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Solar cells are expected to become one of the dominant electricity generation technologies in the coming
decades. Developing high-performance absorbers made from thin materials is a promising pathway to improve
efficiency and reduce cost, accelerating the widespread adoption of these photovoltaic cells. In the present
work, we have systematically investigated the 2D MoSi,N,/Arsenene van der Waals (vdW) heterostructure,
which exhibits a type-II band alignment with an indirect band gap semiconductor (1.58 eV), that can
effectively separate the photogenerated electron-hole (e"—h*) pairs. Compared to the isolated MoSi,N, and
Arsenene monolayers, the optical absorption strength can be significantly enhanced in MoSi,N,/Arsenene
vdW heterostructure (in the order of ~10° cm™! in the visible region). The calculated optical absorption
gaps are 2.12 eV (Arsenene) and 1.76 eV (MoSi,N,), with excitonic binding energies of 0.05 eV for arsenene
and 0.48 eV for MoSi,N,, indicating that both materials can effectively form excitons and separate charges.
Moreover, we found a high spectroscopic limited maximum efficiency of 27.27% for the MoSi,N,/Arsenene
vdW heterostructure, which is relatively higher compared to previously reported 2D heterostructures. Ab-initio
molecular dynamics (AIMD) simulations at 300 K, 600 K, and 900 K were conducted to evaluate the thermal
stability of the MoSi,N,/Arsenene heterostructure. Simulations in the presence of water and NO, at 300 K were
also performed to assess its resilience to humidity and pollutants. The results suggest strong stability under
harsh environmental conditions. Our findings demonstrate that the 2D MoSi,N,/Arsenene vdW heterostructure
is an excellent candidate for both photovoltaic device applications and optoelectronic nanodevices.

1. Introduction potential. These stringent conditions explain why simple semiconduc-
tor photovoltaic and photocatalytic materials are relatively rare. One
promising approach to overcoming these challenges involves building

heterostructures with type-II band alignments. Type-II heterostructures,

The increasing global demand for sustainable, eco-friendly energy is
spurring an intensive search for innovative materials that can efficiently

and cost-effectively harvest and convert solar energy into usable forms.
Among these, photovoltaic materials directly convert solar energy into
electricity, while photocatalytic materials are used in processes like
artificial photosynthesis to drive reactions such as water splitting,
producing high-energy chemical fuels, e.g. hydrogen [1-5]. A suitable
and efficient photovoltaic medium must meet certain criteria, namely:
(a) high photon capture in the visible and ultraviolet ranges, (b)
excellent carrier mobility, (c) acceptable durability and stability under
room conditions, and (d) low recombination efficiency of electron (e™)
and hole (h*) pairs. Additionally, successful photocatalyst materials
require precisely adjusted band edges that straddle the water’s redox
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formed by stacking different 2D materials, are characterized by the
staggered alignment of the conduction band minimum (CBM) and
valence band maximum (VBM) of the two materials. They feature
rich structures, ultra-thin thickness, and smooth surface interfaces [6].
Most importantly, in type-II heterostructures, photogenerated electrons
and holes are spatially separated into different layers, reducing the
likelihood of electron-hole (e-h*) recombination [7,8], which is key
for obtaining luminous energy [9-11]. From a practical point of view,
their thinness makes them particularly appealing for the fabrication of
flexible solar cells that can be mounted on various surfaces, such as the
roof of a vehicle. Moreover, as certain heterostructures can broaden
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the spectrum of photo-absorption, enhancing their effectiveness in
harnessing the entire solar spectrum, it is important to carefully design
these type-II vdW heterostructure materials to effectively boost the
performance of solar cell devices.

As a newly synthesized candidate among ternary-elemental two-
dimensional (2D) materials, MoSi, N, has garnered significant attention
in recent years [12-18]. It exhibits semiconductor properties with
an indirect experimental band gap of 1.94 eV [12]. First principles
calculations have found a band gap of 1.79 eV within the gener-
alized gradient approximation (GGA) method [13,14]. Furthermore,
MoSi,N, demonstrates high intrinsic e~/h* mobilities of approximately
270/1200 cm?/Vs, and excellent visible light absorption capacity [14].
Additionally, the 2D MoSi,N, monolayer has been predicted to be en-
ergetically, dynamically, and thermally stable at high temperatures by
theoretical studies [19,20]. Another interesting 2D material with semi-
conductor properties is, Arsenene, a monolayer of arsenic. Arsenene
has an indirect/direct bandgap of 1.63/1.97 eV [21] and excellent
electronic characteristics [22]. These remarkable properties make 2D
MoSi,N, monolayer and Arsenene not only excellent material can-
didates for efficient photovoltaic and photocatalytic applications but
also promising building blocks for 2D vdW heterostructures with the
potential to surpass the photovoltaic performance of both pristine
monolayers.

