
16842 |  Phys. Chem. Chem. Phys., 2025, 27, 16842–16852 This journal is © the Owner Societies 2025

Cite this: Phys. Chem. Chem. Phys.,

2025, 27, 16842

Unlocking a near 1 eV direct band gap,
lattice-matched InN–As heterostructure with
moist resistance for enhanced optoelectronic
applications†

Yee Hui Robin Chang, *a Keat Hoe Yeoh, *b Junke Jiang, ‡c Moi Hua Tuh*d

and Qiuhua Liange

Hexagonal indium nitride (InN) and arsenene (As) are two examples of experimentally validated two-

dimensional (2D) materials that have been regarded promising for use in nanoelectronic devices.

However, the current endeavor is centered on manipulating their electronic properties, specifically ways

to induce the transition from an indirect to a direct band gap (Eg) in them. To overcome this challenge,

we performed first-principles calculations to thoroughly examine the possibility of attaining a direct Eg

compound by considering several stacking configurations of InN and As monolayers. The calculated

binding energies (Eb) indicate that the stacking configuration with As positioned above In has higher

stability compared to other stacking modes. It has a type-II band alignment with a direct Eg of 0.91 eV

and a reasonable carrier mobility (m B 103 cm2 V�1 s�1), making it highly suited for absorbing visible

light. As a result, improved optical absorption intensity and photo response range in the proposed

heterostructure are also observed compared with individual InN and As monolayers.

1. Introduction

The discovery of 2D carbon in the structure of a single-layer
honeycomb graphene1 initiated the present extensive investiga-
tion into several 2D materials. Nevertheless, the absence of an
inherent Eg limits the use of graphene, a characteristic that is
also present in graphene-like structures of other group IV
elements including silicene (Si), germanene (Ge) and stanene
(Sn).2 A potential solution to this problem is the use of layered
materials composed of group V atoms, such as As. According to
the theoretical study by Zhao et al.,3 As monolayers can exist in

a number of structural phases. The buckled honeycomb struc-
ture, planar arrangements and other more intricate reconstruc-
tions are examples of these phases, some of which have recently
been investigated both theoretically and experimentally. It also
emphasizes the necessity of carefully choosing the best phase
depending on particular application needs including electronic
performance, lattice compatibility and structural stability. In
2019, Shah et al.4 introduced the honey-comb monolayer of As,
in which an indirect Eg value of 1.47 eV has been reported,
offering a valuable direction for subsequent experimental
investigations. On the other hand, Wu et al.5 effectively pro-
duced an InN monolayer using the process of molecular beam
epitaxy, with reported indirect Eg that varies between 0.70 and
0.80 eV. Following that, Sugita et al.6 reported another success-
ful synthesis of an InN monolayer via metalorganic chemical
vapour deposition (MOCVD), where a fundamental Eg of
approximately 0.70 eV was collectively agreed. Similar to var-
ious perovskites and transition metal compounds,7,8 the indir-
ect Eg in these two monolayers frequently leads to a relatively
reduced photoluminescence output and low power conversion
efficiency (PCE).

On a brighter note, 2D materials have been shown to possess
adjustable bandgaps, which can be obtained by changing the
thickness of the layers, manipulating strain, altering chemical
bonding, introducing substitutional doping or influencing
interface effects via heterostructure formation.9–11 Many
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computational studies have conducted screenings and predic-
tions of numerous stable chemicals with a direct Eg suitable for
use in solar cells.12,13 While it is possible to alter electronic
properties in individual materials, there are still hurdles to
overcome in order to achieve certain additional properties,
such as efficient separation of electron–hole pairs and effective
suppression of photogenerated carrier recombination. The idea
of 2D heterostructures has been suggested as a solution to
tackle these difficulties, providing a promising opportunity to
investigate novel prospects in photovoltaic research. Currently,
the synthesis of van der Waals (vdW) heterostructures is mostly
focused on hexagonal 2D structures, as they have a similar
structure to graphene. Following this strategy, the indirect Eg

limitation in InN and As motivated us to look into the possi-
bility of maximizing the performance of these monolayers
through heterostructure formation. In this context, it is worth
noting that As has already demonstrated considerable potential
for forming vdW heterostructures with various other 2D mate-
rials. For instance, heterostructures such as As/MoSi2N4

14 and
As/C3N15 have been proposed, exhibiting tunable electronic and
optoelectronic properties. These studies reflect the structural
compatibility and flexibility of As in heterostructure engineer-
ing, further reinforcing its potential as a foundational element
for high-performance 2D devices. Inspired by these advances,
we investigate the InN/As heterostructure as a potential
solution to address the limitations of individual monolayers
and improve their collective optoelectronic properties.

