 
the center of the TMD hexagons and the nitrogen is placed vertically aligned with the molybdenum atoms, respectively. 

Fig. 1. Schematic representation for the stacking configuration of the (a) SeMoS/AlN (b) SMoSe/AlN heterojunctions. In this figure, r represents the distance be
tween the AlN and TMD sheets. 
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3. Results 

We begin our discussion by presenting the different MoSSe/AlN 
systems investigated here as well as the protocol used to obtain their 
most stable heterojunctions. In Fig. 2 we illustrate the four different 
cases considered in our simulations: 2(a) SeMoS/AlCN (S-AlN interface), 
2(b) SMoSe/AlNC (Se-AlN interface), 2(c) SeMoS/AlN (S-AlN interface), 
and 2(d) SMoSe/AlN (Se-AlN interface), where NC (AlC) and N denote a 
configuration in which the nitrogen (aluminum) atoms are localized in 
the center of the TMD hexagons and the nitrogen atoms are vertically 
aligned with the molybdenum ones, respectively. These model super
cells have the following dimensions: 2(a) 10.87 × 6.30 × 49.41 ̊A, 2(b) 
10.04 × 6.40 × 38.86 ̊A, 2(c) 10.86 × 6.29 × 49.51 ̊A, and 2(d) 10.89 ×
6.31 × 39.9 ̊A. Importantly, the bond-length values obtained here for the 
optimized structures (see Table 1) are in good agreement with the ones 
reported in literature [32]. In our computational protocol to predict the 
most stable heterojunction (with lowest stabilization energy), we per
formed a systematic variation of the r distance (see Fig. 2) between the 
TMD and AlN surfaces from 1.9 up to 5.0 ̊A. The composite systems were 
initially optimized to adjust cell lengths and the TMD and AlN planes 
were separated from 3.5 ̊A. For each r distance, a single-point calculation 
was performed to obtain the interaction energy. Importantly, the four 
cases studied here (Fig. 2) are solutions of the geometry optimization 
procedure when the MoSSe and AlN sheets were positioned with/ 
without matching their hexagonal rings. Moreover, ab initio MD 

simulations were also performed to verify the dynamical stability of the 
interfaces with lowest interaction energies. 

The stabilization energy curves are shown in Fig. 3. These curves 
were obtained using the set of DFT functionals and potentials described 
in the previous section. In Fig. 3, one can note that the lowest EP energy 
for the SeMoS/AlCN, SMoSe/AlNC, SeMoS/AlN, and SMoSe/AlN cases is 
− 4.66 meV (LDA/CA), − 4.20 meV (LDA/CA), − 5.41 meV (LDA/CA), 
and − 5.50 meV (LDA/PW92), respectively. As expected, the cases with 
the lowest interaction energies are the ones in which the perfect match 
among the hexagons of both structures takes place (SeMoS/AlN and 
SMoSe/AlN cases). The cases where the sulfur atoms are interacting with 
the AlN surface (SeMoS/AlCN and SeMoS/AlN) present the lowest 
interaction energies when contrasted to the selenium ones due to the 
higher degree of reactivity presented by silicon. Among all the hetero
structures, the case with perpendicular configuration between sulfur- 
aluminum (SeMoS/AlN) presents the higher interaction energy than 
the related one with unpaired hexagons (SeMoS/AlCN) due to the lower 
sulfur-aluminum distances. 

To verify the suitability of the DFT methodologies employed here, we 
contrast the band structure profiles for the cases presented in Fig. 2, that 
were calculated using the methods described in the previous section. 
The band structures were obtained by considering the cases with the 
lowest interaction energies. One can note that all the DFT methodologies 
present very similar band structure profiles, as illustrated in Fig. 4. The 
bandgap values obtained using each one of them are presented in 
Table 2. They lie within the range of the visible spectrum and present a 
direct character between the Y and Γ points, making possible the photon 
absorption conserving electron momentum. Importantly, the calculated 
bandgap values (Egap) ranged within the interval 1.61–1.87 eV, which 
can be interesting for photovoltaic applications. 