Recent studies have explored the electronic and optical properties
of the 2D MoSi,N,/Arsenene [23] and 2D BAs/MoSi,N, [24] dW het-
erostructures using first-principles calculations. These studies revealed
that both in-plane and vertical strains can effectively modulate the
band alignments and band gaps of these heterostructures. In this study,
we focus on the potential of the 2D MoSi,N,/Arsenene vdW het-
erostructure as a photovoltaic and photocatalytic material. We examine
its geometric structure, thermal stability, electronic properties, charge
transfer mechanisms, and optical properties, as well as those of the
pristine MoSi,N, and Arsenene monolayers, using Density Functional
Theory (DFT) calculations [25,26]. Our results show that the work
function of the 2D MoSi,N4/Arsenene vdW heterostructure lies be-
tween those of both pristine 2D monolayers, resulting in redistribution
of the charge density over the vdW interfacial surface. This redis-
tribution facilitates considerable charge transfer across the interface,
generating an internal electric field at the vdW interface. Furthermore,
the 2D MoSi,N4/As vdW heterostructure forms a type-II semiconductor
band alignment, which effectively separates the photogenerated e -h*
pairs. We also found that the 2D MoSi,N,;/As vdW heterostructure sig-
nificantly improves light absorption strength compared to the pristine
2D monolayers.

To further assess the potential of the 2D MoSi,N,/Arsenene vdW
heterostructure for photovoltaic applications, we also investigated its
spectroscopic limited maximum efficiency (SLME). The high SLME val-
ues obtained for the material, the superior charge transfer at the inter-
face and high optical absorption, strongly suggest that this type-II semi-
conductor, 2D MoSi,N4/Arsenene vdW heterostructure is an excellent
material candidate for high-performance optoelectronic devices.

In the following section, we describe the computational methods
used in this work and in Section 3 we present our results on the pristine
MoSi,N, and Arsenene monolayers, followed by a comprehensive anal-
ysis of the properties of 2D MoSi,N,/Arsenene vdw heterostructure.
Section 4 presents our conclusions.

2. Computational methods

The electronic structure calculations presented in this work are
based on the projected augmented wave (PAW) pseudopotential [27]
that describes the interactions between core and valence electrons
as implemented in the Vienna Ab initio Simulation Package (VASP)
code [27,28]. The Perdew-Burke-Ernzerhof (PBE) [29] functional is
used to describe the exchange-correlation interactions. To account for

Renewable Energy 237 (2024) 121802

the vdW interactions between the MoSi,N, and Arsenene interface,
we employed the Grimme’s D3 dispersion correction (PBE-D3) [30].
In order to get accurate electronic bandgaps, we used the hybrid
HSE06 functional [31] with a screening parameter (ux) of 0.2 A1
and mixing parameter («) of 25%. To prevent the physical interaction
between periodic images, we used a 20 A thick vacuum space along the
z-direction.

An energy cutoff of 500 eV was used to describe the valence
electrons for the plane-wave basis set. The conjugate-gradient (CG)
algorithm was employed during structural optimizations, where ions
are fully relaxed until the residual force on each atom is less than 10~3
eV/A. For self-consistent field calculations, the energy convergence
criteria is set to 1 x 107% eV. K-point meshes with Monkhorst-Pack
scheme were sampled as 24 x 24 x 1 for 2D MoSi,N, and Arsenene
monolayers. Electronic structure calculations for MoSi,N,/Arsenene
vdW heterostructure used a 6 x 6 x 1 k-point mesh.

To investigate charge transfer mechanisms at the MoSi,N, and
Arsenene interface, we employed the Bader charge approach [32].
Furthermore, we calculated the structural mismatch using the following
expression

AArsenene ~ 9MoSi, N,

Ag=|————— | X100, 1)
AMoSi, N,

and a (4 x 4 x 1) supercell for 2D Arsenene monolayer and a (5 X 5 x 1)
supercell for 2D MoSiyNy. In Eq. (1), ayesi,n, and argenene represent the
lattice parameters of MoSi,N, and Arsenene monolayers, respectively.
The calculated lattice mismatch Aa was found to be small enough,
0.14% along a and b directions, suggesting that such heterostructure
should experience negligible strain which is less than previously inves-
tigated work such as MoS,/Si,BN (1.4%) [33] and CH;NH;PbI;/HfS,
(3.07%) vdW heterostructure [34]. Minimum lattice mismatch reduces
strain within the layers which is essential for the successful fabrication
of vdW heterostructures.