We initiated our approach by designing several InN/As
stackings, enabling each stacking to relax freely and reach its
ground state configuration. We then compared the total energy
of each stacking. Thereafter, we evaluated the stability of the
selected stacking by conducting a thorough investigation of its
phonon spectrum and ab initio molecular dynamics (AIMD)
simulations. The analyses provided verification of the material’s
stability. Subsequently, we conducted an analysis of the electro-
nic and optical characteristics, taking into account the influence
of many-body interactions. Based on the findings of the electro-
nic and optical properties, we identified a new vdW hetero-
structure with direct Eg and improved visible light harvesting
performance compared to its individual monolayers. The vdW
feature is crucial as it enables the distinctive electronic and
optical attributes in constituent nanosheets to be retained.

2. Computational methods

The computations herein were performed using the density
functional theory (DFT) within the Vienna Ab Initio Software
Package (VASP) code,16,17 employing the Perdew–Burke–Ernzer-
hof (PBE)18 generalized gradient approximation (GGA) and the
projected augmented wave (PAW)19 approach. The valence states
of 4d105s25p1, 2s22p3 and 3d104s24p3 were employed for In, N and
As, respectively. To account for accurate treatment of long-range
vdW interactions, we incorporated the vdW correction Becke–
Johnson damping suggested by Grimme (DFT-D3).20,21 The cutoff
energy for the plane-wave basis set was specified at 560 eV. The

Brillouin zone was sampled using a Gamma-centered k-point
mesh of 7 � 7 � 1 during geometric optimizations, which was
subsequently increased to 15 � 15 � 1 for optoelectronic
calculations. The convergence thresholds for the electronic self-
consistent iteration and force were defined as 10�5 eV and
10�3 eV Å�1, respectively. A vacuum region of 30 Å thickness
was added to reduce the interactions between periodic images.

The thermodynamic stability is assessed through the Eb

computation, which was determined by subtracting the total
energy of the InN/As heterostructure (EInN/As) from that of the
isolated monolayers (EInN and EAs), as follows.22–25

Eb ¼
EInN=As � EInN þ EAsð Þ

A

where A denotes the interface area. To determine the optical
properties, we utilized the Bethe–Salpeter Equation (BSE)
approach, which was integrated with DFT to establish the
absorption coefficient, as computed using

a oð Þ ¼
ffiffiffi
2
p

o
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e12 oð Þ þ e22 oð Þ

q
� e1 oð Þ

� �1
2

(2)

where e1(o) and e2(o) represent the real and imaginary dielec-
tric functions, respectively. The latter can be evaluated by
summing-up over empty states while the former is determined
by applying Kramers–Kronig transformation involving the e2(o)
part, as described in ref. 26–28.

3. Results and discussion
3.1. Stability and the electronic properties of the InN–As
heterostructure

We initially constructed and examined the lattice constants of
the isolated monolayers. Fig. 1(a) and (b) depict the atomic
structure of the monolayers. The lattice constants of the opti-
mized InN and As monolayers are a = b = 3.57 Å and a = b = 3.61 Å,
respectively, which align with prior research findings.22,29

Fig. 1(c) and (d) demonstrate that both InN and As have non-
coinciding valence band maximum (VBM) and conduction band
minimum (CBM) according to the PBE calculations, indicating
indirect Eg that measures 0.62 and 1.64 eV, respectively. The
observed band types and Eg sizes of both monolayers are in
accordance with the findings reported in earlier experimental
research,4–6 further confirming the accuracy as well as reliability
of our results. Since the Eg of the monolayers in the PBE model
closely approximates those of experimental measurements, we
thereby employed the PBE method to perform all the computa-
tions. The InN/As heterostructure was formed by stacking a
2 � 2 InN unit cell with a 2 � 2 As unit cell along the z-axis,
taking advantage of their extremely close lattice constants. The
InN/As superlattice exhibits an impressively small lattice mis-
match of 1.1%, significantly below the commonly applied
criterion of 5%, which suggests a favorable heterostructure
and allows for the practical implementation of the InN/As
heterostructure in experiments.
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As demonstrated in Fig. 1(e), three distinct stacking config-
urations were evaluated for the proposed heterostructure,
labeled as AA (with As positioned above In), BB (with As
positioned above N) and CC (with As positioned above the ring
center) stackings. The binding energies for the AA, BB and CC
stacking are �35.2, �27.5 and �34.1 meV Å�2, respectively. The
presence of a negative Eb suggests that the development of the
heterostructure releases energy, indicating exothermicity.
This leads to the thermodynamic stability of the InN/As hetero-
structure. Moreover, the Eb of all stackings is lower than
�18 meV Å�2 measured for graphite, implying that the InNAs
heterostructure is mostly held together by vdW interactions and
experimentally synthesizable. Eb of AA stacking has been found
to demonstrate the highest negative value, indicating its greater
stability as a heterostructure. After identifying the most stable
stacking configuration based on the Eb analysis, all subsequent
electronic, optical and photovoltaic properties calculations
were performed exclusively for the energetically favorable AA
stacking.