To validate the thermodynamical stability of the MoSSe/AlN heter
ostructures studied here, we performed ab initio MD simulations, in 
which we considered as input the structures with the lowest interaction 
energies (also keeping the related DFT method). In this sense, Fig. 5 
shows the time evolution of the total potential energy for each system. 
One can note that the potential energy remains constant during the time. 

Fig. 3. Stabilization energy curves obtained using the set of DFT functionals and potentials described in the previous section.  

Table 1 
Bond-length values were obtained here for the optimized MoSSe and AlN 
structures. Importantly, the values presented here are in good agreement with 
related ones reported in the literature [32].  

Bond Type SeMoS/AlCN SMoSe/AlNC SeMoS/AlN  SMoSe/AlN  

Mo-S (Å) 2.39 2.42 2.39 2.39 
Mo-Se (Å) 2.50 2.51 2.50 2.48 
S-Se (Å) 3.25 3.26 3.26 3.21 
Al-N (Å) 1.82 1.85 1.81 1.83  
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As expected, the systems with lowest potential energies are the ones 
with a perfect match among the hexagonal rings of both structures 
(SeMoS/AlN and SMoSe/AlN cases), since they present the lowest 
interaction energies (Fig. 3). The ab initio MD results suggest that the 
interaction between MoSSe and AlN layers can yield stable hetero
structures. It is worthwhile to stress that these results are in good 
agreement with the ones reported in literature [32], which showed that 
MoSSe/XN (X = Al, Ga) configurations with a perfect match between 
the hexagonal rings are always more stable than other types of stacking 
regardless of possible atomic positions. 

4. Conclusions 

In summary, we used DFT calculations to theoretically investigate 
the stacking mechanism of MoSSe/AlN heterostructures. The computa
tional protocol employed here was based on single-point calculations 
and ab inito MD simulations to predict the interaction energies of van der 
Waals heterostructures constructed from MoSSe, where both the MoS 
and MoSe faces interacted with the AlN sheet. The results revealed that 
the stabilization (stacking) energies vary from − 35.5 up to − 17.5 meV 
depending on the chemical species involved in the interface. The lowest 
interaction energy for the SeMoS/AlCN, SMoSe/AlNC, SeMoS/AlN, and 
SMoSe/AlN cases is − 4.66 meV, − 4.20 meV, − 5.41 meV, and − 5.50 
meV, respectively. The cases with the lowest interaction energy are the 
ones in which the perfect match among the hexagons of both structures 
takes place (SeMoS/AlN and SMoSe/AlN cases). The cases where the 

sulfur atoms are interacting with the AlN surface (SeMoS/AlCN and 
SeMoS/AlN) present the lowest interaction energy when contrasted to 
the selenium ones due to the higher degree of reactivity presented by 
silicon. Importantly, all the DFT methodologies used here presented 
similar band structure profiles. The bandgap values are in the range of 
1.61–1.87 eV (visible spectrum) with a direct character. These band 
structure features can be interesting for photovoltaic applications. 
Moreover, ab initio MD simulations were performed to validate the 
thermodynamical stability of the MoSSe/AlN heterostructures studied 
here. In these simulations, the total potential energies remained con
stant during the time. Particularly, these results suggest that the inter
action between MoSSe and AlN layers can yield stable heterostructures. 
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Fig. 4. Band structure profiles for the cases presented in Fig. 2 that were obtained using the different DFT methodologies described in the previous section.  

Table 2 
Bandgap values obtained for all the DFT methodologies used here. These values are related to the cases 
with the lowest interaction energies.  

DFT Method SeMoS/AlCN SMoSe/AlNC SeMoS/AlN  SMoSe/AlN  

LDA/CA – Egap (eV)  1.78 1.62 1.76 1.86 
LDA/PW92 – Egap (eV)  1.78 1.61 1.76 1.87 
GGA/PBE – Egap (eV)  1.80 1.62 1.79 1.87 

GGA/PW91 – Egap (eV)  1.80 1.61 1.80 1.87  
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