In order to check the thermodynamic stability of vdW heterostruc-
ture, we investigated the adhesion energy, which can be calculated as

Eogh = EMoSi2N4/Arsenene - EMoSi2N4 — Eprsenene- (2)

where, Eygsi,n, > Earsenene @11d Enosi, Na/Arsenene Stand for the total energy
of pristine MoSi,N,, Arsenene and MoSi,N,/Arsenene vdw heterostruc-
ture, respectively. The calculated E,; was found to be -5.77 eV
(~—0.46 meV/A2) which is relatively lower than that of previously
reported vdW heterostructures [33,35].

To gain a deeper understanding of structural stability, the phonon
band structure are computed using a finite displacement method within
the PHONOPY package [36]. To thoroughly analyze charge transfer,
the Bader charge analysis method [32] is employed. Lobster code
has been used to investigate the crystal orbital Hamilton popula-
tion (COHP) for chemical bonding information between the atomic
pairs [37].

Additionally, we used VASPKIT software [38] to calculate the va-
lence and conduction band edge positions, carrier effective masses,
and transition probability of electrons during post-processing calcu-
lations. To understand in depth the electronic properties, the carrier
effective mass of pristine MoSi,N,, Arsenene and vdw heterostructure
MoSi;N,/Arsenene have been calculated. The effective masses of the
electrons (m/mg) and holes (m;‘l/mo) at the CBM and VBM of the

considered systems are estimated using the following relation:
. h H[PE(k)]-!
«_ i 3
=G e ®

where h is the Planck constant, and k is wave vector and E(k) is the
energy.

The optical properties of the 2D Arsenene and MoSi,N, monolayers
were investigated using DFT, the Random Phase Approximation (RPA)
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Fig. 1. Fully optimized crystal structures (top and side views) of (a) MoSi,N, monolayer, (b) Arsenene monolayer. The phonon dispersion spectra along high symmetry lines of

(c) MoSi,N, monolayer and (d) Arsenene monolayer.

and the Bethe-Salpeter Equation (BSE) approach in combination with
GoW, calculation of a single shot [39] for comparison. It is well known
that DFT and RPA approaches do not capture the optical properties
properly. Here, to execute the GW approximation effectively, GW calcu-
lations are performed with a comprehensive update of both the Green’s
function (G) and the screened potential (W) [40-42]. The GoW, plus
BSE approach takes into account the correlation effects of electron—
electron (e-e) and electron-hole (e-h) interactions. The absorption
spectra is calculated as follows [43]

a = V2ol @) | —€,(@)], “)

where the modulus of the complex dielectric function is

| e(@) |= y/[e}(@) + (@)1, &)

and ¢; and ¢, are the real and imaginary parts of the dielectric function,
respectively [44].

3. Results and discussion
3.1. Structural stability of pristine monolayers

First, we investigate the crystal structures of 2D MoSi,N, and
Arsenene monolayer. The unit cell of both MoSi,N, and Arsenene
have hexagonal crystal structure. Fig. 1(a,b) shows the fully optimized
crystal structures with top and side views of the MoSi,N, and Arsenene
monolayers. The optimized lattice parameters a = b = 2.89 A for
MoSi,N, and a = b = 3.61 A for Arsenene monolayer. The bond
lengths between atoms Mo-Si, Mo-N, Si-N were found to be 3.41 A,
2.01 A and 1.74 A, respectively in MoSi, N, monolayer, whereas the
bond length between As-As was 2.51 A for the Arsenene monolayer.
These values are consistent with previously reported values for both
monolayers [12,45].

In order to investigate the dynamical stability of both monolayers,
the phonon dispersion spectra along high symmetry lines were also
calculated. The results are shown in Fig. 1(c,d). No negative frequencies
are present in the phonon dispersion spectra of any of the pristine
monolayers, demonstrating the dynamical stability of the considered
monolayers.

The thermal stability of 2D MoSi,N, and Arsenene monolayer
was investigated by means of AIMD simulations. Fig. 2(a,b) display
the AIMD simulations at 300 K. Energy fluctuations (bottom part of

Table 1

Electronic band gap (eV) using PBE and HSEO06, effective mass of electron m,
and hole m, of pristine MoSi,N,, Arsenene monolayer and MoSi,N,/Arsenene vdW
heterostructure.

Systems Eg (PBE) Eg (HSEO06) m, my,

MoSi,N, 1.77 2.24 0.43 1.18
Arsenene 1.59 2.17 0.52 0.47
MoSi,N,/Arsenene 1.58 2.54 0.44 1.60

Fig. 2(a,b)) are relatively small with respect to simulation time of up
to 5 ps. No breaking of chemical bonds between the atoms in the final
structures at 300 K is observed. This implies that the pristine structures
of MoSi,N, and Arsenene are both thermally stable.