The interlayer distance (d) between InN and As in the
equilibrium AA geometry is 3.31 Å, which suggests the absence

of chemical bonds and only weak vdW forces govern the
interactions between the monolayers. The sum of covalent radii
between In and N (1.42 + 1.19 = 2.61 Å) is much lower than d,
further confirming no covalent bond formation in the hybrid
interface. To further assess the thermal stability, we conducted
AIMD using an NVT ensemble. These simulations were carried
out at a temperature of 300 K with time steps of 6 ps. The plot in
Fig. 2(b) suggests that following a 6 ps heating interval,
there was very little change in the overall energy of the InN/As
heterostructure and its atomic structure still retains a reason-
able original morphology. Hence, the investigated heterostruc-
ture exhibits thermal stability at standard ambient temperature.
The high thermodynamic stability strongly indicates that this
heterostructure has the ability to remain intact at ambient
temperature. The calculated elastic constants of C11 =
142 N m�1, C22 = 143 N m�1, C12 = 61 N m�1 and C66 =
41 N m�1 serve as a link connecting the mechanical properties
of a material to the description of internal forces, such as
stability and stiffness.30 The mechanical stability of the investi-
gated InN/As is confirmed based on the criteria C11C22 4 0 and
C11, C22, C66 4 0.31

Fig. 1 Fully optimized atomic structures of (a) InN and (b) As monolayers as viewed from top and side positions. The PBE calculated band structures for
(c) InN and (d) As monolayers. Diagrammatic representation of the (e) different stacking arrangements. Red, blue and green represent the In, N and As
atoms, respectively.
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Using the LOBSTER tool,32 the bond strengths of In–As and
N–As were additionally determined by conducting calculations of
the projected and integrated crystal orbital Hamilton population
(pCOHP and ICOHP), as depicted in Fig. 2(c). The –pCOHP
diagram represents bonding and antibonding contributions as
positive and negative values, respectively. The heterostructure
has stable chemical bonding interactions due to the absence of
antibonding states at the Fermi level (EF). Furthermore, the
bonding states contribute more than the antibonding states
below the EF, which aids in stabilizing the InN/As heterostruc-
ture. The primary contribution to the antibonding and bonding
states near EF in InN/As is mostly provided by N–As bonds. This
observation is consistent with the electronic properties outcome.
ICOHP is another important metric for evaluating the bond
strength, in which a negative value signifies a strong bond. Both
In–As and N–As have negative ICOHP. The phonon dispersion
along the high-symmetry paths depicted in Fig. 2(d) reveals the

absence of imaginary frequencies across all modes within
the Brillouin zone, thereby confirming the dynamic stability of
InN/As.

To provide a clearer understanding of how weak interactions
impact the electronic structure of the nanomaterial, we per-
formed calculations to determine the band structures of the
InN/As heterostructure. Fig. 2(a) depicts the electronic band
structure of the InNAs heterostructure. Unlike its separate
components, the CBM and VBM of InN/As are located at the
G point, signifying a direct 0.91 eV gap. The direct Eg of InN–As
allows the electrons in the VB to be directly excited to the CB
without the need for phonons. This process just requires the
absorption of energy, which is a change in energy without any
change in the position. As a result, the probability of emitting
energy in the form of photons is higher. This characteristic
makes them highly ideal for use in electroluminescent devices
and optoelectronic devices. Together with the projected density

Fig. 2 (a) The PBE calculated band structure and (b) evolution of total energy for the InN/As heterostructure as simulated by AIMD at 300 K for 6 ps. The
final configuration is shown in the inset for comparison. (c) –pCOHP for In–As and N–As interactions. (d) Phonon dispersion plot of the InN/As
heterostructure. The EF is marked by a horizontal solid black line at 0 eV.
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of states (PDOS) plot in S2 of the ESI,† these analyses clearly
indicate that upon forming contact between InN and As mono-
layers, the CBM is dominated by p orbitals of As while the VBM
is largely contributed by p orbitals of N, implying the formation
of a staggered type-II heterostructure with an extremely narrow,
near zero conduction band offset (CBO) of 4 � 10�3 eV that
corresponds to less energy loss, shown in Fig. 3(a).

As shown in Fig. 3(b), the electrostatic potential of InN is far
deeper than that of As. Translocation of electrons from InN to
the As causes a positive charge to build up around the InN
layer, while a negative charge builds up around the As layer.
The EF of InN and As decreases and increases at the same time,
eventually reaching equilibrium and giving rise to a large
potential drop of 11.9 eV. The large potential drop induces a
built-in electric field at the interface of the heterostructure,
which plays a crucial role in the separation of the photogener-
ated electron–hole pairs. Referring to the inset of Fig. 3(b), the
regions where charges accumulate are indicated in yellow,
while the regions where charges are depleted are shown in
blue. The analysis provides additional evidence that aligns with
Bader findings, revealing that electrons tend to gather near the
As layer, resulting in a depletion of electrons in the InN layer.
The redistribution of positive and negative charges creates an
internal electric field at the interface, thereby preventing carrier
recombination and extending the lifetime of optoelectronic
devices, hence improving their performance. Bader charge-
population analysis33 indicates that the As layer acquired a
charge of 0.017 |e| from the InN layer, further reflecting
electron transport at the heterostructure interface. The work
function (F) of InN and As monolayers was determined to be
4.84 and 5.42 eV, respectively. The lower value of F for InN
again distinctly indicates that electron transport occurs from
InN to As. This observation is consistent with the previously
discussed findings on the electrostatic potential of the InN/As
heterostructure.

3.2. Optoelectronic properties

To account for optical responses that go beyond the independent-
particle approach, we calculated the frequency-dependent dielec-
tric function by solving the BSE with a scissor shift to incorporate
excitonic effects. The number of bands was five times greater
than in the optimization stage. The a(o) curve of InNAs exhibits a
red shift compared to the isolated As component, resulting in an
increase in a(o) in the visible regions and significant capture of
infrared photons. The absorption edge of the heterostructure
occurs at around 0.8 eV, which closely aligns with its Eg.

As shown in Fig. 4(a) and (b), formation of the InNAs
heterostructure not only broadens the range of light absorption,
but also significantly enhances the intensity of absorption. InNAs
exhibits a wide absorption spectrum, with a(o) reaching up to 5�
105 cm�1 in the near ultraviolet (UV) range, up to 3.5 � 105 cm�1

in the visible range accompanied by more noticeable peaks and
up to 5 � 104 cm�1 in the near infrared (NIR) range, confirming
that heterostructures are more effective in utilizing light in the
ultraviolet and visible regions compared to monolayers. These
a(o) values even surpass those reported for other Janus group-III
monochalcogenides such as MoSSe,34 PtSSe35 and GeTeI.36 The
increase in light absorption can be attributed to the charge
transfer and interlayer coupling of the heterostructure, resulting
in the overlapping of electronic states in the VB. This scenario
has also been observed in earlier heterostructure works,37,38 as
well as in recent studies on advanced 2D semiconductor systems
that highlight the critical role of interfacial interactions in
modulating optical absorption and enhancing light–matter
interactions.39–45 Our results further confirm that heterostructure
engineering provides an effective pathway for enhancing light
absorption in 2D materials, making the InN/As system a promis-
ing candidate for future optoelectronic applications.

Maximizing m is crucial for minimizing the detrimental
recombination of photo-generated electron–hole pairs. This

Fig. 3 Diagram illustrating the (a) band alignment and (b) average electrostatic potential along the z-direction of the type-II InN/As heterostructure, with
the charge-density difference plot as the inset. The yellow area denotes the accumulation of charge, whilst the blue portion signifies the dispersal of
charge. The isosurface value was set to 5 � 10�4 e Å�3.
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parameter is a measure of the velocity at which electrons and
holes flow within a semiconductor. The m of InNAs was deter-
mined by employing the phonon-limited scattering technique,
utilizing the deformation potential theory46 and the following
expression.