3.2. Electronic and optical properties of pristine 2D MoSi,N, and Arsenene
monolayer

To understand the electronic properties of the pristine monolay-
ers, we calculated the electronic band structures and the projected
density of states (PDOS) for both monolayers. The band structure of
MoSi,;Ny(Fig. 3a) shows that Mo d-states are the main contributors to
the top of the valence band and only a very small part comes from N
p-states. The same can be observed in the charge density plot of the top
of the valence band (see the inset in Fig. 3a) where the charge density
surrounds Mo and N atoms. Similarly, the bottom of the conduction
band consists largely of Mo d-states and a very small part originates
from N p-states. The charge density can be observed mostly around Mo
and N atoms at the bottom of the conduction band. The band structure
of the Arsenene monolayer (Fig. 3b) shows that the top of the valence
band and the bottom of the conduction band are dominated mainly by
As p-states. The charge density plot of the top of the valence band and
bottom of the conduction band is also presented in the inset of Fig. 3b.
The values of the electronic band gap of pristine MoSi,N, and Arsenene
monolayer are shown in Table 1 and are consistent with previous values
in the literature [19,46].

The efficiency of solar cells depends on charge carrier mobility
which relates to effective mass. Therefore, we calculated the effective
masses of electrons and holes of pristine 2D MoSi,N, and Arsenene
monolayers. The effective mass of electrons were found to be 0.43
my for MoSi,N4 and 0.52 m, for Arsenene monolayer, whereas the
effective mass of holes were 1.18 m; and 0.47 m, for MoSi,N, and
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COHP analysis of Mo-N (red), Mo-Si (green), Si-N (blue) and As-As (red color) bonding for (¢) 2D MoSi,N, and (d) Arsenene monolayer. The Fermi level is indicated by a
vertical black line set at zero and is located at VBM. Positive and negative values indicate bonding and antibonding nature, respectively.

Arsenene monolayers, respectively (see Table 1). The carrier mobility
(u) is inversely proportional to the effective mass m*. Since the effective
mass of electrons is relatively smaller than that of holes, the carrier
mobility of electrons will be larger, which enhances the conductivity.

Next, we performed a COHP analysis to obtain chemical bonding in-
formation between the atom-pair following the approach implemented
in the Lobster software [37] (see Fig. 3(c,d)). The projected COHP
profile provides the chemical bonding strength and shows the bonding,
antibonding, and non-bonding contributions to the electronic band
structure. Positive and negative values in the profile correspond to
bonding and anti-bonding contributions, respectively. We performed
the COHP analysis for Mo-N (red), Mo-Si (green), Si-N (blue) atom-
pair in 2D MoSi,N, monolayer and As—As atom-pair in Arsenene mono-
layer. We observed that there is no significant anti-bonding contribu-
tions in the Mo-N, Mo-Si and Si-N atom-pairs. However, the integrated
crystal orbital Hamilton population (-ICOHP) shows negative values;
—-3.65, —0.14 and —6.75 eV for Mo-N, Mo-Si and Si-N atom-pairs,
respectively. This implies strong covalent interactions as can be seen
in Fig. 3c. Also, the As-As atom-pair in the case of 2D Arsenene
monolayer shows no significant anti-bonding character, and the -ICOHP
value is found to be —3.68 eV. This means that there is a strong
covalent interaction in As—As atom-pairs as well. Such types of covalent

interactions between pairs of atoms provide high stability, and hence
greatly enhances catalytic performance.

Furthermore, we calculated the optical properties of pristine 2D
MoSi,N, and Arsenene monolayer using three approaches; DFT, RPA
and BSE for comparison. Benchmarking these approaches against ex-
perimental data helps identify the strengths and limitations of each
method. Fig. 4(a,b) and (c,d) show the real and imaginary part of the
frequency dependent complex dielectric function e¢(w) for both mono-
layers, which are calculated by Fermi golden rule and Kramers—Kronig
transformation [41]. The real part ¢;(w) represents the electronic po-
larizability of materials, while the imaginary part ¢,(w) relates to
the interband transition with the light absorption by electrons, which
are present in the valence band below the Fermi level (Ey). The
calculated static dielectric constants at zero frequency were fount to
be 3.27 and 2.54 (DFT), 3.26 and 2.10 (RPA) and 2.93 and 2.35
(BSE) for MoSi,N, and Arsenene monolayer, respectively. The real
part of dielectric function as calculated by BSE becomes negative for
phonon energies between 2.5 to 6 eV for MoSi,N, monolayer and
3.1 to 4.3 eV for Arsenene monolayer, which relates to the metallic
nature in the visible region as well as in the ultraviolet (UV) region
of the electromagnetic (EM) spectrum. In addition, one can observe
several peaks in the considered region of EM spectrum of the imaginary
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part of dielectric function, which commences at 1.76 eV for MoSi,N,4
monolayer and at 2.12 eV for Arsenene monolayer.