m 2Dð Þ ¼ eC2D�h3

kBTm�mED
2

(3)

where kB, T, m*, m, e, ED, C2D and h� represent the Boltzmann
constant, room temperature of 300 K, effective mass of the
charge carrier along the transport direction, average effective
mass along the two orthogonal directions, electron charge and
deformation potential constant as indicated in the trendlines of
Fig. 4(c) and (d), respectively. C2D is the stretching modulus in
the propagation direction calculated by 2(q2Etotal/ql2)/A, where
Etotal is the total energy in response to the uniaxial strains e. The
average relative ratio (D = me/mh) is a useful measure that

reflects the recombination rate. Generally, when D is greater
than one, it is linked to a slower recombination process. As
shown in Table 1, the electron m along zigzag and armchair
directions exceed 867 cm2 V�1 s�1, which are 6 times the hole
carrier m in the same directions and dramatically enhanced
relative to those calculated for InN (B787 cm2 V�1 s�1) and As

Fig. 4 Absorption coefficient a(o) for (a) InN and As monolayers and (b) InN/As heterostructure as a function of frequency. An adequate number of
empty bands were included in the computations, set to be five times those of valence bands. Band edge energies as a function of strain in (c) x and
(d) y directions for the InN/As heterostructure.

Table 1 Calculated effective mass m (mo), ED (eV), C2D (N m�1) and
m (cm2 V�1 s�1) for holes and electrons in the direction of zigzag (x) and
armchair (y) at 300 K. Eex

b (eV) was calculated via Eex
b = 13.56(m/e0

2) where
m = (me

�1 + mh
�1) and e0 = 3.48 denote the reduced effective mass and

static dielectric constant, respectively

Direction Carrier type m ED C2D m Eex
b

Zigzag Holes 0.847 5.76 171 153.35 0.19
Electrons 0.215 9.54 867.68

Armchair Holes 0.844 5.96 171 143.68
Electrons 0.214 9.54 871.73
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(B21 cm2 V�1 s�1) monolayers.47,48 Moreover, the average hole
m of B148 cm2 V�1 s�1 in the InN/As heterostructure is
significantly increased by nearly two orders of magnitude com-
pared to that of the individual monolayers, 84 cm2 V�1 s�1 and
66 cm2 V�1 s�1 for InN and As, respectively, overcoming the
inherent limitation of the monolayers with low m.

Thus, the recombination of photogenerated carriers is
reduced due to the disparity in the magnitudes of the m of holes
and electrons. The comparatively higher C2D signifies a reduced
quantity of phonons in the crystal and a decreased probability of
electron–phonon scattering, which is advantageous for increasing
the m. In addition to its type-II characteristic, the spatial separation
(3.31 Å) of photogenerated electron–hole pairs, intrinsic built-in
electric field and the indirect Eg of individual InN and As mono-
layers can all work in tandem to slow down the energy-wasted
recombination in the heterostructure. The exciton binding energy
(Eex

b ) can be employed to compute the Coulombic force of inter-
action that binds the exciton. Exciton is a bound state that occurs
when a pair of electrons and holes, which are produced by the
absorption of light, are located together. Hence, the energy needed
to disassemble an exciton into liberated charge carriers, namely
electrons and holes, is referred to as Eex

b . The computed Eex
b value,

listed in Table 1, was determined to be 0.19 eV, which meets the
criterion for a solar cell with a low Eex

b of approximately 0.13 eV.49

To assess the practical viability of the InN/As heterostructure
for solar cell applications, the PCE was determined using
Scharber’s method,50 given as

ZPCE ¼
0:65 Ed

g � CBO� 0:3
� �Ð1

Ed
g

P �hoð Þ
�ho

d �hoð ÞÐ1
0
P �hoð Þd �hoð Þ

(4)

where Ed
g and P(�ho) are the Eg of InN as the donor and solar flux

at the AM1.5 photon energy (�ho). The value of 0.3 eV serves as
an empirical parameter to approximate the losses resulting
from energy conversion kinetics. Typically, heterostructures
with CBO 4 1.0 eV or donor Ed