Fig. 4(e,f) display the transition probability of electrons from the
valence to the conduction band corresponding to the electronic band
structures, and the shaded region indicates the area of maximum tran-
sition. The electronic band gaps were found to be 2.24 eV for MoSi;N,
monolayer and 2.17 eV for Arsenene monolayer using HSE06 approach.
Moreover, the excitonic binding energy (EBE) of both pristine 2D
MoSi,N, and Arsenene monolayer was computed using the following
expression

_ optical
EBE = E, — Eg ©)

where E, and Egp tical represent the electronic band gap and the first
absorption peak from the imaginary part of the dielectric function,
respectively. Using Eq. (6), the values for EBE are 0.48 eV and 0.05 eV
for MoSi,N, and Arsenene monolayers, respectively. These EBE values
are lower than that of some of the previously reported 2D monolayered
materials [47-50]. Small EBE values can significantly creates holes and
electrons and hence effectively enhances the photogenerated electrons
and holes.

In Fig. 4(e,f) one can observe that the first absorption peak of the
bound excitonic states originates mainly due to the interband transition
from valence band to conduction band at high symmetry points K
and G (green shaded region in the electronic band structure). This
is because the maximum transition probability peaks at K point in
MoSi,N, monolayer, and at G point in Arsenene monolayer.

Several additional peaks can be seen after that first one in the
imaginary part e,(w) of the 2D MoSi,N, monolayer at 1.76 eV, 2.45
eV, 2.99 eV in the visible region and 4.12 eV, 4.58 eV, 5.15 eV,

and 5.60 eV in the UV region. These first four peaks of interband
transitions occur from pure Mo d-states in the valence band to Mo d-
states in the conduction band, whereas the remaining four peaks (in
the UV region) originate mainly due to the electronic transition from
hybridized orbitals Mo d-states and N p-states in the valence band to
the d-states of Mo or p-states of N (see orbital-resolved electronic band
structure in Fig. 3a). Moreover, the first four peaks in the visible region
originate mainly at the high symmetry point K, while other transition
peaks in the UV region might have arisen at the G point due to the non-
zero transition probabilities around G (see Fig. 4e). Similar electronic
interband transitions are found by using DFT and RPA approaches but
these transitions appeared shifted towards higher photon energy (see
Fig. 4(c,d)).

In the case of 2D Arsenene monolayer, we also observed several
electronic transitions peaks located at 2.12 eV, 2.48 eV, 3.03 eV in the
visible region; and at 3.97 eV, 4.84 eV, 5.48 eV, and 6.40 eV in the
UV region as shown in Fig. 4d. The interband transition occurs in the
visible region and mainly originates from As p-states in the valence
band to the mixed electronic states As s/p-states in the conduction
band, which is also confirmed by the maximum transition probability
observed at G point in Fig. 4f. The peaks in UV region come mainly
from hybridized electronic states s/p-states in the valence band to As
s-states or As p-states in the conduction band at G as well as between G-
M points. These results demonstrate that the absorption of light covers
both the visible and the UV regions in both pristine monolayers.

In summary, we have shown that both monolayers have a good cov-
erage of both visible and UV regions, excellent carrier mobility and can
effectively suppress recombination of e"-h* pairs, suggesting that these
monolayers are excellent candidates for solar cells and optoelectronic



D. Singh et al.

>

2
>
o
)
]
c

w

(C) As (p)

— Mo (d)
— N(p)

— Si(p)

=3 =2 =

1 0 1
Energy (eV)

Arsenene o

Renewable Energy 237 (2024) 121802

°\°: 1384

3.64 A

‘YYYYY

o A A A A
MoSizN4 ¢{ (( ( c( t{ }6.97A
O Y y Y Y

.0, -0,-0,-8, -8,

-3.59 eV
CB -3.76 eV
., 4
h+ h+
VB
-5.32eV 542e
MoSiz:Na Arsenene

Fig. 5. (a) The vdW heterostructure of MoSi,N, and Arsenene monolayer (top and side views). The top surface is Arsenene and the bottom surface is pristine MoSi,N,. (b) Element-
and orbital-resolved electronic band structure, (c) projected density of states of 2D MoSi,N,/Arsenene vdW heterostructure, and (d) schematic representation of the type-II band

alignment and mechanism of charge transfer between MoSi,N, and Arsenene monolayer.

devices. In the following we use these two monolayers to construct a
MoSi,N4/Arsenene vdw heterostructure and study its properties.