g o 0.5 or 43.0 eV are not

anticipated to produce high PCE. As shown in Fig. 5(a), the
upper-limit PCE for the InN/As heterostructure was determined
to be 17.9%, showcasing a competitive edge in comparison to
current 2D heterojunction solar cells, such as MoS2/WSSe
(9.4%),51 InSe/Te (13.4%),52 g-C3N4/GaAs (15.2%)53 and Phos-
phorene/MoS2 (17.5%),54 concluding that it is a strong con-
tender in the field of 2D heterostructure solar cells. The
spectroscopic limited maximum efficiency (SLME) was addi-
tionally estimated using the method proposed by Yu et al.55 for
differentiating the performance between InN/As and its consti-
tuent components. The relevant equations and calculations can
be found in S1 of the ESI.† This parameter represents the
highest attainable efficiency of a solar cell, and is calculated by
utilizing the Eg of the material under study and the a(o).
Fig. 5(b) shows the thickness dependent SLME for InNAs and
the constituent monolayers. Due to its narrow CBO and suitable
Eg value, the SLME for the InN/As heterostructure was deter-
mined to be B28%, surpassing the values measured for InN
(B18%) and As (B19%) monolayers, concluding that it is a
strong contender in the field of 2D heterostructure solar cells.

While there are worries about the toxicity of As, its use in
treating tumors has been documented.56 The As nanosheets
have been found to exhibit selective cytotoxicity towards cancer
cells, resulting in an inhibition rate of 82%. In addition, the
toxicity tests conducted on mice by delivering arsenic demon-
strated the presence of typical blood cell indicators, as well as
the absence of inflammation and infection in the kidneys and
liver.57 Wang et al.58 have documented the biocompatibility of
As nanosheets in combatting carcinogenic substances, high-
lighting the non-toxic dispersion of arsenic in the bloodstream.

3.3. Moisture effect on the optoelectronic performance

The optoelectronic properties of solar cells are widely recog-
nized to be influenced by humidity during practical use. It is
imperative to provide clarification on the impact of dampness
on the delicate mechanism. From a theoretical standpoint,

Fig. 5 (a) Calculated PCE contour as a function of the Ed
g and CBO. Heterostructure type is marked by red stars. (b) SLME (at 300 K) as a function of film

thickness for the InNAs heterostructure and its constituent monolayers.
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quantifying the humidity % in experiments is a challenge.
Thus, the current conditions of relative humidity can be
simulated by depositing water molecules onto the adsorbent
surface. Due to InN acting as the substrate, water molecules are
presumed to interact with the top As layer. Two configurations
were evaluated, specifically As-top and hollow-top. The adsorp-
tion energy (Eads) of the water molecule was determined by
calculating the difference in energy between the total energy of
the adsorbent with the adsorbed water molecule (Ecomplex), the
energy of the adsorbent surface without the water molecule
(Esurface) and the energy of the isolated water molecule (Ewater),
based on the relation

Eads = Ecomplex � (Esurface + Ewater) (5)

Ewater was estimated by simulating the isolated water molecule
within a broken symmetry cell, using a lattice constant of 10 Å
and employing the same settings as those stated for the
surfaces. While the hollow-top configuration yields the lowest
Eads value, the measured Eads of �0.028 eV is far below the

0.5 eV criterion for chemisorption59,60 and the bond length
between H and As atoms (2.41 Å) is much longer than the usual
1.52 Å for H–As, indicating a weak physisorption or nearly
negligible interaction between them, resulting in only a minor
red shift, thereby confirming that water molecules have a
negligible effect on the energy band shape. The Eads decreases
further to �0.015 eV as water molecules are increased to two.

As revealed in Fig. 6(b), the Eg of InN/As remains direct type
at G and increases marginally to 0.87 eV when more water
molecules are adsorbed onto the surface of As atoms, with no
noticeable changes around the EF vicinity as the water concen-
tration increases.

4. Conclusions

Both InN and As monolayers are experimentally proven, indirect Eg

materials. For the first time, the stacking of these monolayers in an
InN/As heterostructure was presented to thoroughly investigate its
structural stability, electronic and optical properties using state-of-

Fig. 6 (a) Optimized structure of water molecule adsorbed InN/As (top and side views) and its (b) calculated band structure. (c) Two water molecule
adsorbed InN/As (top and side views) and its (d) calculated band structure. Brown and pink spheres denote the O and H atoms, respectively.
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the-art first-principles calculations. The investigated structure has
been determined to be energetically, thermally and mechanically
stable. The discovered energy band structure reveals that InN/As is
a direct Eg semiconductor, possessing favourable attributes such
as high electron mobility and efficient absorption of IF to UV light
compared to its constituent monolayers, rendering it more viable
for use in optoelectronic applications. Its predicted PCE can attain
a maximum value of 17.9%, placing it in direct competition with
other 2D heterostructures that have been previously investigated.
This study not only offers valuable instructions for creating new
vdW heterostructures but also demonstrates that the stacking
process is an effective strategy for converting materials with
indirect Eg into direct Eg in the bilayer form.
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