3.3. Structural stability of MoSi,N,/Arsenene vdw heterostructure

In previous sections, we studied the stability, the electronic struc-
ture, and the optical properties of the building blocks of MoSi,N,
/Arsenene vdw heterostructure, separately. Now, we proceed to inves-
tigate the properties of the heterostructure. Fig. 5a shows the fully
optimized structure of 2D MoSi,N4/Arsenene vdw heterostructure (top
and side views). In the present work, we found a very low lattice
mismatch of 0.14%, which means that there is a negligible structural
strain between them. The optimized vertical distance between MoSi;N,
and Arsenene monolayer was found to be 3.64 A and the total thickness
of the 2D MoSi,N,/Arsenene vdW heterostructure was 1.2 nm.

The structural stability of 2D heterostructures is crucial for their
practical applications, especially in extreme environments involving
high temperatures, humidity, or pollutant gases. Hence, to thoroughly
evaluate the robustness of 2D MoSi,N,/Arsenene vdW heterostructure,
we performed AIMD simulations at various temperatures. As illustrated
in Fig. S1(a) (see the supplementary material), the potential energy
of the heterostructure remained stable across the different simulations
at 300 K, 600 K, and 900 K, with only minor fluctuations, confirm-
ing the system’s stability. At room temperature (300 K), there was
no observable atomic displacement or structural degradation after 5
ps, indicating high stability under ambient conditions (shown in Fig.
S1(b)). As the temperature increased to 600 K (Fig. S1(c) and 900
K (Fig. S1(d)), the heterostructure maintained its integrity, with no
bond dissociation or lattice collapse even under these elevated thermal
conditions.

To further assess the stability of the 2D MoSi,N,/Arsenene het-
erostructure in humid conditions, we performed AIMD simulations by
introducing water molecules at 300 K. As depicted in Fig. S2(a), water
molecules were positioned around the heterostructure, and the system’s

response was monitored over a 5 ps simulation. Despite the potential
for hydrogen bonding and chemical interaction with water, the system
exhibited stable total energy throughout the simulation, as seen in Fig.
S2(b), indicating the absence of significant structural rearrangements or
degradation. The mean square displacement (MSD) profile in Fig. S2(c)
revealed only limited atomic diffusion, suggesting that no major disrup-
tions occurred at the atomic level. Furthermore, the radial distribution
functions (RDFs) for O-As and H-As bonds in Fig. S2(d), as well as for O-
N and H-N bonds in Fig. S2(e), showed interactions occurring between
the water molecules and the heterostructure. However, no evidence of
bond weakening or substantial atomic displacement was observed.

In addition, we investigated the chemical resilience of the 2D
MoSi,N4/Arsenene heterostructure in the presence of atmospheric
pollutants, specifically nitrogen dioxide (NO,), a reactive gas known
to degrade materials. To simulate realistic environmental conditions,
IMD simulations were performed at 300 K to assess potential chemical
reactions between NO, molecules and the heterostructure surface.
As illustrated in Fig. S3(a), NO, molecules were introduced around
the heterostructure, and the system’s stability was tracked over a 5
ps simulation. Despite the reactive nature of NO,, the heterostruc-
ture demonstrated outstanding stability with no observable structural
degradation or bond weakening. The total energy profile, shown in
Fig. S3(b), remained stable throughout the simulation, confirming the
absence of significant structural rearrangements. MSD in Fig. S3(c)
further indicated controlled atomic diffusion without major disruptions.

The results of these simulations combined strongly suggest that
the MoSi,N,/Arsenene vdW heterostructure maintains its structural in-
tegrity in the presence of moisture, high temperatures and atmospheric
pollutants, underscoring its robustness and suitability for sensitive
applications.

3.4. Electronic structure and band alignment of MoSi,N,/Arsenene vdw
heterostructure

We calculated the element- and orbital-resolved electronic band
structure and the corresponding projected density of states as shown
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Fig. 6. (a) Side view of charge density difference plot of the 2D MoSi,N,/Arsenene
vdW heterostructure and (b) planar charge density difference plot at the interface of
the vdW heterostructure. The insertion shows the top view of charge density difference
profile. Charge accumulation region is shown in yellow whereas the charge depletion
region is depicted in cyan. (c) Electrostatic potential of the 2D MoSi,N,/Arsenene vdW
heterostructure along the z-direction. The isosurface is set as 1 x 10~ e/A3.

in Fig. 5(b,c). The 2D MoSi,N,/Arsenene vdW heterostructure exhibits
semiconducting behavior with an indirect band gap of 1.58 eV (i.e. G
in the valence band and between G-M in the conduction band) (see
Table 1). In Fig. 5b, the top of the valence band consists mostly of
strongly hybridized orbitals (Mo d-states and N p-states), while the
bottom of the conduction band is mainly dominated by pure As p-
states. These contributions of electronic states are confirmed by band
alignment of 2D MoSi,N,/Arsenene vdW heterostructure as shown
schematically in Fig. 5d. Similar electronic contributions are clearly
seen in the projected density of states in Fig. Sc.

Additionally, we investigated the valence band and conduction
band edges by means of the VASPKIT package [38] for the consid-
ered materials. From the band alignment, it is confirmed that the 2D
MoSi,N,/Arsenene vdW heterostructure exhibits a type-II (staggered)
semiconductor characteristic. This indicates that electron transfer orig-
inates from the Arsenene monolayer to the MoSi,N, monolayer. It is
well known that type-II band alignment, which facilitates the trans-
fer of electrons and holes, can effectively suppress recombination at
such donor-acceptor hetero-interfaces [34]. From the discussion above,
we can conclude that the recombination of charge carriers would be
significantly suppressed in this case.
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3.5. Charge transfer mechanism in MoSi,N,/Arsenene vdW heterostructure

In order to study charge transfer mechanisms in the heterostruc-
ture, we calculated the charge density difference (CDD) profile for 2D
MoSi,N4/Arsenene vdW heterostructure shown in Fig. 6a. The CDD
profile is calculated by using the following expression

4p = P(MoSi;N, /As) — PMoSi,N, — PArsenene> @

where pyiosi,N, s Parsenene @0d PvosiyN, /as) are the charge density of
MoSi,N, monolayer, Arsenene monolayer and MoSi,N,/Arsenene vdW
heterostructure, respectively. Charge accumulation (yellow) and charge
depletion (cyan) regions in CDD are depicted in Fig. 6a). In Fig. 6(b),
positive values of Ap indicate charge accumulation, while negative
values correspond to charge depletion. It is clear that positive charge
appears at the Arsenene monolayer, whereas negative charge originates
from the MoSi, N, monolayer. This indicates that charge transfer occurs
from the Arsenene monolayer to the MoSi,N, monolayer. Our Bader
charge analysis and work function calculation confirm this result show-
ing that the 2D Arsenene monolayer transfers 0.16 e~ to the MoSi;N,4
surface. Additionally, the direction of charge transfer is confirmed by
our calculations of the electrostatic potential (see Fig. 6(c)) and the
work functions of the pristine monolayers as well as the vdW het-
erostructure. The calculated work functions of the pristine 2D MoSi,N,4
and Arsenene monolayers are 5.39 eV and 5.11 eV, respectively, while
the 2D MoSi,N,/Arsenene vdW heterostructure has a work function of
5.30 eV. Thus, the work function of the 2D MoSi,N,/Arsenene vdW
heterostructure lies between those of the pristine 2D MoSi,N, and
Arsenene monolayers, indicating that charge density is redistributed
over the 2D MoSi,N,/Arsenene vdW interface. Charge transfer always
occurs from lower to higher potential, meaning that the Arsenene sur-
face transfers a finite amount of electrons towards the MoSi,N, surface.
Also, due to the presence of a 0.28 eV electrostatic potential difference,
the 2D MoSi,N,/Arsenene vdW heterostructure generates an internal
electric field in which the Arsenene and the MoSi,N, surfaces exhibits
positive and negative charges, respectively.

There are significant changes in the effective mass of electrons
and holes due to the rearrangement of electronic band lines in the
band structure of the vdW MoSi,N,/Arsenene heterostructure. We have
calculated the effective masses of electrons and holes to be 0.44 m,
and 1.60 mj, respectively (see Table 1). A large difference in the
effective masses of the charge carriers can lead to more efficient charge
separation and reduced recombination. Such a system significantly
enhances the photogenerated e"-h* pairs at the hetero-interface thus
enhancing the overall performance of the solar cells.

3.6. Optical properties and SLME of 2D MoSi,N,/Arsenene vdW het-
erostructure

Now, we present our results on the optical properties of the 2D
MoSi,N,/Arsenene vdW heterostructure. Fig. 7 shows both the real (a)
and imaginary parts (b) of the dielectric function, optical absorption
with respect to photon energy, and the transition probability corre-
sponding to the electronic band structure (c). The real part of the
dielectric function is presented in Fig. 7(a), where the static dielectric
constant at zero frequency is 5.07. This static dielectric constant is
significantly larger than those of 2D MoSi,N, and Arsenene monolayer,
suggesting that the heterostructure built of those monolayers exhibits
high electronic polarization. Moreover, ¢,(w) is mostly negative above
6.75 eV in the UV region, suggesting that the vdW heterostructure
exhibits metallic character when the incident photon energy exceeds
6.75 eV. The first peak of the imaginary part located at 2.01 eV orig-
inates primarily from the transitions from Mo d-states in the valence
band to As p-states or Mo d-states in the conduction band at the high
symmetry point G and between the G-M points. Additionally, several
other main peaks are observed at 2.87 eV, 3.62 eV, 4.27 eV, 4.64 eV,
6.27 eV, 6.68 eV, 7.67 eV, and 8.56 eV. The lower excitonic peaks of
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Fig. 8. (a) Calculated optical absorption spectrum (using GW+BSE approach) in
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heterostructure superimposed to the incident AM1.5G solar flux, (b) SLME at room
temperature as a function of film thickness along the best possible crystal axis of the
MoSi,N,/Arsenene vdW heterostructure.

electronic transitions occur at the high symmetry point G and between
G-M points, arising from strongly hybridized orbitals of Mo d-states and
N p-states in the valence band to As p-states or Mo d-states (see the
shaded region in the electronic band structure in Fig. 7c). In contrast,
excitonic peaks situated in the higher photon energy region mainly
originate from transitions from deep energy levels in the valence band
to the conduction band.

To complete our investigation, we also investigated the optical
absorption spectra of the 2D MoSi,N,/Arsenene vdW heterostructure
from Eq. (4). We plotted our results in Fig. 8a together with the incident
AM1.5G solar flux for comparison. Fig. 8a shows that most of the light

absorption covers the solar spectrum including the visible light as well
as part of Near-UV (presented in Fig. 8a) for the 2D MoSi,N,/Arsenene
vdW heterostructure. When the visible light and near-UV light are
absorbed efficiently, more electrons and holes are generated, leading
to better charge separation which contributes to enhance the solar cell
efficiency [51,52].

An important parameter for photovoltaic applications is the Spec-
troscopic Limited Maximum Efficiency (SLME) parameter. The SLME
parameter for solar cell devices mainly depends on the optical ab-
sorption (data shown in Fig. 8a) and the electronic band gap of the
material [34]. Fig. 8b displays our calculated SLME parameter with
respect to the thickness of the material. One can observe that the SLME
varies significantly from 0.01 pm to 1 pm. In Fig. 8b, the values of SLME
increase almost linearly up to 0.7 pm and after that its value saturates,
reaching 27.27% at film thickness of 1 pm. The values of SLME in 2D
MoSi,N4/Arsenene vdW heterostructure are significantly larger than
those reported for the pristine MoSi,N, material (15.44%) [53] and
other 2D layered materials [54-59]. Due to the presence of high optical
absorption in the order of 10° cm~! and the high value of SLME
exhibited by 2D MoSi,N,/Arsenene vdW heterostructure, we conclude
that this material is a promising candidate for absorber materials for
photovoltaic applications as well as several optoelectronic devices.

4. Conclusions

We investigated for the first time the electronic structure, charge
transfer mechanism, and optical properties of 2D MoSi,N,/Arsenene
vdW heterostructure and its 2D components separately using first-
principles calculations. The 2D MoSi,N,/Arsenene vdW heterostructure
exhibits high stability and a type-II band alignment with an indirect
band gap of 1.58 eV, which can significantly enhance suppression of
photogenerated e~-h* pairs. Additionally, we confirmed here that the
large difference in the effective mass of electrons and holes effectively
separates the e"—h* pairs.

We found that the optical absorption strength of the 2D MoSi;N,
/Arsenene type-II vdW heterostructure is significantly enhanced due
to unique band alignment as compared to the isolated monolayers
that compose it. Due to the presence of a 0.28 eV electrostatic po-
tential difference between the 2D MoSi,N, and Arsenene monolayers,
spontaneous charge transfer from one surface to the other in the
MoSi,N,/Arsenene vdW heterostructure is observed, also generating
an internal electric field. The predicted spectroscopic limited maxi-
mum efficiency value of the MoSi,N,/Arsenene vdW heterostructure
can reach 27.27%, surpassing that of several other reported vdW
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hetero-interfaces. Moreover, the MoSi,N,/Arsenene vdW heterostruc-
ture exhibits excellent thermal stability up to 900 K and strong re-
silience against moisture and NO, exposure, as demonstrated by AIMD
simulations. These findings highlight its suitability for practical ap-
plications in challenging environments. According to these findings,
MoSi,N4/Arsenene vdW heterostructure meets the demanding criteria
for high-performance photovoltaic and photocatalytic materials, mak-
ing it suitable as absorber in photovoltaic applications. To the best of
our knowledge, this heterostructure has not been synthesized. Conse-
quently, we expect that our work will stimulate further experimental
research.
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